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Preface to ”Advanced Polymer Composite Materials:

Processing, Modeling, Properties and Applications”

The use of composite materials is ubiquitous in every field of human activities, including in the

agricultural, industrial, environmental, biomedical and transport sectors. After a pandemic with the

simultaneous unfolding of an energy and climatic crisis, we now realize how necessary it is to carry

out studies on composite materials based on polymers to positively affect our current society and, in

particular, future generations.

To this aim, in the present selection of scientific articles we have given visibility to worthy

contributions on a wide variety of topics, highlighting how essential plastic-based composite

materials and their derivatives are in our daily lives. The articles in this Special Issue were

wide-ranging and devoted to the properties and characterization of composites for biological

applications and, more generally, for the development of the chemical–physical properties of these

materials.

Giorgio Luciano, Paola Stagnaro, and Maurizio Vignolo

Editors

xi





Citation: Luciano, G.; Vignolo, M.;

Brunengo, E.; Utzeri, R.; Stagnaro, P.

Study of Microwave-Active

Composite Materials to Improve the

Polyethylene Rotomolding Process.

Polymers 2023, 15, 1061. https://

doi.org/10.3390/polym15051061

Academic Editor: Markus Gahleitner

Received: 18 November 2022

Revised: 2 February 2023

Accepted: 16 February 2023

Published: 21 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Study of Microwave-Active Composite Materials to Improve
the Polyethylene Rotomolding Process

Giorgio Luciano * , Maurizio Vignolo, Elisabetta Brunengo, Roberto Utzeri and Paola Stagnaro

Istituto di Scienze e Tecnologie Chimiche “Giulio Natta”—SCITEC, National Research Council of Italy,
Via de Marini 6, 16149 Genova, Italy
* Correspondence: giorgio.luciano@cnr.it

Abstract: The present paper reports on the formulation and characterization of composite coating
materials susceptible to microwave (MW) heating to investigate their application in making the
rotomolding process (RM) more energy efficient. SiC, Fe2SiO4, Fe2O3, TiO2 and BaTiO3 and a methyl
phenyl silicone resin (MPS) were employed for their formulations. Experimental results showed that
the coatings with a ratio of 2:1 w/w of inorganic/MPS are the most MW-susceptible materials. To test
the coatings in working mimicking conditions, they were applied to molds, and polyethylene samples
were manufactured by MW-assisted laboratory uni-axial RM and then characterized by calorimetry,
infrared spectroscopy and tensile tests. The results obtained suggest that the coatings developed
can be successfully applied to convert molds employed for classical RM process to MW-assisted
RM processes.

Keywords: rotomolding; microwave heating; microwave-active materials; polyethylene processing

1. Introduction

World is implementing sustainable manufacturing and the consequence of effective
utilization of resources is increasing productivity. Among the several ways of improving
resource effectiveness is avoiding use of resources in the first place and reducing its footprint
is paramount [1]. Plastic industry is an energy-intensive one requiring a high volume of
electric power for thermal energy where energy use accounts for 5–10% of total production
cost [2].

Among the plastic processing methods, rotational molding, also known as rotomolding
(RM), is a casting and molding technique useful to produce hollow plastic items of medium
to large size [3–5] and involves manufacturing in food and agriculture sector, industrial
application, automotive, containers, consumer items and toys. RM is a relatively small part
of the plastics industry practiced by approximately 2500 companies around the world. It
consumes approximately 0.7% of the total volume of the world production of plastics [6–9]
and references therein. To enhance the energy performance of the RM process, the setup
required for heating the molds represents a key factor.

In the present paper we focused on enhancing the performance of the process by
heating via microwave (MW) irradiation in alternative to using gas or electric ovens. For this
aim, we formulated composite materials based on MW-susceptible inorganic compounds
(MWSIC) and a methyl phenyl silicone resin to modify conventional RM molds.

In MW heating, also known as dielectric heating, we have a direct transfer of energy
(which travels at the speed of light). Consequently, a large amount of power can be saved as
well as process times and operational space, considering the physical phenomena involved
in the thermal conduction, which is inversely proportional to the square of the distance in
the between of the energy source and material to be mold [10].

MW heating is obtained by irradiating active materials in the microwave energy range
(10−3 kJ/mol), which is too low of a value for chemical bonds cleavage, but it is sufficient

1
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to heat or melt the material by conversion of electromagnetic energy of MW into thermal
energy (vibrational motions of chemical bonds). For this reason, the involved materials
need to have permanent dipoles (dielectric material) to work well.

In this study, attention was focused on the investigation of MW-active coating materials
to be adopted to make the molds suitable for MW heating and thus make it possible to
manufacture objects in polyethylene (PE), which is not a dielectrically active material.

Several formulations based on MWSIC were tested in terms of their response to MW
irradiation. Measurements of electric power absorbed by selected composite formulations
during the imposed microwave cycle were performed and compared to the power needed
for corresponding resistive irradiation. PE samples were prepared by MW-assisted uni-
axial rotomolding in a lab oven and their properties compared to those of commercial or
differently prepared samples.

2. Materials and Methods

2.1. Materials

Five different MWSIC materials in powder form, namely, silicon carbide (SiC), iron (II)
silicate (Fe2SiO4), iron (III) oxide (Fe2O3), titanium (IV) oxide (TiO2), barium titanate (IV)
(BaTiO3), were tested. Furthermore, it was studied also the effect of different grain size:
35 μm (Fine) and 70 μm (Coarse) for SiC (SCF and SCC, respectively) and 35 μm (Fine) and
500 μm (Coarse) for Fe2SiO4 (ISF and ISC) (see Table 1).

Table 1. List of MW-susceptible inorganic compounds (MWSIC) investigated in this work.

MWSIC Formula Labeled As Description

SiC SCF Silicon carbide 35 μm grain size

SiC SCC Silicon carbide 70 μm grain size

Fe2SiO4 ISF Iron silicate 35 μm grain size

Fe2SiO4 ISC Iron silicate 500 μm grain size

Fe2O3 IO Iron oxide powder < 5 μm, ≥99%

TiO2 TO Titanium oxide ≥ 99%

BaTiO3 BTO Barium titanate powder < 3 μm, ≥99%

Except for ISF and ISC kindly supplied by Slide S.r.l. (Italy), all other inorganic
materials were purchased from Sigma-Aldrich (now Merck). Grain size of each substance
was obtained from the corresponding label on the commercial container.

To select the most effective materials, that are most capable of efficiently absorbing
the MW irradiation heat transfer measures were performed on pelletized samples (discs of
1.2 mm diameter and 0.5 mm thickness) prepared by mixing each MWSIC powder typology
with a high-temperature-resistant methyl phenyl silicone resin (MPS). The resin used for
the pellet formulation was a commercial two-component silicone elastomer resin (BLUESIL
ESA 7252 A&B Italy), fast curable at r.t. and endowed with outstanding flame resistance
and good thermal conductivity. The MWSIC powder:MPS resin ratio used was 2:1 (w/w).

To gather more information about the materials which can be used as molds, different
cylindrical containers were coated with the MW-active composite materials. Aluminum
(AL, 50 g), stainless steel (SS, 70 g) and glass (GL, 170 g) containers were tested.

A commercial PE grade (Plastene R210, Poliplast S.p.A. Italy, kindly supplied by Slide
S.r.l.) in form of powder (mean dimension 410 μm), was employed for the tests in lab.
Plastene R210 has melt flow index (ISO 1133, 190 ◦C, 2.46 kg) 6.25 g/10 min and density
0.936 g/cm3 (ISO 1183).

For de-molding of PE objects TECNOSIL 21 (SOL TECNO S.r.l., Italy), a technical
silicone oil employed in industrial production, was used as detaching agent.

For comparison purposes, two other polyethylene types, namely, Riblene and Kartell
jar, were tested by mechanical tensile tests, DSC and ATR-FTIR.

2
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2.2. Methods

For the MW-assisted RM process we used a mold coated with MW-susceptible material
while in the conventional RM process the mold was uncoated.

A MW oven SAMSUNG M/O 20LT GE71A of 20 L in volume as internal space,
operating at 2.45 GHz frequency and at 750 W in power consumption, also equipped with a
grill (1100 W in power consumption), was used in heating cycles both with the microwave
and the resistance irradiation, for comparison purpose.

To have more information about electric energy saving, the same process parameters
(rpm, time, PE powder amount and mold) were adopted to simulate a PE molding using
MW irradiation or the resistance of the oven (grill). In each process the absorbed electric
current (I) was measured, as well as the voltage value (V) by a digital multimeter (Power-
meter GBC KDM-360CTF), respectively, connected to the circuit in series as a galvanometer
or in parallel mode as a voltmeter.

The heat transfer measurements were performed positioning each composite pellet on
the center of a Teflon plate fixed to the motor axis of the MW oven; the heating cycle was
tested at 750 W power both for 5 and 1.5 min.

After the MW irradiation, each pellet was immediately quenched into 20 g of dem-
ineralized water at room temperature contained in a plastic Petri with a stirring bar under
movement. A Hg thermometer (±0.5 ◦C in sensibility) was adopted for the tempera-
ture measurements.

The composite pellets were rapidly transferred from MW oven to water using high-
temperature-resistant and low-thermal-conductivity plastic tweezers.

Microwave-active ISC powder was then chosen as the most suitable to prepare the coat-
ings to be adhered to the molds using the same weight ratio (2:1 powder:resin) previously
used for the testing pellets (in this case, 60 g ISC:30 g MPS).

The molding process of PE was tested by performing MW heating cycle of 300 W for
13 min, with a uni-axial rotational movement on the mold axis and a speed of 2 rpm. This
speed, as well as the rotation of the mold even during the cooling phase, was possible by
replacing the original oven motor (6 rpm). Such a low rotational speed was useful to have
sufficient contact time between PE powder and the hot mold internal surface and thus
improve the heat exchange.

For each test, 15 g of PE powder were utilized.
Uni-axial tensile measurements on produced PE objects and reference PE counterparts

were performed with a Shimadzu ASG-X 10 kN universal machine operating at r.t. on
5 dog-bone specimens (for each PE type) prepared in shape and dimension as requested
by ISO 527 (1–5) using a dog-bone shaped mold or a die cut from a previously die-cast
PE plate.

To obtain the dog-bone test specimens from uni-axial RM process assisted by MW, a
cylinder of PE was prepared from Plastene powder by applying a MW cycle of 10 min at a
power energy of 750 W, and a cooling time of about 30 min at a speed of 6–8 ◦C/min was
adopted.

As a first term of comparison, a PE plate was prepared from the same Plastene powder
using a Colling press (Laboratory Platen Type P200 bar) and applying the following thermal
cycle: heating up to 300 ◦C, heating rate 10 ◦C/min, 10 min isothermal at 100 bar, cooling
rate at 10 ◦C/min to room temperature. As a second term of comparison, a commercial PE
item, namely, a Kartell PE jar (1000 mL), was employed.

FTIR spectra of PE samples (commercial and rotomolded) were recorded using a
Perkin Elmer FTIR Spectrum Two™ spectrophotometer. FTIR spectra were acquired in
attenuated total reflection (ATR) mode in the range of 4000–400 cm−1.

Calorimetric analysis was performed with a DSC Mettler 821e instrument on specimens
of 10 mg (cut from the manufactured samples) applying a heating–cooling–heating cycle in
the range 100–240 ◦C under N2 and at a scan rate of 10 ◦C/min (EN ISO 11357-1-3).

3
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The morphology and elemental analysis of different MW-active coating formulations
were performed by scanning electron microscope (SEM) equipped with a probe for energy-
dispersive X-ray analysis (EDX); in detail, it is a HITACHI TM3000 benchtop SEM (15 kV).

3. Results and Discussion

The main objective of the present study is to prove the easiness of the conversion of
the molds employed in a standard oven to the new coated ones for the MW-assisted RM
process. For this purpose, we tested (by heat transfer measurements) the ISC/resin (2:1
ratio) composites on molds made of different materials.

Silicone elastomer resin was chosen due to the working temperature conditions rang-
ing from ambient temperature to 400 ◦C. It is well established that silicon resins over a
wide range of temperatures and they also acknowledged for their fire resistance proper-
ties. Moreover, the elastomeric nature of MPS leads to good adherence of the coatings to
the molds.

The MWSIC materials of this study were chosen for their dielectric constant (relative
permittivity εR) and dissipation factor values acquired from the literature and reported
in Table 2 for room temperature [8–21] and considering negligible the change in value for
frequencies higher than 100 MHz [15].

Table 2. Literature dielectric data of the MW-susceptible inorganic compounds investigated as
suitable materials for molds coating in MW-assisted RM and of other reference materials.

Material Measure at
Dielectric Constant

(k′)
Dielectric Loss

(k′′)
Loss Tangent

(k′′/k′)

Fe2SiO4 [15,16] 25 ◦C, 10 GHz 5.77 0.01 ** 0.0018

SiC [12] 25 ◦C, 3–10 GHz 10–60 0.01–36 ** 0.001–0.58

TiO2 [11–14] 20/25 ◦C, 4 GHz 80–170 0.008–0.017 ** 0.0001

Fe2O3 [17] 20/25 ◦C, 3 GHz 6–50 1–4 0.2–0.6

BaTiO3 [21] 30 ◦C, 1 MHz 2200 150 0.068 **

H2O [12] 20 ◦C, 0.1/2.5 GHz 78.1/80.1 3.6 0.016/0.123

SiO2 [12,20] 25 ◦C, 8.5 GHz 3.5–4 0.0008 ** 0.0002

Na2SiO3 [16,17] 25 ◦C, 8.5 GHz 5.84 0.041 ** 0.0070

PE [12,20] 25 ◦C, 2.5 GHz 2.444 0.002 ** 0.0010 (2.6 *)

PVC [12,20] 30 ◦C, 0.01/2.5 GHz 3/2.666 0.018/0.04 0.001/0.013

PTFE [22] 25 ◦C, 8.5 GHz 2.058 0.0022 ** 0.00108

Silicon RTV 521 23 ◦C, 8.5 GHz 3.31 0.085 ** 0.0257

* Van der Graaff irradiated sample; ** valued by Equation (5).

Dielectric constant k′ (and permittivity) and dissipation (loss) factor are related by
Equation (1).

k* = k′ − jk′′ (1)

In addition,
k′ = ε′/ε0 (2)

and
k′′ = ε′′/ε0 (3)

where the terms ε′ and ε′′ represent, respectively, the real and imaginary part of complex
permittivity ε* and ε0 is the vacuum permittivity.
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Because k′ can be related to the material capability to storage electrical energy and k′′
represents its capability to dissipate electrical energy, we can define the ability of a material
to convert the microwave radiation into heat as the tangential loss ratio:

tan δ = ε′′/ε′ (4)

Reference materials used in the experiment and the relative parameters for water, PVC,
glass, and PTFE are reported in Table 2.

Because the literature data referred to different measurement parameters, such as tem-
perature, frequency, shape, size and so on, heat transfer measurements were here performed
in order to establish the response of the chosen compounds in the laboratory environment.

The values of heat exchanged Q of compounds pelletized with the silicone resin were
calculated using Equation (5) and are reported in Table 3.

Table 3. Transferred heat calculated with Equation (5).

MW-Active
Compound

Q [J] in Cycle at:
750 W, t = 5 min

Q [J] in Cycle at:
750 W, t = 1.5 min

ISC 1000 125

ISF 700 84

SCC 505 63

SCF 500 65

TO 170 75

IO 330 117

BTO 170 84

IO:BTO (1:1) 167 84

The amount of heat (Q) was estimated by Equation (5)

Q = m·c·(ΔT) [J] (5)

where ΔT is the difference between the temperature value of the water before and after
immersion of the pellet, m correspond to the mass of water and c is its specific heat value
(4.18 J·g−1·K−1). Irradiation time was checked using a precision chronometer.

The results indicate the higher response (expressed as exchanged heat between the
material and water used as reference) was obtained by ISC/F samples, followed by SCC/F
and IO. The role of the graininess in the response was evaluated both for iron silicate and
silicon carbide. In the first case, a difference of 30% in the particles dimension caused a
30% difference in exchanged heat. For the silicon carbide, no effect was found due to the
graininess (fine or grain silicon carbide gave identical results).

Among the main objectives of the project one of the most important was the easiness
of the conversion of the molds employed in a standard oven to the new coated ones for
the MW-assisted RM process. For this purpose, we tested (by heat transfer measurements)
the ISC/MPS (2:1 ratio) composites on different materials used for the molds, namely,
aluminum, stainless steel and glass (here labeled AL, SS and GL, respectively).

Absorbed power (Pabs) was calculated in W units with Equation (6), where V is
the voltage and I the electric current, converted into W per hour (Wh) to have a direct
comparison, considering the impulse time for MW irradiation and the continuous power
adsorption for the resistance irradiation.

Pabs = V × I [W] (6)

In Tables 4 and 5, the resultant absorbed power values are reported.
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Table 4. Absorbed power calculations with Equation (6) for the MW irradiation @ 300 W (t < 300 s).

Mold
Material (Time)

Absorbed
Current [A]

Grid
Voltage [V]

Time
[s]

Absorbed
Power [Wh]

AL (780 s) 5.60 225 286 100

SS (780 s) 5.40 224 286 96

GL (780 s) 5.70 226 286 102

Table 5. Absorbed power calculations with Equation (6) for the resistance irradiation (780 and 960 s).

Mold
Material (Time)

Absorbed
Current [A]

Grid
Voltage [V]

Time
[s]

Absorbed
Power [Wh]

AL (780 s) 4.00 226 780 196

SS (780 s) 4.01 224 780 195

GL (780 s) 4.01 225 960 241

GL (960 s) 4.03 223 780 195

All three molds, coated with different materials (AL, SS and GL), reached a maximum
temperature of 160 ◦C under MW and 125 ◦C when employed under a resistance regime.

The results highlighted that by employing a MW regime, there is the possibility of
melting PE and reaching the target temperature for effective RM laboratory processing (as
shown in Figure 1).

 

Figure 1. The PE products of molding tests and respective molds (in the between): a, c and e from the
MW heating of coated AL, GL and SS molds, respectively; b, d, and f from the resistance heating the
corresponding molds.

Analogous results were obtained for the other materials employed. In all cases, MW-
assisted RM ensured a more homogeneous heating of the mold with consequent formation
of objects, while the heterogeneous heating obtained by resistance irradiation led to RM-
manufactured objects severely failed (missing parts, high surface roughness and residual
non-melted raw powder material).

In Table 6, the weights of each PE product in the respective irradiation regime are
reported to sustain previous affirmations.

Table 6. Weight values of PE products obtained with both MW and Resistive method.

MW Process Resistive Process

Material mold Weight [g] Weight [g]
SS 14.4 (e) 13.3 (f)
GL 15.0 (c) 8.2 (d)
AL 15.0 (a) 8.2 (b)
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Reported in Figure 2 are the setups used to study the influence of the geometry of the
microwave apparatus on the rotomolding process.

   
(a) (b) (c) 

Figure 2. Different materials and configurations of molds: (a) AL, (b) GL and (c) SS in different
configurations: white PTFE cap (labeled as 1) on the left side or on the right, respectively. The side of
the MW-active material is labeled as 2.

Special care should indeed be employed to find the best focus position in the mi-
crowave oven in relation to the geometry of the mold, this to avoid unwanted reflection of
the waves as they can cause a failure in the manufacturing process (Figure 3).

Figure 3. Sketch of MW propagation (as red rays) inside the oven. The direction is indicated by red
arrows.

Considering the magnetron (i.e., the MW generator) position, we always needed to
ensure that the maximum of the reflected radiation could be absorbed by the active material
of the mold, as reported in [23,24], while also ensuring the maximum heat exchange in
order to ensure the repeatability of the experiments.

The graph in Figure 4 shows the r.t. stress–strain curves obtained by uni-axial tensile
measurements corresponding to the most representative samples of the various PE tested.
Table 7 summarizes the ensuing tensile data relating to the average values and standard
deviation of five specimens for each type of PE investigated.
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Figure 4. Representative stress–strain curves of several PE dog-bone specimens obtained from
different processes: cut from commercial PE jar (Kartell 1000 mL), black star; cut from lab press-fused
Plastene powder, blue triangle; cut from lab press-fused Riblene pellets, red square; lab press-fused
Plastene powder into dog-bone mold, orange circle; cut from lab MW-rotomolded Plastene powder,
green diamond.

Looking at Figure 4 and Table 7, a very similar behavior can be observed for all the
samples. In particular, for the value of strength as well as for the elongation one, both
referred at the break. The elongation at the break is more affected by the presence of defects
in the structure [25,26], and then some samples break at εb values less than 200% and others
resist until 1100%. The lab MW-rotomolded sample (green diamond) shows a very similar
behavior to that of the commercial PE of the Kartell jar (black star). Without going into the
details of the results obtained with tensile measurements, as it is beyond the scope of this
work, it is possible to conclude that the microwave-assisted rotational molding process,
although not yet studied and optimized in detail, proves to be competitive with the classic
molding techniques.

Table 7. Data from r.t. uni-axial tensile measurements. # denotes the commercial sample is considered
as produced by classic molding process, i.e., not using microwave-assisted rotomolding.

Sample/Preparation Process
Tensile Modulus

[MPa]
Tensile Strength at Break

[Mpa]

Elongation
at Break

[%]

Riblene (LDPE) [23] 120–550 32–60 450–810

Commercial PE/# 489 ± 115 12.5 ± 1.6 435 ± 178

Press-fused pellets 116 ± 12 11.6 ± 1.3 520 ± 217

Press-fused powder 291 ± 23 8.5 ± 2.6 160 ± 80

Lab Dog Bone 190 ± 35 16. ± 3.4 1100 ± 491

Lab MW-rotomolded 287 ± 78 21.7 ± 3.2 320 ± 201

FTIR techniques, as reported by Almond et al. [27], can be used to spot the degradation
of the polymer highlighting the presence of groups derived from oxidation (such as carbonyl
and hydroxyl groups). In our case, the MW-assisted rotomolding process did not degrade
the PE material, as shown (Figure 5) by the absence of the abovementioned groups in
the ATR-FTIR spectrum and by its substantial overlapping to that of the commercial PE
sample. The only differences, visible between 900 and 1300 cm−1, are ascribed to the peaks
of surface-adhered silicone oil used as de-molding agent [28].
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Figure 5. ATR-FTIR spectra of MW-rotomolded (red curve) and commercial (green curve) PE samples.
The characteristic PE absorbance bands are located at 2914, 2847, 1470, and 718 cm−1 and marked
with *.

Figure 6 show the thermograms resulting from DSC analysis. The canonical peak of PE
melting in the interval between (100–135 ◦C during the I and II heating) is recognized for all
the samples in the exam. An analogous observation can be performed for the crystallization
peak (centered around 110 ◦C). No other peaks are present. The values of enthalpy of
fusion are comparable (around 150 J/g), again suggesting that no degradation occurred
during processing. The high crystallinity degree (Xc 50–52% taking 293 J g−1 as the fusion
enthalpy value of a perfect polyethylene crystal) [29,30] of Plastene grade does not permit
us to detect the transformation of the amorphous phase from rigid glass and viscous liquid
phase (Tg = −80 ◦C) [30,31].

 

Figure 6. Differential scanning calorimetry graphs relatively to: (a) Plastene powder as purchased,
(b) Plastene after press-fusion and (c) MW-rotomolded Plastene.
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Furthermore, in order to have more information on the different MW-active coating
materials used to cover aluminum, stainless steel and glass molds, each coating material
was analyzed by SEM-EDX analysis. In Figure 7, the SEM images of the different MW-active
coatings are reported: (a) IO (iron oxide), (b) ISF (iron silicate), (c) TO (titanium oxide) and
(d) SCF (silicon carbide). Among the four materials, the iron silicate-based one appears to
have a more inhomogeneous surface.

 

Figure 7. SEM images of the dispersion into the silicone resin of (a) Fe2O3, (b) Fe2SiO4, (c) TiO2 and
(d) SiC.

In Figure 8, the images corresponding to the EDX analysis of the four samples are
reported. These confirm the homogeneous dispersion of the powders and their composition.
Only the significative elements are reported for each formulation following this order:
Fe2O3, Fe2SiO4, TiO2 and SiC. The formulations are, respectively,

- Fe in (a), (e), (i) and (o);
- Si in (b), f), (l) and (p);
- Ti in (c), (g), (m) and (q);
- O in (d), (h), (n) and (r).

From EDX images, we can conclude that Si and O are present, as expected, in all the
examined composite materials. Ti is obviously present only in (m), while Fe is present in
(a) and (e).

Since the melting temperature range of PE is around 130 ◦C, we checked the chemical
stability in air of the MW-active coating materials dispersed into the resin matrix in the
range temperature between 0 ◦C and 300 ◦C (at the heating and cooling rate of 10 ◦C/min)
by DSC. All the materials did not show any critical issue.
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Figure 8. Elemental EDX analysis on the four different MW-active materials dispersed into silicone
resin matrix: (a) Fe, (b) Si, (c) Ti, (d) O into Fe2O3, (e) Fe, (f) Si, (g) Ti and (h) O into Fe2SiO4, (i) Fe, (l)
Si, (m) Ti and (n) O into TiO2, (o) Fe, (p) Si, (q) Ti and (r) O in to SiC.

4. Conclusions

The focus of this article was the formulation of composite materials responsive to mi-
crowave heating as coatings for molds used in the classical rotomolding process to convert
it to a microwave-assisted rotomolding technique, thus making the process more efficient.

For this purpose, we used formulates based on a methyl phenyl silicone resin and
different inorganic susceptible powders.

The elastomeric material was confirmed to be highly resistant to heat and did not
present any degradation during the processes.

The best MW-susceptible inorganic compound used results to be Fe2SiO4, followed by
SiC and Fe2O3, regardless of the material used for the mold (stainless steel, aluminum and
glass were tested).

The chemical nature of the composites prepared ensure that in the presence of damage,
the composite material can be easily removed or repaired with subsequent additions of
new material.

The measurements of the absorbed power reported showed that dielectric heating
saves time and energy if compared to the conventional electric resistance heating process.

The results of the tensile test performed according to ISO 527 (1–5) showed the effi-
ciency of the innovative MW-assisted RM process of PE powder, because the performances
are comparable to those shown by the commercial PE jar (Kartell) obtained with a classic
molding process.
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Finally, it should be considered that the MW-RM process is not limited to PE plas-
tic but can be adapted to any plastic or its composite whose molecules do not have a
dielectric moment.
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Abstract: The study of polymers’ rheological properties is of paramount importance both for the
problems of their industrial production as well as for their practical application. Two polymers used
for embolization of arteriovenous malformations (AVMs) are studied in this work: Onyx-18� and
Squid-12�. Viscosity curve tests and computational fluid dynamics (CFD) were used to uncover
viscosity law as a function of shear rate as well as behavior of the polymers in catheter or pathological
tissue models. The property of thermal activation of viscosity was demonstrated, namely, the law of
dependence of viscosity on temperature in the range from 20 ◦C to 37 ◦C was established. A zone
of viscosity nonmonotonicity was identified, and a physical interpretation of the dependence of the
embolic polymers’ viscosity on the shear rate was given on the basis of Cisco’s model. The obtained
empirical constants will be useful for researchers based on the CFD of AVMs. A description of the
process of temperature activation of the embolic polymers’ viscosity is important for understanding
the mechanics of the embolization process by practicing surgeons as well as for producing new
prospective embolic agents.

Keywords: embolic agent; rheology; hemodynamics; arteriovenous malformation (AVM); CFD

1. Introduction

In modern vascular surgery, more and more preference is given to minimally-invasive
interventions that are less traumatic for the patient [1]. One direction for such operations is
that the embolization of cancer, arteriovenous malformations (AVMs), fistulas, etc. Depend-
ing on the type of pathology, its localization, stage and other medical aspects, embolization
polymers differ, respectively, as adhesive and non-adhesive. Adhesive polymers are adhe-
sives based on cyanoacrylate and are designed to cause occlusion, i.e., sealing of, relatively
large vessels (fistulas). In contrast, non-adhesive composites are aimed at occluding rel-
atively small vessels (racemose components of the anomaly). The main pathologies for
which such polymers are used are tumors and arteriovenous malformations (AVMs). The
issues involved in choosing the optimal technique and embolization protocol are actively
discussed in the literature. First of all, this is the choice of parameters for the optimality of
this process: determining the embolization access—arterial or venous [2], and determining
the sequence of using certain composites during embolization in the presence of both the
racemose and fistula components of the AVM [3]. The main problems in this case are
determining the volume of polymer required for embolization [4], the optimal law of its
administration, as well as the function of its consumption depending on time. In fact, these
are the only parameters that the surgeon controls after choosing one or the other embolic
polymer. This is a very important task of practical medicine; therefore, a large number of
medical works are devoted to the discussion of these issues [5,6].
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To solve such problems, in recent years, along with experimentation, mathemati-
cal modeling has been increasingly used [7–9], as well as some trials of promising em-
bolisates [10].

Non-adhesive polymers and polymers based on microspheres are of greatest interest
for the study of rheological properties [11]. A feature of non-adhesive drugs is that they do
not stick to the vascular wall during precipitation; thus, they have an increased ability to
spread in the vascular bed, better filling the blood vessels of pathological formations, and
the possibility of a longer and more controlled administration. On the other hand, these
substances have an increased tendency to migrate into those vessels of the body where
they are undesirable and may be accompanied by clinical complications. This is especially
evident in the treatment of high-flow arteriovenous shunts [12,13]. The penetration of such
drugs into the venous bed can cause vein thrombosis [14,15] and deterioration of lung tissue
perfusion, which can have a negative effect on the whole organism. For adhesive polymers,
most of which are based on cyanoacrylate derivatives, the number of possible complications
is significantly less and mainly relate to complications associated with catheterization [16].
However, the scope of such polymers is usually large arteries, tumors, and fistulas.

Despite the presence of a number of studies on the chemical and rheological character-
istics of the considered embolisates [10,11,17], it is worth noting a rather weak connection
in such works with the formulation of medical problems [18], as well as problems from
the field of computational modeling [19]. In the works reviewed, little attention is paid to
the different temperature ranges and different ranges of shear rates at which embolisates
are operated. These seemingly purely medical problems are, in fact, of a fundamental
nature and can be solved only with an integrated approach that combines the study of
the rheological properties of embolic polymers, as non-Newtonian media, and the study
of the laws of motion of such media along with a geometrically complex, branched net-
work of channels of various sizes. Rheological properties of the embolic polymer can vary
depending on network geometry. Moreover, it turns out that it is necessary to take into
account the detailed thermodynamics of this process, which, unlike the classical problems
of hydrodynamics, cannot be considered isothermal.

If, for solving problems of hemodynamics in large vessels, the generally accepted gold
standard is the use of Newtonian fluid models, then for solving problems of embolization
of a small branched network of vessels with a caliber of up to 1 mm, such an assumption
is unacceptable. Non-Newtonian properties begin to manifest themselves significantly in
the course of such polymers and play a decisive role. Some information about penetration
depth score, the dependence of pressure in a catheter with respect to volume flow rate
of the embolic agent, length of reflux and others is known [17,20]. In addition, the
rheology of such polymers is complicated by the presence of a contrast media [21,22],
which significantly affects the sedimentation of polymers in the vasculature with respect to
the origin of the contrasting agent. Figure 1 shows varieties of iodine radiopaque contrast
agents (top—nephrotropic, low osmolar iohexol [23]; bottom—iocarmic acid [24]). Since
an iodine-containing contrast agent is capable of causing anaphylactic shock, tantalum-
containing analogues have been developed. Figure 2 shows the synthesis process of
carboxybetaine zwitterionic-tantalum oxide nanoparticles (CZ-TaO NPs) which includes
three stages: saline condensation, end-group hydrolysis and purification. In this regard, a
number of questions arise considering the rheology of the flow of embolization polymers
depending on shear rate and temperature. The last factor is fundamental, since the syringe
with the embolic polymer is located in the operating room outside the patient’s body, at
a temperature of 20–25 ◦C degrees, and the filling of the anomaly node with the embolic
polymer occurs inside the patient’s body and is carried out at a body temperature of
37 ◦C degrees.
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Figure 1. Structures of iodine-containing radiopaque substances.

Figure 2. One of the mechanisms for creating tantalum powder for preparing a suspension consisting
of an embolizing polymer and powder [17,22].

In this paper, an experimental approach to the study of the rheological properties of
embolization materials used in clinical practice was considered. To highlight shear rate
values that correspond to the physiological state of a human body, a numerical model
of AVM embolization with non-adhesive embolization polymers was verified based on
rheological test data. In addition to their fundamental importance to the understanding
flow mechanics, rheometry data can become the basis for constructing a phenomenological
model of the viscosity of such polymers. Therefore, specific parameters are proposed for
models of pseudoplastic and dilatant fluids that study the viscosity of embolic polymers
both under laboratory (T = 20 ◦C) and surgical (T = 37 ◦C) conditions.

2. Materials and Methods

2.1. Materials

The embolic polymer material provided by the clinical partner of the research was
studied. The material consists of irretrievable remnants of endovascular interventions.
Approximately 0.5 mL of material was used for each of the tests. Since the manufacturer’s
official instructions recommend shaking the embolic polymer vial for at least 15 min,
this necessary procedure was performed before the test. Onyx� and Squid� are gelling
solutions that are composed of PVA co-polymers in dimethyl sulphoxide (DMSO) with
tantalum (see Figure 3). An ethylene vinyl alcohol co-polymer (48 mol/L of ethylene and
52 mol/L vinyl alcohol) was dissolved in DMSO (see Figure 4). Micronized tantalum
powder was suspended in the liquid polymer/DMSO mixture to provide fluoroscopic
visualization [25]. As can be seen from the experimental data (see Figure 5), the rheological
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properties of the considered polymers during their regular agitation and their refusal to
agitate significantly change, not only quantitatively (which is typical for both polymers at
shear rates exceeding 10 s−1), but also qualitatively, which is most typical for the Onyx-18�

polymer at shear rates less than 1 s−1. In the course of the experiments, the same polymer
was used for the Onyx/Squid suspensions with mixed and not-mixed tantalum. In the first
case, the bottle was agitated for 15 min; this way, a uniform distribution of the radiopaque
contrast agent in the polymer was achieved. However, in the second case, agitation was not
used. As a result, a transparent component of the embolic polymer, presented by a solution
of vinyl alcohol in DMSO, remained in the test area. Due to this limitation, a number of
long-term tests (such as frequency, requiring approximately 40 min to vary the spectrum of
physiologically adequate particles) were not performed which would have been of interest
for a detailed understanding of polymer rheology.

Figure 3. Schematic chemical formula of an ONYX-type embolic polymer [26].

Figure 4. The structure of vinyl alcohol (left); the structure of DMSO (right).

Figure 5. Experimental data of the viscosity dependence on shear rate of Onyx� (left) and Squid�

(right) mixed and not mixed with tanthalum powder.

2.2. Experimental Protocol

The rheological properties of the embolization compositions were studied on an Anton
Paar MCR302 rheometer (Austria) using the CP50-1 Cone-Plane measuring system (see
Figure 6) with a diameter of 50 mm, minimum clearance of 0.1 mm and an angle of 1◦.
A P-PTD200 Peltier heating system and an H-PTD200 Peltier active housing, designed to
minimize temperature gradients in the samples and prevent their evaporation during the
measurement process, were used. The specified accessories provide maintenance of the set
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temperature with an accuracy of 0.01 ◦C. Testing was carried out using viscosity curve tests
of the rheometer software (RheoCompass 1.30.1164 Release). In the process of testing the
studied samples, the dependence of effective viscosity of the embolization compositions
on the shear rate at given temperatures (laboratory T = 20 ◦C and surgical T = 37 ◦C)
was determined.

Figure 6. Illustrative scheme for testing using a cone-plane system [27]: 1: base of the measuring
system; 2: device of the measuring system (in this case, the cone-plane); 3: shaft leading to the gas
bearing of the measuring system.

2.3. Numerical Simulations

Numerical modeling of the embolization polymers’ flow through the canal network
(see Figure 7) was performed using the ANSYS 2020R2 software package (CFX, license LIH
SB RAS). Since the time interval of the embolization effect (the process from the beginning
of the introduction of a polymer-based drug to the achievement of the desired clinical
effect) is from 20 to 40 min, it is reasonable to model it as a stationary course of the embolic
polymer. At the first stage, this model includes a flow in a long, thin tube simulating a
catheter through which the embolic polymer is delivered to the circulatory system; the flow
in the network is first though diverging, branching vessels and, finally, in vessels that again
converge into one vessel.

Figure 7. Geometry used for numerical calculations: AVM without fistula (left) with varying vessel
diameter d ∈ (0.5, 2) mm, AVM with fistula (right) 4 mm in diameter and varying vessel diameter
d ∈ (0.5, 2) mm.

The catheter wall is considered to be a thin material, but having a non-zero thickness
of 0.2 mm. The condition on the fluid wall has type–interface (to take into account heat
flux) with no slip velocity condition. At the outlet from the fluid flow region, the condition
of zero pressure was set.
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The Navier–Stokes equation system for the flow of a viscous, incompressible fluid was
used as the governing equation. Considering that mα = (ρuiΔni)α is the mass flow through
the surface of the volume element, Navier–Stokes equations can be written in discrete form
for solving the problem using the finite element method [28]:⎧⎨⎩ ∑

α
mα(uj)α − ∑

α
(ρμ ∂ui

∂xj
Δni)α = −∑

α
(pΔnj)α

∑
α

mα = 0,
(1)

where ρ—density, μ—dynamic viscosity, u—flow rate and n—normal vector to the compu-
tational domain.

Temperature effects can be neglected for the case of a convergent–divergent channel,
since these flow stages occur at body temperature. On the contrary, when liquid flows
through a conductor, there is a transition between the flow.

To use the obtained dependence of the polymers’ viscosity on the shear rate in the
polymer flow calculations in the AVM model configuration, it was necessary to approximate
the experimental data. For this purpose, the viscosity graphs were divided into three
different segments; on each segment, the function approximation was performed linearly
Figure 8. The temperature of the polymer was assumed to be constant, equal to 37 ◦C. Thus,
the temperature transition from laboratory conditions (20–25 ◦C) to physiological ones was
not considered in this simulation option.

Figure 8. Experimental data of Onyx� (left) and Squid� (right) viscosity dependence on shear rate
and the piecewise linear approximation that was used for numerical simulations (logarithmic scale).

The next stage of modeling was the implementation of a numerical calculation of the
embolic polymer flow in the catheter using settings similar to the operating room. It was
assumed that the catheter consists of two parts—an outer one, which is located outside the
patient’s body, and an inner one, which runs from the puncture site in the femoral artery
to the AVM nidus. The simulation was performed for the second (internal) segment. A
volume flow rate of about 0.6 mL/min was used for conditions at the inlet in this part of the
catheter. A catheter with an inner diameter of 1 mm was considered, and the temperature
of the supplied embolization polymer was 20 ◦C.

Since the polymer supply process can be considered quasi-stationary and the catheter
diameter does not change, the shear rate can also be considered unchanged. Therefore, the
viscosity of such a polymer must be considered as a function of temperature only at a shear
rate of approximately 10 s−1 (Figure 9).
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Figure 9. Poiseuille profile of the fluid flow and approximate shear rate.

At the liquid boundary (contact zone with the stent), the condition for maintaining
the heat flux was set [29]:

Q = −
∫∫

A
q̇” dA, (2)

where
q̇” = −kΔT (3)

T—heat flux, k—coefficient of thermal conductivity, and A—heat transfer area. Since more
than 90% of the polymer solution is DMSO, the known thermal constants of this substance
were used [30]: k = 0.2 w · m−1 · K−1 and the specific heat coefficient c = 0.47 cal/g/C.

3. Results

3.1. Experimental Results

For the purposes of this work, rheological tests were carried out in the cone-plane
system (Figure 6). The tests were carried out for two models of embolic polymers that are
currently used in clinical practice for AVM embolization.

Similar flow regimes (bleaching 20 ◦C and separately 37 ◦C) were implemented in
two different regions—at the injection site of the embolization polymer into the catheter
(corresponding to 20 ◦C) and in the AVM nidus (corresponding to 37 ◦C). However, in
the area of the catheter penetration into the femoral artery, a temperature transition was
considered. Therefore, it was useful to study the behavior of embolic polymers in the
temperature range of 20–37 ◦C:

In a numerical analysis of the flow of viscous liquids at a temperature of 37 ◦C, which
have a rheology similar to the tested samples of ONYX-18� and SQUID-12� (see Table 1,
Figure 10), it turned out that the maximum pressure for ONYX-18� -like liquid significantly
exceeds the maximum pressure for SQUID-12� -like liquid in the presence of a fistula,
which is easily explained by the need of using more viscous polymers in the presence of
large vessels in the AVM nidus.
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Figure 10. Pressure for the configurations with Onyx� (left column) and Squid� (right column)
with fistula (above) and without it (below).

At the same time, the maximum shear stresses for both polymers remain comparable
(see Figure 11). From essential considerations, it may be assumed that the zone of embolic
polymer applicability is determined by the local pressure peak, which is achieved for the
Onyx flow at d = 1.5, and for the Squid flow at d = 1.75 (see Figure 12). In their instructions,
manufacturers indicate the necessity of preventing embolic polymers from entering the
venous compartment of circulation only due to the possibility of its thrombosis [31,32]. At
the same time, it is seen that a rational approach to selecting embolic polymers, based on the
diameter of the vessels of the racimous compartment, is also associated with hydrodynamic
factors—excessive pressure can lead to rupture of the AVM. In the absence of large vessels
in the AVM nidus, the values of the pressure maxima for both polymers almost completely
coincide, and the shear stresses differ only when a certain threshold value of the diameter of
small vessels (1–1.2 mm) is exceeded. In addition, it can be seen from the experimental data
(Figure 13, Table 2), that the velocity in the racimous part of the AVM decreases significantly
and the maximum flow velocity increases for both polymers due to fistula presents.

Figure 11. WSS for the configurations with Onyx� (left column) and Squid� (right column) with
fistula (above) and without it (below).

22



Polymers 2023, 15, 1060

Figure 12. Pressure and WSS results of numerical calculations in the configuration with and without
fistula for all considered vessel radii.

Figure 13. Velocity streamlines for the configurations with Onyx� (left column) and Squid� (right

column) with fistula (above) and without it (below).

Table 1. Pressure and WSS results of numerical calculations in the configuration with and without fistula.

Diameter of the
Vessel

Racimous Part,
mm

Fistula Maximum Pressure in Racimous Part, Pa Maximum WSS in Racimous Part, dyne/cm2

Onyx-18 � Squid-12 � Onyx-18 � Squid-12 �

0.5 − 7665.17 5588.45 441.79 329.42
0.75 − 4148.71 3083.56 298.36 225.19
0.9 − 3076.53 2290.17 220.04 166.06
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Table 1. Cont.

Diameter of the
Vessel

Racimous Part,
mm

Fistula Maximum Pressure in Racimous Part, Pa Maximum WSS in Racimous Part, dyne/cm2

Onyx-18 � Squid-12 � Onyx-18 � Squid-12 �

1 − 1432.47 1083.3 74.77 54.32
1.25 − 2146.94 1590.51 115.62 105.26
1.5 − 1246.53 938.47 100.59 80.44
1.75 − 970.86 735.596 89.33 59.29
1.9 − 813.85 617.49 87.04 72.96
2 − 743.36 565.05 89.49 73.23

0.5 + 560.99 432.79 29.61 24.05
0.75 + 529.44 406.56 33.53 27.20
0.9 + 492.31 376.38 33.80 28.91
1 + 340.15 261.82 24.83 23.65

1.25 + 389.53 294.17 34.85 28.13
1.5 + 443.49 338.72 31.43 27.85
1.75 + 400.98 649.34 32.13 26.01
1.9 + 351.55 295.15 34.19 28.08
2 + 378.34 288.94 52.07 43.20

Table 2. Velocity and shear rate results of numerical calculations in the configuration with and
without fistula.

Onyx-18� Squid-12�

d = 1 mm
Max

Velocity
Min

Velocity
Shear Rate

Max
Velocity

Min
Velocity

Shear Rate

Fistula 0.15 1647.78 29.62 0.24 1635.40 30.83
Without
fistula 0.25 1548.08 45.23 0.41 1556.58 46.60

3.2. Governing Equations for Viscosity

It can be seen from Figure 14 that at both body and laboratory temperatures (37 ◦C and
20 ◦C, respectively), the embolic polymers tend to behave like a pseudoplastic liquid with
a non-zero flow limit. One of the simplest models of power–law dependence of viscosity
on shear rate is the Ostwald–de Waele model. Its generalization of the spatial case of flow
gives the following expression for the dependence of viscosity on shear rate [33]:

μe f f = kUn−1, (4)

where k—fluid consistency index, U—shear rate, and n—degree of non-Newtonian behav-
ior of a material.

However, the obvious disadvantage of such models is the behavior of viscosity at
very large (U » 1) or, conversely, very small (U « 1) shear rates. Cisco’s rheological model
overcomes this shortcoming [34]:

μe f f = μ0 + kUn−1 (5)

where as μ0, the value of viscosity to which the experimental data tend to stay at high shear
rates must be chosen.

From these types of experimental graphs (see Figure 14) and an understanding of the
different shear rates for the flow in the catheter and in the rational part of the malformation,
it is seen that the interesting shear rate ranges are 10–100 and 0.1–10 s−1. For the first
interval, an almost constant value of viscosity is observed. For the second range of
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shear rates, the viscosity changes, as in a pseudoplastic fluid, increasing with decreasing
shear rates.

Figure 14. Approximation of experimental data of viscosity dependence on shear rate by Cisco’s
model (CM) for the Onyx-18� embolic polymer (top) and the Squid-12� embolic polymer (bottom);
for laboratory temperature T = 20 ◦C (left) and for physiological conditions T = 37 ◦C (right).

This law is well approximated by the CM, and the approximation was made in
the Wolfram Mathematica package (license of LIH SB RAS). The values of the empirical
constants are given in Table 3.

Table 3. Values of empirical constants of the CM for the studied embolic polymers at laboratory
(20 ◦C) and physiological (37 ◦C) temperatures.

Embolic
Polymer

T = 20 ◦C T = 37 ◦C

μ0 k n μ0 k n

Onyx-18� 31.6187 1.80968 −0.004368 18.0138 3.17306 0.271126
Squid-12� 19.4711 2.9736 −0.03329 12.1248 1.10875 −0.5586

3.3. Understanding of Viscosity Activation Process

The selected model approximates the experimental data quite well (see Figure 14) for
the selected interval; however, when it is considered over a larger interval, its approxi-
mating ability drops significantly, so it is not recommended to use this model in the shear
rate range >10 s−1. Indeed, the mechanism of viscosity for this non-Newtonian fluid at
such values of shear rate is completely different, and the viscosity can be conditionally
considered constant, although it depends significantly on temperature. Consequently, two
interesting remarks can be made through analyzing the obtained experimental data.

First of all, a zone of nonmonotonic dependence of viscosity on shear rate at a value
of the latter of about 1 s−1 can be noticed (see Figure 15). Moreover, it is seen that this
nonmonotonicity is most noticeable precisely at physiological temperatures. This zone
of nonmonotonicity can be given the following description. The fact is that the studied
preparations are used to embolize a network of small vessels; however, between reaching
this small network and leaving the microcatheter, the polymers, within a very short time,
are in the vessel of a larger one or, in the case of inserting the tip of the microcatheter into
the AVM nidus (which often has aneurysmal dilatations), of a significantly larger diameter,
which causes the shear rate of the polymer to move through the region of nonmonotonicity
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and, as a consequence, a significant decrease in viscosity (about 30%). This, together with
the understanding of the presence of vortex formation in the AVM nidus, gives confidence
in a more uniform distribution of the polymer from the AVM nidus into the network of
small vessels.

Figure 15. Comparison of experimental data on viscosity versus shear rate for Onyx-18� (left) and
Squid-12� (right) embolic polymers.

Secondly, it gives an understanding that insufficiently heated polymer should not
be delivered to the AVM nidus, since its high viscosity can prevent uniform distribution
among the network of small vessels exiting the AVM nidus. From Figure 15, it is seen that
the Squid-12� polymer is especially sensitive to this. In cases where the embolic polymer
is used in neurosurgical operations, the length of the catheter from the site of catheter
insertion (usually the femoral artery) to the site of embolic polymer injection is at least 1 m
and, according to our numerical simulation (see Figure 16), the embolic polymer has time to
warm up in the microcatheter before entering the blood. However, with other approaches
and/or operations with infants, where the distance from the site of catheter insertion to the
site of injection of the embolic polymer can be measured by only centimeters, one should
take into account the fact that the embolic polymer may not completely warm up when it
enters the bloodstream, which may affect the uniformity of filling small AVM vessels.

Figure 16. Temperature distribution in the catheter with a non-Newtonian (left) and Newtonian
(right) model of Squid-12� viscosity.

Thirdly, understanding the process of changing the viscosity of the embolic polymer
during an operation (see Figure 17) allows us to conclude that the embolization procedure
needs to be improved. The fact is that according to the scheme in Figure 17, there is always a
bolus of cold embolic polymer, which has a sufficiently high viscosity, between the surgeon
and the patient. In our opinion, if you warm up as much of the catheter as possible between
the patient and the syringe, then the control of the embolization process should become
more accurate, and many different complications should be avoided [35,36].
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Figure 17. Viscosity change mechanism during embolization.

4. Discussion

From the point of view of fundamental hydrodynamics of complex media, this is
the problem in describing the motion of a non-Newtonian fluid. The flow of a viscous
fluid in a channel can occur in different modes, depending on the geometric dimensions
of the channel and the rheological properties of the fluid. The task of embolization is
multiparametric, and the optimal mode depends on several parameters: the cross section
of the channel, the rate of its introduction and the rheology of the embolization polymer.
The solution of this problem is intended to present a protocol to implement a process of
filling with a polymer a geometrically complex, branched network of degenerate vessels of
an arteriovenous malformation or tumor, subject to certain conditions that are dictated by
the physiology of the blood circulation and the local anatomy of the vessels. In the task of
embolizing an anomaly such as an arteriovenous malformation, the characteristic diameter
of small vessels in the AVM is about 0.2–1 mm, and the Reynolds number in such channels
for blood flow is small, which ensures the laminar nature of the blood flow [33]:

Re =
ρuL

μ
,

where ρ—density, u—flow rate, L—hydraulic diameter, and μ—dynamic viscosity.
The Reynolds number for embolic flow is of the same order at the AVM nidus and

will be of a completely different order for catheter flow. Indeed, to proceed from the size
of the catheter 6 Fr and the volume of embolization of 0.6 mL/min, then the speed of
material in the catheter will be about 3 mm/s. This means that the magnitude of the shear
rate, according to Figure 9, is about 10 s−1. Taking into account the results of numerical
calculations (for example, for an AVM with a vessel diameter of the racimous part of
0.5 mm), the following values of the Reynolds number for the embolic polymers in the
AVM and in the catheter will be

Resquid20
= 0.44, Resquid37

= 0.58, Reavm = 4.8,
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where Resquid20
is the Reynolds number of the SQUID-12� embolisate in the cold part of

the catheter (T = 20 ◦C), Resquid37
is the Reynolds number in the heated part of the catheter

(T = 37 ◦C), and Reavm is the Reynolds number for SQUID-12� in the AVM nidus.
Thus, the task of determining the rheology of a polymer is key for its selection and

the development of an optimal embolization scenario. This problem can be solved only
with an integrated approach, using both experimental approaches to study the rheolog-
ical properties of polymers, and mathematical and computer modeling to describe the
embolization process. Qualitative assessments of the quantities of interest, the shape of the
AVM vessels as round, and using the Darcy–Weisbach (DW) and Poiseuille formulas, can
be proposed [37,38]:

hmp = λ
l
d

c2

2g
, (6)

δp =
32μlc

d2 , (7)

where hmp—head losses, δp—pressure drop, λ—Darcy friction factor, l—tube length, c—
flow rate, d—tube diameter, g—local acceleration, and μ—dynamic viscosity.

The first is to calculate the pressure loss in the pipe during the flow of fluid. The
second is to evaluate the pressure drop at the inlet and outlet, which is proportional to
the viscosity of the fluid and inversely proportional to the square of the pipe diameter.
The embolization process in the first approximation can be considered as quasi-stationary,
since the polymer supply rate is rather low (see above). Therefore, at a constant pressure
drop, which is provided by the surgeon by adjusting the polymer supply through the
conductor, and the constancy of other system parameters (tube lengths and viscosity) in
the DW formula, AVM vessels with a relatively large cross section will be filled first of all.

This will lead to a decrease in the effective area of the AVM vessels, and hence to an
increase in the resistance of this node. To fill smaller AVM vessels, one must either increase
the pressure drop or decrease the viscosity of the polymer. Its viscosity, in turn, depends on
both the diameter of the vessel and the feed rate, in addition to, as it has been seen in the
course of rheometric tests, temperature. It is different for the conditions of the operating
room (the outer part of the catheter through which the embolic polymer is injected) and
the circulatory zone, and also changes under the influence of heating of the catheter inside
the body.

Given the complexity of the embolization procedure and preparation for it [31,32], the
operating surgeon faces a challenge regarding the amount and method of administration
of the material. The documentation of both studied preparations describes only borderline
cases in which the administration of the embolization polymer should be stopped or,
conversely, preparation begun for the start of embolization. Manufacturers do not give
direct advice or protocols that would unambiguously regulate the embolization procedure
of the company precisely because, as discussed above, the rheology of the polymer, the
geometry of the flow area and the type of polymer are closely related, which makes it
impossible to recommend one or the other protocol at the instruction level. It should be
noted that attempts to develop such protocols as well as optimal embolization scenarios
have been made in recent years.

The problem under consideration has several fundamentally difficult moments. Firstly,
modern hydrodynamics does not have a complete solution to the problem of the flow of
even a viscous Newtonian fluid through a bifurcation, or a branching of channels. For
a stationary flow, there is only one law of conservation of mass, which does not require
knowledge of the properties of the fluid and channel walls. In this case, the only mechanism
of energy dissipation is viscous dissipation and vortex formation, which immediately
complicates the flow structure, generating secondary flows. The fundamental question
about the energy (structure) of such a flow, about the energy loss of the flow during the
passage of the tee, is the key to controlling the fluid flow.
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Orlowski et al. calculated the flow and observed the results of a numerical calculation
of embolization of a two-dimensional cavity [19]; however, the authors did not draw any
conclusions about the optimality of the injection process, since the optimal parameters were
not introduced and the calculations were not compared with any clinical data. The flow
area is a model and, again, does not map to a clinically significant area. The authors of this
work used the power law of the dependence of viscosity on the shear modulus. In general,
this correctly reflects the nature of rheological relationships. However, this approach is
too simplistic, since, as seen from the test results, the coefficients in the rheological models
describing them have different values for different polymers.

The first attempts at modelling the embolization process, in which pathological vessels
overlap and further flow into a healthy vascular bed occurs, were based on Darcy’s law
and the Maag formula [39]. Branched network-type AVM models have been described
by Golovin et al. [40]. Furher, the concept of considering AVM nidus embolization as
a model of two-component filtration, in which the displaced component was blood and
the displacing component was embolization material, which is a Newtonian fluid, was
formulated and implemented by Cherevko et al. [41]. Such a simplification is essential, but
it allowed the authors to solve the problem of optimal control of both single-stage (total)
embolization and multi-stage embolization, when subtotal embolization is performed at all
stages except the last one [42]. The use of rheological relations (Table 3) with a known set
of constants for the two tested polymers will make it possible to more accurately formulate
the law of optimal embolization.

In some papers, the clinical aspects of the use of both embolic polymers were eval-
uated in detail, and their brief chemical characteristics were given [43,44]. A review
of the chemical properties of both the aforementioned embolic polymers and promising
embolization hydrogels was carried out [26]. The study of their rheological properties is
also an important task for the development of correct recommended protocols.

It should be noted that there are a number of aspects in the study that require further
study. Further studies would make it possible to more accurately determine the laws of
dependence of the rheology of embolization polymers on temperature. So far, this study has
been carried out for a small temperature range. One of the explanations for this limitation
is the difficulty in supplying these polymers for laboratory research, since the circulation of
such polymers in the Russian Federation is allowed only through medical institutions. In
medical institutions, these polymers are strictly accounted for and consumed exclusively
for endovascular operations, so such substances can only get into the research laboratory as
a “waste of operational activities”. This leads to the fact that the collection of the amount of
polymers necessary for all rheological tests took quite a long time. It should be noted that
rheological tests of the Phil polymer have also been carried out, but at the moment enough
“waste” of this polymer to carry out the entire line of tests has not been collected. Another
limitation in our work is the assumption of a model AVM configuration for numerical
calculation.

However, a number of authors [2,41] have worked with this kind of model configura-
tion, which reflects the main patterns of fluid flow in a complex network of vessels. Many
authors have tried to get a visualization of the flow of embolic polymer inside the AVM
nidus [9,19], but so far this activity is associated with significant difficulties. In our opinion,
the ultimate goal of modeling is not to reveal the picture of the flow of embolic polymers,
but to obtain more general results; such an approach would help to build a model for the
optimal selection of an embolization polymer for a particular clinical case and the optimal
method for its administration.

5. Conclusions

In the framework of this study, rheological measurement tests of two non-adhesive
polymers (Onyx-18� and Squid-12�) used in medicine for AVM embolization were per-
formed. The analysis of the results of these tests showed a significant dependence of
the viscosity not only on the shear modulus but also on the temperature. In the course
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of numerical simulation of model embolization of a branched network of vessels, differ-
ent behavior of these embolic polymers for fistula and racimous network models was
demonstrated, which confirms the need to use embolic polymers of different viscosities
for embolization of these AVM parts. Of particular interest is the physical interpretation of
the law of dependence of the viscosity of embolic polymers and the mechanism of thermal
and shear activation in the AVM nidus. The found non-monotonicity of the dependence of
viscosity on shear rate gives a new idea of the non-randomness of this effect and, in general,
the viscosity activation algorithm with a change in the viscosity of the embolic polymer
opens up a qualitative understanding of the effects that arise during embolization. In
addition, this understanding suggests ways to solve problems such as difficult pumping of
embolic polymer through a small microcatheter, as well as performing operations on infants
by controlling the temperature in the outer (outside the body) part of the catheter. The
presented coefficients of the Cisco model will allow numerical hemodynamic specialists to
perform calculations in the case of a simultaneous change in shear rate and temperature.
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Abstract: In the process of rubber extrusion, the feed structure directly affects the extrusion quality,
extrusion uniformity, screw lateral force, and feed power consumption. Until now, the feed structure
was mainly based on empirical designs, and there was no theoretical model for the optimal design of
a feed structure. This paper focused on the squeezing mechanical analysis and model establishment
of the feeding process in which viscoelastic rubber strips are passed through feed-wedge clearance
in cold-feed extruders. The screw flight rotation squeezing process was simplified into a disc
rotation squeezing process; the instantaneous squeezing velocity

.
h(t) in the disc rotation squeezing

model was derived according to feed wedge clearance geometry and the disc rotating speed. By
transforming rotation squeezing into differential slab squeezing, mathematical expressions of the
velocity distribution, pressure distribution, total squeezing force, and power consumption in the
feeding process were derived in a rectangular coordinate system under isothermal and quasi-steady
assumptions and certain boundary conditions by using balance equations and a Newtonian viscous
constitutive relation. Theoretical calculations and experimental values showed the same trend.
Through comparison, it was found that the power consumption (P3) caused by sliding friction is
about 200–900 W according to theoretical calculations, while the experimental test results show
it to be about 300–700 W. Additionally, the difference between theoretical pressure value and the
experimental pressure value can be controlled within 5–15%. This could reflect the main factors
that affect the feeding process, so could be used for analyses of actual feeding problems, and to
contribute to rough quantitative descriptions of the feeding process, finite element simulation, and
the optimization of the feeding structure.

Keywords: squeezing mechanical analysis; rubber strip cold-feed process; viscoelastic rubber strip

1. Introduction

The extrusion process is an important step in rubber processing, and the vast majority
of rubber compounds are extruded at least once during the molding process [1]. The feeding
process has a significant impact on extrusion quality [2,3], extrusion stability, the side force
applied to screw, and extruder power consumption. In modern research and applications,
in order to realize a uniform feed rate in rubber extruders, rubber strip feeding has been
used in either rarely used hot-feed extruders or widely used cold-feed extruders. Because
rubber has relatively strong adhesiveness at room temperature in a highly elastic state, the
cost of the granulation process will increase if a rubber extruder is fed granulated material.
A large number of separating agents can be added to prevent the adhesion phenomenon of
rubber granulates, resulting in changes in the formulation properties [4]. For a cold-feed
extruder fed with a rubber strip form, regardless of whether a free-feeding structure or the
widely used forced-feeding structure with a feed roll is used, the feed wedge clearance is
always designed at the feed port. Figure 1a shows the common feeding model (feed roll
structure) of a cold-feed rubber extruder. The feed wedge clearance is formed between the
screw flight crest and the undercut groove on the inner wall of the feed barrel. The feed
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wedge clearance is a key structure when feeding the rubber strip into the screw channel:
the rubber strip is gradually squeezed (compressed) and thinned when the rotating screw
flight drags the rubber strip through the feed wedge clearance. At the same time, the screw
flight is more deeply embedded into the rubber strip (Figure 1b). When the rubber strip
approaches the minimum wedge gap (the design gap between the outer diameter of the
screw and the inner wall of the feed barrel), it is longitudinally broken off [5], thus entering
the channels at both sides of the screw flight and completing the feeding process of the
rubber strip. In a combined structure of a feed roll/screw system and the feed wedge
clearance, the feed roll only increases the pushing force [6] when feeding the rubber strip or
creating an additional pressure build-up [7]. Therefore, when using rubber extruders, the
rubber strip is dragged through the feed wedge clearance and broken off longitudinally at
the end of the feed wedge clearance; this is the key to successfully carrying out rubber strip
feeding. In the vicinity of the minimum wedge gap, the thin strip easily causes longitudinal
break-off under the axial thrust action of the screw flight. Since rubber is essentially a
viscoelastic liquid at room temperature [8], a special kind of squeezing (compression) flow
occurs in the feed wedge clearance. The feed wedge clearance geometry is a nonlinear
wedge region with a narrow width (the width of the screw flight). The squeezing force
is generated by dynamic viscous pressurization in the nonlinear wedge region through
the rotation drag motion of the screw flight, and rubber flows in the nonlinear wedge
region occur only in the directions towards both sides of the screw flight, because the
minimum wedge gap is very small, and can be neglected for rubber compounds with very
high viscosity.

  
(a) (b) 

Figure 1. (a) Feed wedge clearance; (b) A-A section view; Feeding model of a cold-feed rubber
extruder. (1) Feed barrel; (2) screw; (3) feed wedge clearance; (4) scraper; (5) feed roll; (6) feed door;
(7) rubber strip; (8) feed opening; (9) screw flight.

The history of rubber extruders dates back more than 140 years, to the invention of
hot-feed extruders in 1879. The continuous development of feeding technology is mainly
reflected in the improvements to the feeding structure [9–13] and the control of feeding
uniformity [4,14–16]. However, there has been little research into the feeding theory of
rubber extruders, especially cold-feed extruders. The existing research on the theory of
the rubber-strip feeding process has either analyzed the mechanical conditions of rubber
strips being drawn into the feed wedge clearance [6], or used a disc rotation squeezing
model device to carry out experimental research on the strip feeding process [5]. Since the
study by Jianbin Li did not consider the contribution of the flight flanks to the additional
drag effect [6], it reached the incorrect conclusion that the feeding mechanical condition of
the friction coefficient μs between the flight crest and the rubber strip was greater than the
friction coefficient μb between the barrel inner wall and rubber strip. Other experimental
results in the studies of Yanchang Liu [5] included single-peak pressure distribution and the
obvious power consumption when the rubber strip passed through the model clearance. To
date, little theory of the rubber strip feeding process exists, which makes the feeding theory
for rubber extruders lag far behind engineering practice. The side force applied to the
screw and the feed power consumption have not been calculated theoretically, and the feed
structure and technology have not been improved or innovated by theoretical guidance.
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In order to establish a feeding process theory of cold-feed rubber extruders, the
squeezing flow dynamics during this process must be analyzed. However, most studies of
squeezing flow deal with the pure squeezing flow of viscoelastic materials [17–28], or vis-
coelastic materials [29–40], or non-Newtonian liquids with a squeezing–extrusion combined
flow [41] between two parallel plates; very little research has considered the squeezing
flow between two non-parallel plates. The squeezing and sliding flow of Oldroyd-B fluid
was examined by N. Phan-Thien [42] in a wedge geometry of semi-wedge angle a(t) with
a wedge apex, using a numerical method. In this wedge, the flat plane boundaries of the
wedge were closing at a rate

.
a(t) and were sliding along the direction perpendicular to the

two-dimensional wedge with a constant velocity. However, there was no consideration of
the squeezing flow of non-Newtonian liquids in a nonlinear wedge region, in which the
lubrication approximation was not valid due to large wedge angle or slip boundary condi-
tion. The squeezing flow in feed wedge clearance belongs to the latter category, because the
rubber strip slides along the cylinder wall in the feeding process. Therefore, in this study,
we attempted to analyze the dynamics of squeezing flow caused by the drag action of the
screw flights in the nonlinear wedge region under sliding boundary conditions. In order to
obtain an approximate analytical solution of the motion equation which reflects the basic
characteristics of the squeezing flow, under some assumptions (Newton material, isother-
mal quasi-steady flow), the physical model was simplified (disc rotation squeezing model)
and the motion transformation (differential slab squeezing flow) was applied. To verify the
accuracy of the theoretical model, a comparison between the theoretical calculations and
the experimental data was carried out. The theoretical model that was established could
provide guidance and suggestions for the design and optimization of actual feed structures.

2. Physical Model and Squeezing Velocity

In this section, a physical model of feeding process is established and the calculation
formula of squeezing velocity in the feed wedge clearance is obtained by analyzing the
relationship between the rotation angle and the wedge gap.

2.1. Physical Model

At the feed port, the basic screw configuration of the cold feed extruder is a single
screw section with double-flighted design. When rubber strips pass through the feed
wedge clearance, the screw flight crest will always contact and squeeze the rubber strip. If
expanded along the outer diameter of the screw, the contact traces between the screw flight
crest and the rubber strip are two inclined narrow strips (the black areas in Figure 2). In
Figure 2, β is the helical angle and w is the axial width of the flight. To describe the behavior
of the feeding process, the geometry of the helix feed wedge clearance is simplified, and
then motion transformation is applied, as discussed in Section 3.1. As the rubber strip passes
through the feed wedge clearance, the effective flight compression path is perpendicular
to the screw axis. Therefore, each feed’s screw flight can be simplified to a disc (helical
angle β = 0◦), and the diameter and width of the disc are screw diameter D and screw flight
axial width w, respectively. An effective feed wedge clearance is formed between the disc
and the undercut groove on the inner wall of the feed barrel. In this way, a disc rotation
squeezing model is built with a disc and a barrel (Figure 3). Because the two screw flights
have the same geometry, one was chosen for mathematical description.

For all general specifications of cold-feed extruders, a standardized design of the feed
wedge clearance has been achieved. In Figure 3, a = 0.03 − 0.04D, b = 0.06 − 0.08D, R = 0.5D,
R1 ≈ 0.5D, H is the start position or maximum value of the wedge gap (on the extended
line of O and O1, that is H = ss′), hmin is the end position or minimum value of the wedge
gap (the typical value is 0.0045R), and θ0 is the center angle of the circular arc of the outer
diameter of the disc in the whole range of the feed wedge clearance. For example, for a
cold-feed extruder with D = 65 mm, a = 2 mm, b = 5 mm, R = R1 = 32.5 mm, H = 5.4 mm,
hmin = 0.146 mm, and θ0 = 85◦ ≈ 1.483 rad.
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Figure 2. Expanded view of the contact trace between the screw flight crest and the rubber strip.

 
Figure 3. Disc rotation squeezing model.

2.2. Squeezing Velocity

An analysis of squeezing flow needs to determine either the squeezing force or the
squeezing velocity. In the disc rotation squeezing model, the squeezing force is unknown,
and the squeezing velocity can be derived according to the geometry of the feed wedge
clearance and the disc speed. Figure 4 shows the relationship between the gap h(θ) and the
angle θ.

If the initial thickness of the fed rubber strip is equal to the maximum value H of the
wedge gap, the position of the line segment ss can be set as the initial point at which the
rubber strip enters into the wedge clearance. When the disc rotates through an angle θ
(rad) from time t = 0 to t(s), the strip is squeezed (compressed) from thickness H to h(θ)
(Figure 4). The mathematical relationship between h(θ) and θ is

h(θ) = (Om + mn)− R = c cos θ +
√

R2
1 − (c sin θ)2 − R (1)

where c = OO1 =
√

a2 + b2.
By expanding the term with the root sign on the right side of Equation (1) into a

power series, √
R2

1 − (c sin θ)2 = R1

[
1 − 1

2
(c sin θ)2

R1
2 + . . .

]
(2)

By ignoring the terms greater than the quadratic term of the power series on the
right side of Equation (2) and substituting it into Equation (1) and considering R ≈ R1,
one obtains

h(θ) = ccosθ − c2

2R1
sin2 θ (3)
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If the rotating speed of the disc is Nrpm, then θ = πNt/30. Substituting the expression
of θ into Equation (3) gives

h(θ) = ccos
(

πNt
30

)
− c2

2R1
sin2

(
πNt
30

)
(4)

By differentiating both sides of Equation (4), one can obtain the instantaneous squeez-
ing velocity

.
h(t),

.
h(t) = −πNc

30

[
sin(

πN
30

t) +
c

2R1
sin(

πN
15

t)
]

(5)

where “−” indicates squeezing (compression). From Equation (5),
.
h is directly related to

the geometric parameters of the feed wedge gap clearance (c and R1) and the operating
parameters (N and t).

 
Figure 4. Relationship between the gap h(θ) and the angle θ.

To study the change in instantaneous squeezing velocity, according to Equation (5),
MATLAB software was used to calculate and draw

.
h − t curves at different disc speeds

(N = 30, 45 and 60 rpm) for the disc rotation squeezing model of D = 65 mm (c =
√

22 + 52 ≈
5.39 mm, R1 = 32.5 mm). Figure 5 shows that the

.
h − t curve is approximately composed

of two parts: a constant acceleration squeeze in the early stage and a constant velocity
squeeze in the later stage. The former accounts for most of the whole rotational squeezing
process, and the latter accounts for a small part. Setting t0 and tt to represent the time used
during the whole rotational squeezing process and the transition time from the constant
acceleration squeeze to the constant velocity squeeze, respectively, t0 can be calculated
according to the formula t0 = 30θ0/πN, and tt can be measured from the asymptotic
transition part of the

.
h − t curve in Figure 5. When N = 30, 45, and 60 rpm, t0 is 0.47, 0.31,

and 0.24 s, tt is 0.39, 0.27, and 0.21 s, and tt/ t0 is 0.83, 0.87, and 0.875, respectively. Figure 5
also shows that the squeezing velocity increases faster with increasing disc speed. Similar
results can be obtained by using the same method to calculate other disc rotation squeezing
models with different diameters (D = 90, 120, 150, 200, and 250 mm).
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Figure 5.
.
h − t curves in the disc rotation squeezing model with D = 65 mm at different disc speeds.

The above analysis shows that, for a given disk rotating squeezing model and disc
rotating speed, the instantaneous squeezing velocity

.
h(t) changes rapidly for most of the

time taken for the whole squeezing process. This presents difficulties when analyzing the
squeezing flow. To simplify the theoretical analysis, the average squeezing velocity (−V)
was introduced, where ‘−’ also represents the squeezing direction, V = |−V|. According
to N, H, and θ0, it is easy to calculate V.

V = |−V| =
∣∣∣∣−H

t0

∣∣∣∣ = ∣∣∣∣−πNH
30θ0

∣∣∣∣ = πNH
30θ0

(6)

Equation (6) shows that, for a given disc rotation squeezing model, the average squeez-
ing velocity V is only proportional to N. For example, for the disc rotation squeezing model
with D = 65 mm, the average squeezing velocities calculated by Equation (6) at N = 30, 45,
and 60 rpm are −11.4, −17.1, and −22.8 mms−1, respectively. For the disc rotation squeez-
ing models for other general specifications of cold-feed extruders, when the rotational
speed N = 30 rpm, the average velocities calculated by Equations (5) and (6) in the whole
feed wedge gap are V(5) and V(6), respectively. The range of [(V(5) − V(6))/V(5)] × 100% is
approximately −0.51~1.30%, which strongly indicates that the simplified Equation (5) has
a very high level of accuracy.

3. Mathematical Model

The disc rotation squeezing model established in Section 2 was further simplified
into a differential slab squeezing model. According to the balance equations, mathemat-
ical formulas including velocity, pressure distribution, total squeezing force, and power
consumption in the wedge clearance were obtained.

3.1. Kinematic Exchange

During the actual feeding process, the rubber strip that is adhered to the screw flight
rotates with the rotational screw flight and slides along the barrel surface. Therefore, in the
disc rotation squeezing model, the disc drags the rubber strip to rotate through an angle θ
(rad) within time t, and the rubber strip is squeezed (compressed) from the initial thickness
H to the thickness h(t). This process can be regarded as one in which a “differential slab”
of arc length Δl (Figure 4) squeezes the strip in parallel from the initial thickness H to
the thickness h(t) within time t at the squeezing velocity generated by the disc rotation.
The squeezing flow obtained from the kinematic exchange is called the differential slab
squeezing flow, which is shown in Figure 6. Since screw flight is always embedded into
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the rubber strip during the feeding process, this flow belongs to a constant area squeezing
flow [43].

Figure 6. Differential slab squeezing flow.

3.2. Velocity and Pressure Distributions

The theoretical analysis used the rectangular coordinate system shown in Figure 7.
First, the following assumptions about the differential slab squeezing flow were made
to solve the balance equations for the analytic solutions of the velocity and pressure
distributions:

 
Figure 7. The rectangular coordinate systems used in the theoretical analysis, dy = Δl.

(i) The flow of the rubber compound is isothermal, has a quasi-steady state [42,44],
and is laminar. In the quasi-steady state, locally and instantaneously, the squeezing flow
may be regarded as a steady flow between fixed parallel plates [45].

(ii) The inertia, gravity, and normal stress terms in the momentum equation can
be ignored.

(iii) The rubber compound is a noncompressible Newtonian liquid.
To simplify the analysis of the parallel plate squeezing flow, the component of mo-

mentum in the direction parallel to the plates (here, it is the x-component of momentum)
is usually assumed to be the most important, and the component of momentum in the
direction normal to the plates (here, it is the z-component of momentum) is not used [45];
that is, the component of velocity vz normal to the plates is neglected [46].

Because the minimum value hmin of the feed wedge gap is very small (hmin ≈ 0)
and there is an additional pressure build-up created by the feed roll/screw system in the
upstream position of the maximum wedge gap, the component of velocity vy in the direction
of the differential dimension (y-direction) can be assumed to be zero in the differential slab
squeezing flow. In other words, the rubber compound can only be squeezed out along the
directions on both sides of the disc (or flight) (x-direction) during the feeding process. This
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is an important boundary condition for the disc rotation squeezing model or the differential
slab squeezing flow.

Based on the above assumptions and analyses, and considering the isotropic pressure
and the component of velocity to be constant at the differential dimension dy, the equations
of momentum can be reduced to a one-dimensional form as follows:

η
∂2vx

∂z2 =
∂p
∂x

(7)

where vx is the x-component of velocity and p is isotropic pressure.
Because the rubber strip slides along the barrel surface during the feeding process,

it is assumed that there is no slippage at the moving slab (screw flight crest) and at the
stationary slab of the x-direction, that is, the boundary condition z = 0, vx = 0 and z = h,
vx = 0. Integrating Equation (7) twice with respect to z and applying the boundary condi-
tions can derive Equation (8):

vx =
1

2η

∂p
∂x

(z2 − hz) (8)

This vx velocity distribution must satisfy the following overall continuity relationship:

Vxdy =
∫ h

0
vxdydz (9)

By substituting Equation (9) into Equation (8) and considering dy as a constant value:

∂p
∂x

= −12ηV
h3 x (10)

Usually, the screw channel at the feed port is not fully filled with rubber [5]. Therefore,
it can be assumed that the pressure on both sides of the disc (screw flight) is atmospheric
pressure, that is, x = ±w/2, p = 0. Under this boundary condition, integrating Equa-
tion (10) can obtain:

p =
3ηVw2

2h3 − 6ηV
h3 x2 (11)

Equation (11) shows that the pressure distribution p in the model wedge p is related to
V, w, h, x, and η, and the effects of h, x, and w on p are particularly significant. For a given
disc rotation squeezing model, when the disc rotating speed N is constant, p is only related
to x at any squeezing thickness h, showing the parabolic distribution shown in Figure 8.
Figure 8 shows that, for an arbitrary h, the maximum pressure pmax can be obtained at x = 0.

 
Figure 8. Relationship between p and x.

According to Equation (11), it is easy to calculate the average pressure p along w in
Figure 8:

p =

∫ w
2
− w

2
( 3ηVw2

2h3 − 6ηVx2

h3 )dxdy

wdy
=

ηVw2

h3 (12)
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Equation (12) shows that, for a given disc rotation squeezing model and rubber
compound, when the disc rotation speed is constant, p is inversely proportional to the cubic
power h, proportional to the quadratic power w, and proportional to η. As h decreases,
p increases rapidly, and when h → 0 , p → ∞ . However, p or p is always a finite value
because h has a minimum design value hmin (at θ = θ0). In addition, Liu Y. C. and Yu F [3]
used a disc rotation squeezing model device with D = 65 mm and found that the rubber
strip would be longitudinally broken off at a position of approximately h = 1 mm before the
design value of the minimum wedge gap hmin(=0.16 mm). hb and θb are set as the wedge
gap value and the corresponding center angle when the rubber strip is longitudinally
broken off, respectively. For the disc rotation squeezing model with D = 65 mm and
hb = 1 mm, the θb = 73◦ can be obtained by calculating or drawing, but the regularity of hb
and θb needs further experimental research.

A combination of Equations (8) and (10) obtains:

vx = −6Vx
h3 (z2 − hz) (13)

From Equation (13), vx depends on V, h, x, and z. When V, h, and x are fixed, the
relationship between vx and z shows a parabolic curve, and shear flow occurs along the
z-direction. When V, h, and z are fixed, vx is proportional to x and produces elongational
flow in the x direction. When V, x, and z are fixed, vx is inversely proportional to the cubic
power of h; that is, when h decreases, vx increases rapidly.

3.3. Total Squeezing Force

The total squeezing force refers to the resultant force of the pressures exerted on
the rubber strip in the radial direction of the disc (screw) within the whole feed wedge
clearance. In the design of a rubber extruder, for example, the total squeezing pressure is
used to calculate the elastic flex deformation of the screw caused by the side force, because
excessive flex deformation will cause scraping between the screw and the barrel.

The total squeezing force F can be deduced from the disc rotation squeezing model.
The method for calculating F is as follows: first, the coordinate system y′Oz′ shown
in Figure 9 was established, and the force dF acting on the area element wdl(= wRdθ) at
position θ in the radial direction of the disc was decomposed into dF y′ and dF z′ components,
as shown in the enlarged view. Second, the magnitudes of the F y′ and F z′ components

of the total squeezing force F were calculated by integral, that is, F y′ = ∑
∣∣∣dF y′

∣∣∣ and
F z′ = ∑ |dF z′ |. Finally, the magnitude and tangential direction angle of the total squeezing

force F were calculated, that is, F =
√

F y′2 + F z′2 and tan ψ = F z′/F y′ . ϕ + arctanψ is the
angle between the direction of the total squeezing force and the horizontal line.

As mentioned in Equation (7), the pressure in the model wedge is isotropic. Therefore,
the pressure in the radial direction in Figure 9 is equal to the pressures calculated by
Equations (11) and (12). To simplify the calculation, the average pressure p was used. Hence:

dFy′ = pwR cos θdθ (14)

dFz′ = pwR sin θdθ (15)

Putting Equation (12) into Equations (14) and (15) and integrating them obtains:

Fy′ =
∫ θb

0
pw cos θRdθ = −ηπNHw3R

30θ0c3 k1 (16)

Fz′ =
∫ θb

0
pw sin θRdθ = −ηπNHw3R

60θ0c3 k2 (17)

where k1 = tanθb, k2 =

[(
1 − θb

2

2 + θb
4

4!

)−2 − 1
]

.
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Figure 9. Force analysis of the disc during squeezing; (a) enlarged drawing of the force analysis.

Substituting Equations (16) and (17) into the above expressions of F and tan ψ, respec-
tively, can obtain:

F =
√
(Fy′)2 + (Fz′)2 =

ηπNHw3R
60θ0c3

√
4k1

2 + k22 (18)

tan(ψ) =
Fz′

Fy′ =
k1

2k2
(19)

For each given model wedge, ϕ is known; therefore, according to Equation (19), the
angle ϕ + arctanψ between the direction of the total squeezing force and the horizontal line
can be obtained.

3.4. Power Consumption

When the rubber strip passes through the model wedge, the power consumption
comes from the following three parts:

(i) The increase in kinetic energy when the rubber compound is squeezed out from
both sides of the disc (screw flight);

(ii) Viscous dissipation in squeezing flow;
(iii) Friction loss of the rubber strip sliding along the barrel.
(1) Power consumption P1 caused by an increase in kinetic energy
As h decreases, vx shows a rapid increasing trend (Equation (13)), which increases

the kinetic energy of the rubber in the extrusion direction (x direction); the kinetic energy
reaches its maximum at the edges at both sides of the disc (screw flight). In Figure 7, the
volumetric flow rate in the direction of +x or −x caused by the moving slab squeezing
downwards is Vxdy (V is the average squeezing velocity, which is shown in Equation (6)).
Therefore, the average extrusion velocity vx at the x position is:

vx =
Vxdy
hdy

=
Vx
h

(20)

If the flow between the approaching slabs is regarded as potential flow, the average
velocity vx in the x direction is a function of x, not h [16]. The average velocity of the rubber
extruded from the edges of the slabs (x = ±w/2) is vw/2 = Vw/2h (only the magnitude of
the velocity considered). Therefore, the rate of work performed on a moving slab with dy
length elements is equal to the rate of change of the kinetic energy of rubber dP1.

dP1 =
d
dt
(

1
2

mv w
2

2) =
V2w2

8h2
dm
dt

(21)
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where dm/dt is the mass flow rate of the extruded rubber, which is equal to 2hdy(Vw/2h)ρ,
and ρ is the density of rubber, so Equation (21) becomes:

dP1 =
ρV3w3

8h2 dy (22)

According to Figure 2, considering dy = Rdθ and integrating Equation (22) along the
whole wedge gap yields P1:

P1 =
∫ θb

0

ρV3w3

8h2 Rdθ (23)

Considering the expression of h(θ) (Equation (3)) will make the integral operation of
Equation (23) very complex. Therefore, the simple arithmetic mean H/2 of h(θ) was used to
replace h(θ) to obtain the simple approximate solution of P1:

P1 =
RθbρV3w3

2H2 (24)

(2) Power consumption P2 caused by viscous dissipation.
The velocity gradient of vx in the z direction (Equation (13)) will cause viscous heat

generation. Therefore, the shear rate
.
γ can be obtained by differentiating Equation (13)

with respect to z:
.
γ =

∂vx

∂z
= −6Vx

h3 (2z − h) (25)

From Equation (25): 1) at x = 0,
.

γ = 0; 2) at x = ±w/2 and z = 0 or h, the absolute
value of the

.
γ can take the maximum,

∣∣ .
γ
∣∣
max = 3Vw/h2 . To simplify the calculation, the

corresponding shear rate at h = H/2 can be taken as the average shear rate
.
γ in the whole

squeezing flow process: that is,
.
γ = 12Vw/H2 . Therefore, the rate of viscous dissipation

of rubber compound per unit volume is:

η
.
γ

2
=

144ηV2w2

H4 (26)

If the volume of the whole model wedge is Vw and the very small volume remaining
after the longitudinal break-off of rubber strip is ignored, the power consumption P2 caused
by viscous dissipation is:

P2 =
144ηV2w2Vw

H4 (27)

Through the geometric relationship in Figure 3, Vw can be obtained:

Vw =
w(αR1

2 − θbR2 + Rc sin θb)

2
(28)

(3) Power consumption P3 caused by sliding friction.
During the sliding process of rubber strips dragged by the disc (screw flight) along the

barrel, the shape of the rubber strip is bent, and the local pressure is continuously changed.
As shown in Figure 10, for a rubber element at position θ, setting ∠OnO1 = β, according to
the cosine theorem:

cos β =
(R + h)2 + R1

2 − c2

2(R + h)R1
(29)
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Figure 10. Velocity vector analysis of the rubber strip during squeezing; (a) enlarged drawing of
velocity vector analysis.

Equation (29) shows that, in the feeding process, the value of β will change with h
or θ. Since the center and radius of the cylinder arc ˆe s′ are O1 and R1, respectively, the
tangential velocity vbt of the rubber element sliding along the cylinder at position θ is:

vbt = vb cos β =
πN(R + h)

30
cos β (30)

Obviously, vbt changes with h or θ.
Assuming that the total squeezing force F (Equation (18)) is evenly distributed on

arc ê s′, and the sliding friction coefficient f between the rubber strip and the barrel is a
constant, the friction force dFf generated by the barrel on the rubber element at position
θ is:

dFf = f
F

αR1
(R + h)dθ (31)

where α = ∠eO1s′ for a given model wedge gap and α is a known constant.
From Equations (30) and (31), the friction power dP3 generated by the barrel to the

rubber element at position θ can be obtained:

dP3 = dFf vbt =
πNF f
30αR1

(R + h)2 cos βdθ (32)

The power consumption P3 caused by sliding friction in the whole feeding wedge is:

P3 =
f πNF

∫ θb
0 (R + h)2 cos βdθ

30αR1
(33)

To simplify the integral operation of Equation (33), the average value β of β is used,
that is, β = ∠OeO1/2 . For a given model wedge gap, ∠OeO1 is known, and β and cos β
are known constants. For example, for the disk rotating squeezing model with D = 65 mm,
∠OeO1 ≈ 9.5

◦
, β = 4.75

◦
, and cos β ≈ 0.9966. So Equation (34) becomes

P3 =
f πNF cos βk3

30αR1
(34)
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where

k3 =
∫ θb

0 (R + h)2dθ = R2θb + 2R
[
c sin θb − c2

2R (
1
2 θb − 1

4 sin 2θb)
]

+
[
c2 ∗ ( 1

2 θb +
1
4 sin 2θb)− c3

3R1
sin3 θb +

c4

4R1
2 (

sin 4θb
32 − sin 2θb

4 + 3θb
8 )

]
By combining Equations (24), (27) and (34), the power consumption P in the process

of the rubber strip passing through the model wedge gap is obtained:

P = P1 + P2 + P3 (35)

That is:

P =
RθbρV3w3

2H2 +
144ηV2w3

H4 Vw +
f πNF cos βk3

30αR1
(36)

It should be noted that the above mathematical expressions of total squeezing force and
power consumption only consider a single disc. However, for an actual cold feed extruder,
there are usually at least double-threaded flights at the feed port, and the calculation of
the total squeezing pressure and the power consumption needs to multiply the above
expressions by the number of flights.

The theoretical analysis model of the feeding process of cold-feed rubber extruders
has important guiding significance for analyzing feeding problems and optimizing and
innovating feeding structures: (1) the side force applied to the screw and the feeding power
consumption can be roughly calculated without a feed roll, which provides basic calculation
parameters for rubber extruder design and overcomes the pure experience of feed structure
design. (2) The width of the screw flight at the feed screw segment should be as narrow
as possible, because the total squeezing force and power consumption are proportional
to the third power of the width of the screw flight. However, a screw width that is too
narrow can reduce the drag-in force of the screw flight crest so that the rubber strip cannot
be dragged through the feed wedge clearance. For a screw flight with a narrower width,
shallow grooves can be opened on the top or the side of the screw flight to increase friction
drag action, or else the screw flight can be interrupted to increase “penetration” drag action.
The latter is often used in the feed screw segment of modern cold-feed extruders. (3) Under
the condition of the same feed wedge clearance length, the maximum value (H) in the feed
wedge clearance should be as large as possible, because the total squeezing force and the
power consumption are proportional to the reciprocal of the power of H. In other words, a
thicker rubber strip should be used for feeding. Therefore, the improvement direction of
the structure of the feed wedge clearance was to increase the eccentricity values a and b
and select the appropriate eccentric arc radius R. This design can shorten the feeding time
and improve the feeding efficiency. (4) Because the power consumption mainly depends
on the frictional resistance of the barrel to the rubber strip (see Section 5), the inner wall of
the barrel should have a lower friction coefficient at the feed port; that is, the inner wall of
the barrel should be smoother than it has been in previous designs. (5) If the feed wedge
clearance, feed screw flight, and feed barrel are fully optimized, the effect of feed roll can
be reduced or even rendered unnecessary, and the feeding power consumption can be
further decreased.

4. Materials and Methods

4.1. Experiment and Materials

The pressure and power data obtained by using the disc rotation squeezing model
device (Figure 11) were chosen. Test device: this model device comprises disc 2 driven by
motor 1, semicylinder 4 with an eccentric undercut groove on the inner surface, pressure
sensor 5, and a control system (which is not shown in the figure). The top surface of the
disc, and the inner wall of the groove under the semicylindrical feed wedge clearance 6 and
7, using feeding rubber strips. The disc and drive device are supported by bracket 3. The
DJYZ-10 cylindrical pressure sensors were installed in the upper (U), middle (M), and lower
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(L) positions of the semicylinder, and were used to measure the pressures of the rubber
strip through the feed wedge clearance. The pressure sensor had a measurement range of
0–500 kg and a nonlinearity of 0.3–0.5%. The pressure and power data were automatically
calculated, recorded, and stored by upper computer software. The disc speed was changed
by a variable frequency speed-regulating motor. The temperature of the laboratory was set
at 23 ± 2 ◦C. The geometric parameters of the model device are shown in Table 1.

Figure 11. Disc rotation squeezing model device. (1) Motor; (2) disc; (3) bracket; (4) semicylinder;
(5) pressure sensor; (6) feed wedge clearance; (7) rubber strip.

Table 1. Geometric parameters of the model device used in this experiment.

D (mm) w (mm) R (mm) R1 (mm) a (mm) b (mm) H (mm) θ0 (◦)

65 10 32.5 32.5 2 5 5.4 85

Test materials: truck radial tire compound, ruck tire inner liner compound (TTI)
((51 ML1 + 4 (100 ◦C); the Mooney viscosity of the rubber obtained by testing at 100 ◦C is 51),
truck tire sidewall compound (TTS) (55 ML1 + 4 (100 ◦C)), and truck tire tread compound
(TTT) (65 ML1 + 4 (100 ◦C)), provided by Shandong Anchi Tire Co., Ltd. The size of the
feeding rubber strip was approximately 5.4 (thick) × 65 (width) × 100 (length) mm.

Test method: rotation squeezing tests were carried out at room temperature using the
above three kinds of rubber compounds to measure the pressure distribution and power
consumption of the feed wedge clearance under different disc speeds (30, 45, and 60 rpm).

4.2. Measurements of Viscosity and the Sliding Friction Coefficient

The shear viscosity and sliding friction coefficient of the above three compounds at
room temperature are two physical parameters required by the theoretical model. These
two parameters must be measured.

(1) Viscosity

Due to the high viscosity of the rubber compound, it was necessary to use a parallel
plate plastometer to measure the shear viscosity. The model of parallel plate plastometer
used is the MZ-4014. The measurement was made at 23 ± 2 ◦C. The measurement principle
is that, under a given temperature, for a squeezing flow with constant volume, the shear
viscosity η can be calculated with the following formula using applied load FN, load time t,
measured sample heights of h0 and h before and after the load FN, and measured sample
volume Vr [47]:

FNt
3ηVr

= (
1
h
− 1

h0
) +

Vr

8π
(

1
h4 − 1

h04 ) (37)
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The sample was a cylindrical sample with a diameter of 16 mm and a thickness of
3 mm. The applied load was 49 N, and the applied load time was 60 s. For the above three
rubber compounds, the shear viscosity values obtained by calculation are shown in Table 2.

Table 2. Viscosity values of different rubber compounds at room temperature.

Rubber Compound TTI TTS TTT

Viscosity (MPa·s) 0.24 0.22 0.21

Since the temperature changes from 23 ◦C to 50 ◦C during the experiment in previous
studies, the viscosity corresponding to the temperature change can calculate according to
the theoretical formula.

(2) Sliding friction coefficient

The sliding friction coefficient of the rubber compounds at room temperature was
measured by Anton Paar TRB3, and the measurement was made at 23 ± 2 ◦C. To obtain the
approximate value of the sliding friction coefficient between the rubber strip and the inner
wall of the barrel, the measured linear speed was made close to the linear speed of the
disc rotation squeezing model, and the unit area pressure applied to the test metal element
close to the average pressure in the disc rotation squeezing model. The test metal element
material is Q235-A. The values of the sliding friction coefficient obtained by measurement
are shown in Table 3.

Table 3. Sliding friction coefficients of different rubber compounds at room temperature.

Rubber Compound TTI TTS TTT

Sliding friction coefficient * 1.0 ± 0.015 0.9 ± 0.01 1.0 ± 0.021
* Average approximation at different disc speeds (30, 45, and 60 rpm) in a disc rotation squeezing model with
D = 65 mm.

5. Results and Discussion

(1) Pressure distribution

In Section 2.2, according to Equation (6), the average squeezing velocity V of the
model device in Table 1 at N = 30, 45, and 60 rpm was −11.4, −17.1, and −22.8 mm·s−1,
respectively. In Figure 11, the h1(= H), h2, and h3 of the design wedge gap at the different
positions of the pressure sensor installed in the upper (U), middle (M), and lower (L)
sections were 5.4, 4.7, and 2.6 mm, respectively.

The w value in Table 1, the η value of different rubber compounds in Table 2, the
V value at different disc speeds, and the h value at different positions were substituted
into Equation (12) ( p = ηVw2/h3 ) to obtain the pressure distributions of different rubber
compounds at different disc speeds. Figure 12 shows the pressure distribution of TTI, TTS,
and TTT at N = 30 rpm. Figure 13 shows the pressure changes of TTI, TTS, and TTT in the
position of h2 = 4.7 mm at different disc speeds.

Figure 12 shows that, under a given disc speed, for different kinds of rubber strips,
both theoretical prediction and experimental data had approximate pressure distribution
curves, and the increase in pressure with the decrease in h in the region of large h was much
slower than that in the region of small h, because p was proportional to the reciprocal of
the third power of h (Equation (12)). However, except for the start position of squeezing
h1(= H), the difference between the theoretical predicted pressure and the experimental
value is 0.5–2 Mpa. This is the result of two main factors: average squeezing velocity V and
viscosity η. In the initial stage of squeezing, V is greater than the instantaneous squeezing
velocity

.
h (Figure 5), and the theoretical pressure obtained using Equation (12) is higher

than the test data. In the middle and end stages of squeezing, V is less than
.
h (Figure 5),

and there are also obvious shear thinning and viscous heat generation effects. Although
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the pressure in the last two stages was calculated by using V, which was smaller than
.
h, the

original viscosity data were larger, and the viscosity decrease caused by shear thinning and
viscous heat generation was not considered; therefore, the theoretical prediction pressure
was higher than that attained in the experimental data.

   
(a) TTI (b) TTS (c) TTT 

Figure 12. Comparison of calculated and experimental pressure distributions for TTI, TTS, and TTT
at 30 rpm of the disc.

   
(a) TTI (b) TTS (c) TTT 

Figure 13. Comparison of calculated and experimental pressure changes of h2 = 4.7 mm for TTI, TTS,
and TTT at different disc speeds.

Figure 13 shows that both pressures obtained by theoretical calculation and experi-
mental measurement increase almost linearly with increasing disc speed; the reason for
this phenomenon is that p is proportional to the disc speed (Equations (6) and (13)). Addi-
tionally, the difference between theoretical pressure and the experimental value is about
0.05–0.52 Mpa. However, Figure 13 also shows that the theoretical value was greater than
the experimental data, and the difference increased significantly with increasing N. This
is because the position of h2 = 4.7 mm occurs in the middle stage of squeezing. With the
increase in disc speed N, the effects of shear thinning and viscous heat generation caused by
the increase in shear rate (Equation (27)) increase. It has been reported in the literature [3]
that the temperature of the squeezed TTI rubber compound is approximately 27 ◦C higher
than room temperature when the disc rotation squeezing model test for TTI strips was
carried out under N = 60 rpm without cooling the disc and the semicylinder.

(2) Power consumption

The density of the rubber compound is approximately 1.5 × 103 kg·m−3. The relevant
parameter values were substituted into Equation (37) to obtain the power consumptions
of P1, P2, and P3 for the TTI, TTS, and TTT at different disc speeds. The range of P1 is
1.8 × 10−6~1.5 × 10−5 W, P2 is 2.5~13 W, and P3 is 200~900 W. Compared with P3, P1
and P2 were small and negligible. In other words, during the feeding process, the power
consumption of the strip through the feed wedge clearance mainly comes from the sliding
friction of the strip along the barrel. This conclusion is of great significance for the feed
structure design of a cold-feed extruder.
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Figure 14 shows the comparison of the calculated power (P3) and experimental power
for TTI, TTS, and TTT at different disc speeds.

   
(a) TTI (b) TTS (c) TTT 

Figure 14. Comparison of calculated and experimental power consumptions for TTI, TTS, and TTT at
different disc speeds.

Figure 14 shows that the power consumption obtained by theoretical calculation and
by experimental measurement increased linearly with increasing disc speed, and the former
increased faster than the latter. The difference between the theoretical predicted pressure
and the experimental value is about 40–200 W. Moreover, from the data comparison, it
was found that the theoretical value is almost greater than the experimental value. This is
mainly because the large viscosity data were used for the calculation of the total squeezing
force without considering the significant decrease in viscosity caused by shear thinning
and viscous heat generation, especially in the middle and end stages of the feeding process
at a high disc speeds. In other words, during the test, with the increase in disc speed, the
decrease in rubber viscosity would make the squeezing force small, eventually resulting in
a decrease in power consumption. However, in the theoretical calculation, a constant and
high value of rubber viscosity was used, so the theoretical value of the power consumption
was greater than its experimental value.

However, in the actual feeding process of the cold feed extruder, due to the cooling
of the screw and the feed barrel, the temperature rise in the rubber compound in the feed
wedge clearance would be greatly limited. The effect of the decrease in viscosity caused by
the temperature rise would be smaller, and the viscosity decrease mainly arises due to the
contribution of shear thinning. This would increase the measured values of the pressure
and power consumption, and lessen the difference between the theoretical prediction and
the experimental data.

Therefore, for the feeding process of a cold feeding rubber extruder, the piecewise
change in the squeezing velocity, shear thinning, viscous heat generation, and heat transfer
must be considered if we are to develop a more accurate mathematical model. Since the
Deborah number of the rubber compound passing through the feed wedge clearance at a
high screw speed is probably large, feeding analysis theory should also consider the elastic
response of the rubber compound [23,44,48].

6. Conclusions

This paper offered a theoretical analysis of the feeding process of rubber strips passing
through a feed wedge clearance in a cold-feed extruder. First, by simplifying the screw
flight rotation squeezing process into a disc rotation squeezing process, the instantaneous
squeezing velocity

.
h(t) in the disc rotation squeezing model was derived according to the

feed wedge clearance geometry and the disc rotating speed. The
.
h − t curve comprised

two general parts: a constant acceleration squeeze in the early stage and a constant velocity
squeeze in the later stage. To simplify the theoretical analysis, the squeezing process of
the whole feed wedge clearance was regarded as constant velocity squeezing, and the
average squeezing velocity V was used to replace the instantaneous squeezing velocity

.
h.

Second, by transforming rotation squeezing into differential slab squeezing, mathematical
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expressions of the velocity distribution, pressure distribution, total squeezing force, and
power consumption in the process of the rubber strip passing through the model wedge
were derived; this analysis utilized the rectangular coordinate system under isothermal and
quasi-steady assumptions and certain boundary conditions by using balance equations and
the Newtonian viscous constitutive relation. Third, the shear viscosity and sliding friction
coefficient of three kinds of rubber compounds were measured at room temperature and
under conditions close to the actual feeding process by using a parallel plate plastometer
and a CSM Anton Paar TRB3. The measured shear viscosity and sliding friction coefficient
were substituted into the theoretical formulas to compare the theoretical prediction with
previous experimental data. The comparison of pressure distribution and power consump-
tion showed that the established theoretical model of the feeding process of cold-feed
rubber extruders was not very accurate, on a quantitative level; however, it might reflect
the main factors that affect the feeding process, and can reveal the main trends in feeding
behavior. It was also noted that the piecewise change of the squeezing velocity, shear
thinning, viscous heat generation, and heat transfer must be considered in a more accurate
mathematical model, and the elastic response of the rubber compound should also be
considered at a high screw speeds.
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Abstract: Thermoset polymer composites have increased in use across multiple industries, with
recent applications consisting of high-complexity and large-scale parts. As applications expand,
the emphasis on accurate process-monitoring techniques has increased, with a variety of in situ
cure-monitoring sensors being investigated by various research teams. To date, a wide range of
data analysis techniques have been used to correlate data collected from thermocouple, dielectric,
ultrasonic, and fibre-optic sensors to information on the material cure state. The methods used in
existing publications have not been explicitly differentiated between, nor have they been directly
compared. This paper provides a critical review of the different data collection and cure state correla-
tion methods for these sensor types. The review includes details of the relevant sensor configurations
and governing equations, material combinations, data verification techniques, identified potential
research gaps, and areas of improvement. A wide range of both qualitative and quantitative analysis
methods are discussed for each sensing technology. Critical analysis is provided on the capability
and limitations of these methods to directly identify cure state information for the materials under
investigation. This paper aims to provide the reader with sufficient background on available analysis
techniques to assist in selecting the most appropriate method for the application.

Keywords: composite manufacturing; thermosetting polymers; cure behaviour; process monitoring;
in situ cure monitoring; sensors

1. Introduction

Advanced thermoset polymer composites are implemented in a variety of indus-
tries, such as in civil [1,2] and energy [3–5] and in recreational and naval marine appli-
cations [6–10] as well as in performance automobiles [11,12] and in aerospace applica-
tions [13–15]. The adoption of thermoset materials has increased in recent years due to the
tailorability of part properties and wide variety of manufacturing techniques and achievable
geometries. Thermosets can be formed as unreinforced plastics or reinforced composites
via injection and compression moulding [16] and resin infusion [17] or using automated
laydown techniques [18]. The parts must then go through a cure cycle, commonly under
elevated temperature and/or pressure conditions, such as in an as autoclave or oven [19,20].
Recently, research on fibre-reinforced polymer (FRP) composites has trended towards the
development of high-quality parts that are up to tens of metres long [21] and more than
2 cm thick [22], with emphasis on optimising the processing conditions when making these
complex parts [23].

Composite parts are susceptible to a variety of quality issues, such as fibre displace-
ments, voids and porosity, geometric deformations, and inconsistent chemical reactions or
polymerisations [24]. These final-part variations are frequently a result of manufacturing
uncertainty stemming from either variation in the raw materials or in the processing con-
ditions and environment [25]. In advanced composite applications, it is a critical quality
objective to achieve a specified resin cure state, as the completion of the polymer conversion
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process is directly linked to the mechanical performance of the final product [26]. To capture
the effects of this variability, it becomes necessary to monitor the cure process for each
individual part.

The final cure state of a thermoset part is typically evaluated using either a quantifiable
degree of cure, specified as a percentage of the chemical reaction that has been completed,
or by reaching a threshold value for the glass transition temperature (Tg) [27,28]. The
degree of reaction or polymerisation can be analysed off-line, where testing is conducted
externally to the manufacturing process, or in-line, where a sensor is integrated directly
into the manufacturing process and captures live data [29]. The advantages of the in-line
or in situ monitoring of composite processing are the ability to monitor the process in real
time [30] and the potential to actively control the process as it occurs [31,32]. Further, some
major limitations of off-line cure evaluation are that it may require destructive testing,
cannot perfectly replicate the process conditions during part of the cure, and cannot be
used to update the process conditions in real time.

This paper will briefly review the established off-line cure-monitoring techniques
such as Dynamic Scanning Calorimetry (DSC), Dynamic Mechanical Analysis (DMA), and
Dynamic Rheometry. A deeper evaluation of direct sensing technologies for in-line curing
is then presented, specifically of thermocouple, dielectric, ultrasonic, and fibre-optic sensors.
Extensive reviews have been completed regarding the capabilities and limitations of these
sensors for composite process and cure monitoring [33,34]; however, a critical review of
the correlation methods of these techniques has not been carried out to date. Each type of
sensor monitors different parameters, and data analysis must be conducted to convert these
parameters into information pertaining to the material cure state, with an example of the
data flow and analysis procedure being shown in Figure 1. In this paper, a critical review
of correlation processes for four in-line sensing technologies is presented. Special focus
has been placed on the specific sensor type and material configuration, the results of the
correlation analysis, and how the analysis has been verified for accuracy. The technologies
are then evaluated for how effectively they monitor composite cure processes and how
appropriate they may be for high-performance applications.

Figure 1. An overview of types of cure sensors, their placement, measured parameters, and verifica-
tion techniques. The data flow process for an active control system is also proposed, with the sensors
being correlated to cure state information during live processing, which can subsequently be used to
actively alter the processing conditions.
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2. Off-Line Cure Analysis

Off-line cure analysis techniques are frequently used to characterise new material
systems or as a quality control evaluation of an existing cured part. Material characterisation
enables researchers to build a model of the material that can then be used in process
simulations. For example, a research team characterised Hexcel RTM6 using DSC [35] and
rheometric [36] analysis to develop a kinetic and a chemosviscosity model of the tested
epoxy. Three common off-line analysis techniques are discussed here, including their
governing equations and identification principles for cure state information. Other analysis
techniques, such as Fourier Transform Infrared (FTIR) [37] and Raman spectroscopy [38],
are used for polymer analysis; these will not be discussed further.

2.1. Dynamic Scanning Calorimetry (DSC)

DSC measures heat flow in a sample when it is subjected to isothermal or non-
isothermal temperature conditions. By integrating the peak of the heat flow (H) versus the
time curve and dividing it by the total heat of reaction (HR), we can calculate the degree of
cure (α), as shown in Equation (1).

α =

∫ t
0 Hdt
HR

(1)

There is an extensive amount of literature on the use of DSC to characterise cure
reactions [39–42], and the procedure for kinetic parameter determination is detailed in stan-
dards such as ASTM E 2070, which contains methods for kinetic parameters by differential
scanning calorimetry using isothermal methods [43]. DSC can also be used to measure
thermoset cure reactions [44] and to calculate the degree of cure of an existing cured part.
The residual heat of reaction can be measured for a cured sample, which allows for the
calculation of the actual degree of cure of the part based on a known total heat of reaction
for the material. DSC analysis is used to validate the results of new sensing technologies
and will be mentioned throughout this paper as one of the main verification techniques.

2.2. Dynamic Mechanical Analysis (DMA)

The DMA of composite parts utilises a dual cantilever beam configuration in which a
sample is oscillated at a set frequency through a set temperature range. The elastic modulus
is evaluated throughout the test; specifically, the storage modulus (E′) component, the
loss modulus component (E′′), and the tanδ, which is calculated as the ratio of the loss
to the storage moduli, are considered. The main output of a DMA test is the Tg, which
is calculated as the midpoint of the drop in the storage modulus. ASTM D 7028, which
provides methods for Tg determination in Polymer Matrix Composites via DMA [45] details
the process for the calculation of Tg by identifying the intersection of the tangent lines
around the drop in E′, as shown in Figure 2.

Figure 2. Graphic of the calculation of Tg using an E′ modulus curve (left-hand axis) and tanδ curve
(right-hand axis) from a DMA test. Reprinted with permission from Ref. [46]. 2016, Elsevier.

55



Polymers 2022, 14, 2978

DMA has been used to identify the cure state of many materials, such as phenolics [47]
and epoxies [48]. Such as with DSC, DMA testing is used throughout this paper to verify
the Tg calculations of the in-line sensing techniques.

2.3. Dynamic Rheometry

The dynamic rheometry of thermoset composites typically occurs in a parallel-plate
oscillating configuration, with the purposes of monitoring the change in the shear modulus
under a set temperature range. Like DMA, rheometric testing evaluates the shear storage
modulus (G′), the loss modulus (G′′), and tanδ, which is once again the ratio of loss to
the storage moduli. From these values, the complex viscosity (η*) can be calculated by
Equation (2) using the complex modulus (G*) and oscillating frequency (ω):

η∗ = G∗

ω
(2)

While this does not specifically relate to the final cure state of a thermoset polymer,
resin viscosity can be a critical parameter during processing.

Regarding the cure state, the gel point can be defined in multiple ways in accordance
with the rules of ASTM D 7750, which contains methods for evaluating cure behaviour of
thermosetting resins [49], an example of which is displayed in Figure 3. Depending on the
interactions of fibre and resin, the gel point can be defined as the intersection of G′ and G′′,
the peak of G′′, the peak of tanδ, a sudden rapid increase in G′, or a sudden drop in tanδ.

Figure 3. Example of how gel time can be determined by identifying where G′ and G′′ cross. Reprinted
with permission from Ref. [50]. 2019, Elsevier.

The main challenge of rheometric cure monitoring is that during the crosslinking
and solidification process, the viscosity trends towards infinite, so later step cure stages
cannot be monitored. Despite this, rheometry has been used to evaluate viscosity and
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cure progression for several thermoset polymers [42,51] and is also used as a verification
technique for the sensors discussed in this paper.

3. In-Line Cure Monitoring Sensor Correlations

3.1. Thermocouple Sensors
3.1.1. Sensor Background and Governing Equations

There are a variety of sensors that are capable of monitoring the thermal properties
of composite cure processing, including thermocouples (TCs), infrared thermographers
(IRT) [52], heat flux sensors [22], and resistance temperature detectors (RTDs) [53]. While
this paper specifically focuses on thermocouples, alternative temperature sensors have
been reviewed [29], including details on their functionality, capabilities, and limitations.

Temperature is one of the most common parameters to measure during composite
processing, as the time–temperature–transformation relationship of thermosetting polymers
is well established [54], and most thermoset resins are cured under the application of a
specific heating cycle [55]. Temperature monitoring of both the environmental conditions,
for example, the oven or autoclave air temperature, and the material of choice is extremely
important. Most composite processes include an air TC to account for environmental
uncertainty, such as the natural fluctuations in the equipment over time. Additionally,
the actual temperature experienced by the part is critical for cure monitoring, as many
thermoset polymers tend to experience exothermic events, or a temperature increases due
to the release of heat energy during the chemical reaction. Material uncertainties such as
slight variations in the raw material; the initial degree of cure; and the material age, storage
conditions, and resin content can all impact the likelihood and peak temperature of an
exotherm [25]. For this reason, simply monitoring the equipment temperature may not be
sufficient to identify and predict the exact temperature profile that the part is experiencing.
Thermocouples are commonly placed in one or more representative locations: in the part,
on or in the tool, and in the air, to monitor the environmental conditions. These locations
and an overview of the parameter’s monitoring process is shown in Figure 4.

Figure 4. An overview of thermocouple placements and the data collection process flow.

Thermocouples comprise two different metal wires with known Seebeck voltages,
which are welded or twisted into a junction at one end and separated at the other. The
monitoring temperature (Tm) at the welded junction can be calculated using Equation (3)
using the Seebeck coefficient (S), measured voltage (V), and reference temperature at the
open junction (Tr).

Tm =
V
S
+ Tr (3)
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This equation is used to reliably calculate the temperature being experienced by the
material in question. Using this temperature profile, the material properties can then be
predicted according to the methods detailed in the following section.

3.1.2. Correlation Functions

An overwhelming amount of literature exists on the use of thermocouples and tem-
perature devices to monitor the progression of thermoset cure. For example, TCs and IRTs
have been used to monitor temperature distributions and exotherms of carbon fibre–epoxy
composites and other polymers [56,57] and to monitor part cure as a method to validate
simulation results [22]. Thermocouples are used to monitor processing and part tempera-
tures in most composite cure studies, including in almost every paper mentioned in this
review, due to their fundamental nature.

The most reliable method of directly correlating the measured temperature to the
material degree of cure (α) is by evaluating the thermo-kinetic model of the material, which
roughly follows the formula in Equation (4):

dα

dt
= K(T) f (α) (4)

in which dα
dt indicates the change in the degree of cure with respect to time, the component

K(T) represents the temperature dependency component, and f (α) represents the reaction
model component. K(T) follows an Arrhenius dependence and can be calculated using
Equation (5) using the pre-exponential factor (A), activation energy (E), universal gas
constant (R), and the temperature:

K(T) = Ae
−E
RT (5)

The reaction model component, f (α), is specific to the material in question. Many
reaction models have been proposed, with a comprehensive overview published by
Yousefi et al. [44]. Examples include a simple nth-order rate equation [58], the autocat-
alytic model [59], or model-free kinetic analysis [60]. While some models can be broadly
applied to material classes such as epoxies or polyesters, it is also best to conduct a kinetic
analysis of each specific material component to increase the accuracy of the results.

In practice, the temperature profile of a composite part can be verified against the
kinetic model or against a simulation that incorporates the kinetic model [61]. Once the
temperature profile is verified to produce an acceptable degree of cure, it is typical to simply
verify that the temperature parameters are met for each process cycle. For applications that
may not have the capacity, need, or interest in completing such a process verification, it is
common to follow the manufacturers’ recommended cure cycle as found in the technical
data sheet for most commercial thermosets or for composite materials, such as for Solvay
Cycom® 5320-1 Prepreg [62]. The material manufacturer typically specifies one or more
recommended cure cycles that will ensure that the part reaches a fully cured state. In this
case, a temperature reading is taken from a representative location that is either in or on the
part, on the tool, or elsewhere in the oven. The main verification method for quality control
is to check the temperature as a function of time compared to the recommended cure cycle
requirements, as shown in Figure 5, rather than to calculate a specific degree of cure for
each individual part. This quality control step ensures that the cured material meets the
minimum threshold for mechanical performance, as the required engineering properties
can only be met in fully cured parts [63]. It should be noted that the definition of “fully
cured” varies based on the specific material and application.
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Figure 5. An example of the manufacturer’s recommended cure cycle for Cycom® 5320-1 Prepreg
and it’s resultant predicted final properties (degree of cure and Tg).

3.1.3. Summary and Future Work

Thermocouples are the most common and widely used sensing technology for compos-
ite curing and process monitoring. They monitor not only the cure state, which is measured
as the degree of cure, but are also able to monitor other critical process events such as
temperature overshoots caused by exothermic events. Additionally, they are frequently
required to be used in coordination with other sensing devices, such as those detailed in the
below sections, to normalise for temperature effects [64,65] or as a supplemental monitoring
technique for data collection. Thermocouples have also been used to monitor resin filling
for infusion processes [66] and are commonly used to monitor temperature applications
during process optimisation activities [23,67,68]. A major challenge of thermocouples is
that to directly measure the material state, they must be embedded into the part, and some
applications (such as those which require specific surface finishes) are unable to accept
embedded sensors.

3.2. Dielectric Sensors
3.2.1. Sensor Background and Governing Equations

In recent decades, dielectric sensors have been investigated as a new method of in situ
cure monitoring for thermoset composite materials due to their versatility and range of
available configurations, both when purchased off the shelf and when custom-designed.
The three most common types of dielectric sensors are parallel-plate, interdigital, and tool-
mounted. Each of these has benefits and limitations, which have been discussed in depth
elsewhere [33,34]. For example, parallel-plate dielectrics can detect through-thickness mea-
surements that would otherwise require interdigital sensors to be embedded throughout
the thickness of a part. Interdigital and tool-mounted sensors only take measurements of
the surface that they are directly in contact with; however, interdigital sensors are com-
monly used invasively, making them less optimal for industries with stringent quality
requirements.

Dielectric sensors work on the principle of monitoring dipole and ion movement
within a material under a time-varying electric field (E). The alignment and relaxation
of the charged particles within the sample are monitored by the sensor in the form of
a capacitive (C) and resistive (R) response [69]. These values are used to calculate the
dielectric parameters to be referenced throughout this paper. Thermoset curing can be
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evaluated using these parameters due to the time-, temperature-, and frequency-dependent
response of the dielectric sensor. The dielectric sensor captures the change in ion mobility,
which directly relates to the cure state of the material as it crosslinks. It should be noted
that some of the variable representations in this paper may differ from the cited sources
to maintain the consistency of the variable meanings used in the following governing
equations and correlations.

Permittivity (ε′) is calculated in Equation (6) using capacitance, electrode spacing
(L), the electrode area (A), and the permittivity of free space (ε0 = 8.854 × 10−12 F/m), as
derived from [70]:

ε′ = CL
ε0 A

(6)

Dielectric loss (ε′′) is calculated in Equation (7) using resistance, the electrical excitation
frequency (ω), electrode spacing and area, and the permittivity of free space, as derived
from [70]:

ε′′ =
L

RωAε0
(7)

Impedance (Z) is calculated in Equation (8) with the resistance, excitation frequency,
and conductance, with j as the imaginary component [71]:

Z =
1

1
R + jωC

(8)

Ion conductivity (σ), which is related to the inverse relationship of ion viscosity
and frequency-independent resistivity (ρ), is calculated in Equation (9) using resistance,
electrode spacing, and electrode area [71]:

ρ =
1
σ
=

RA
L

(9)

The dissipation factor (D), also known as tanδ, can be calculated in Equation (10)
using the permittivity and dielectric loss or the resistance, capacitance, and excitation
frequency [72]:

D = tanδ =
ε′′

ε′ =
1

ωRC
(10)

While the dielectric response provides a great deal of information, it does not directly
relate to information about the cure state of a thermoset polymer. A correlation function is
needed to relate the dielectric properties to the state of the chemical reaction, specifically the
degree of cure and glass transition temperature. The data may be interpreted qualitatively
by evaluating artefacts from a graph or quantitatively by deriving equations. The data
must also be corroborated using techniques that are currently known to provide insight
into the cure state of a thermoset polymer: typically thermochemical or rheometric testing.
Examples of these methods are provided in the following section, with an overview shown
in Figure 6.

3.2.2. Correlation Functions

There are many methods for correlating dielectric signals with the degree of chemical
reaction that has occurred in the resin or composite. Common methods and their variants
will be discussed in this section, including the correlation functions and the supplemental
testing techniques.

Dielectric Loss Correlation

Fournier et al. [73] used a dielectric loss correlation through their work evaluating
neat epoxy resin using parallel-plate dielectric sensors. The dielectric loss factor (ε′′), which
can be calculated from Equation (7), was used to predict vitrification by identifying the
time of maximum loss for each experimental frequency. Dielectric loss correlations have
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also been used to identify the gel point and have been verified through comparison to
rheology data [74]. Using neat RTM6 epoxy monitored by a tool-mounted dielectric sensor,
the glass transition temperature was determined as the local maximum of the dielectric
loss graph. Additionally, the crossover point between the permittivity and dielectric loss
can be demonstrated to indicate the gel point. This has been correlated to rheology test
data and specifically to the crossover point of the storage modulus and the loss modulus,
G′ and G′′, as seen in Figure 7.

Figure 6. An overview of dielectric sensor correlation methods, including a visual depiction of the
types of dielectric sensor, the parameters they measure, and how the parameters are converted into
cure information.

Figure 7. Comparison of dielectric loss to rheological storage and loss as a method to identify Tg (as
identified by arrows in the right-hand image). Reprinted with permission from Ref. [74] 2018, John
Wiley and Sons.
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From a quantitative perspective, Hardis et al. proposed an equation for the degree
of cure based on the progression of dielectric loss during the cure of an epoxy monitored
with parallel-plate dielectrics [75]. The equation for degree of cure (α) with respect to time
is stated in Equation (11):

α(t) =
log ε

′′
0 − log ε

′′
t

log ε
′′
0 − log ε

′′
∞

(11)

where the subscripts ε′′ represent the dielectric loss at start of cure (ε0
′′), at time t (εt

′′), and
at cure completion (ε∞

′′). The degree of cure generated from this equation aligned well
with degree of cure measurements determined from DSC and Raman spectroscopy.

Impedance Correlation

Mijovic et al. used an impedance correlation to calculate the resistivity of a sample
based on the monitored impedance signal (Z) calculated in Equation (8). Impedance was
used to calculate resistivity (ρ), and then boundary conditions were evaluated to derive
Equation (12) for the degree of cure [71,76]:

α

αm
=

log ρ − log ρo

log ρm − log ρo
(12)

in which αm represents the maximum degree of cure, and ρ0 and ρ∞ represent the initial and
maximum values of resistivity. The cure progression of neat epoxies was evaluated using
this function, and graphs of the degree of cure versus time were compared successfully to
those produced by HPLC and FTIR analysis, as shown in Figure 8. Further, the vitrification
point was identified at the onset of the second step on the graph showing imaginary
impedance (Z′′) versus time, and this point was successfully correlated to the storage
modulus (G′′) peak from the corresponding rheological data.

Figure 8. Comparison of degree of cure between dielectric and FTIR analysis represented as the extent
of reaction (%) versus time (minutes), with curves indicated at various temperatures. Reprinted with
permission from Ref. [76] 2003, John Wiley and Sons.

This method has recently been used for determining the vitrification point of an RTM6
epoxy reinforced with carbon fibre [77,78]. In this method, the imaginary impedance (Z′′), a
component of Equation (8), is evaluated across multiple frequencies to eliminate the impact
of the constant phase element, the second term of Equation (13):

Z′′ =
ωCR2

1 + ω2C2R2 +
2

(Aeω)n (13)
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in which Ae and n are coefficients of the constant phase element. The first term of
Equation (13) provides Zm

′′, or the material impedance, and a plot such as the one in
Figure 9 has been overlaid on a graph of degree of cure derived from the material cure
model. This qualitative comparison shows similar trends between the term Zm

′′ and the
degree of cure. Furthermore, the second step or shoulder region on the graph of Zm

′′ versus
time indicates the vitrification point. Studies by this research group were conducted using
both a customized woven sensor for the cure monitoring and a lineal sensor for the flow
monitoring of the resin infusion process. Interestingly, the lineal sensor configuration was
also able to produce a cure signal that was reasonably similar to that produced by the cure
sensor [78].

 
Figure 9. Comparison between Zm

′′ and degree of cure generated from cure kinetics model [77].

Similarly, evaluating the frequency spectra of the imaginary impedance has been
used to draw a direct correlation to the degree of cure [79]. By applying linear regression
to the graph of degree of cure versus log(Z′′

max) at temperature T, the c coefficients in
Equation (14) can be determined:

log Z′′
max = (c11 + c12T)α + c2 (14)

This equation was used to successfully model an isothermal cure cycle of RTM6 epoxy
using an interdigitated dielectric sensor and a degree of cure prediction from the cure
kinetics model. Figure 10 shows a comparison of this model to the experimental data of
Z′′. Furthermore, a non-isothermal cure was shown to fit the model quite closely, although
with slightly more errors in the progression of the model.

Figure 10. Comparison of experimental values of Z′′ with the proposed model for Z′′ for an isothermal
cure (left) and a non-isothermal cure (right). Reprinted with permission from Ref. [79] 2005, Elsevier.

Ion Conductivity Correlation

Ion conductivity correlations have been used the most frequently due to the connection
of ion conductivity, and therefore ion viscosity, to the bulk polymer viscosity. In this section,
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various approaches are used based on whether the ion conductivity or ion viscosity, which
is also known as the polymer resistivity (ρ), are being monitored.

Starting with ion conductivity, McIlhagger et al. determined the Tg of an epoxy
matrix reinforced by both glass and carbon fibres using signals generated from parallel-
plate dielectric sensors [53,80]. The derivative of the log of the ionic conductivity, known
as the DLIC, approaches zero as the sample approaches full cure. This cure point has
been compared to DMA and DSC results in addition to being verified by tension and
flexure mechanical performance tests to identify the peak of material performance, which
occurs at full cure [80]. Additional critical points have been determined using a plot of
the ionic conductivity. The maximum conductivity occurs at the point of minimum resin
viscosity, which can be a critical point for out-of-autoclave and resin infusion processing,
and as seen in Figure 11, the minimum point of DLIC indicates the onset of gelation [53].
McIlhagger et al. determined the minimum viscosity, gel point, and point of full cure with
the data corroborated using DMA and DSC testing [53].

Figure 11. Gel point indicated on a DLIC curve. Reprinted with permission from Ref. [53]
2000, Elsevier.

This correlation method has also been employed elsewhere, specifically in assigning
the maximum value of ionic conductivity to the point of minimum polymer viscosity, the
inflection point of the LIC after the peak viscosity relating to the onset of gel, and the
maximum of dielectric loss corresponding to the onset of vitrification [56,81,82].

Yang et al. proposed Equation (15) as a method to calculate the Tg of an epoxy resin
using a miniature interdigital sensor to monitor ionic conductivity:

Tg =
log G0(T)− log G(t)

log G0(T)− log G∞(T)
Tg∞(T) (15)

where G0(T) and G∞(T) are the temperature-dependent initial and final conductance, G(t) is
the time-dependent conductance, and Tg∞(T) is the Tg calculation based on a cure kinetics
model [83]. Through this in situ calculation of Tg and use of the DiBenedetto equation, the
degree of cure can be calculated as in Equation (16):

α =
Tg − Tg0

Tg − λTg − Tg0 + λTg∞
(16)

which uses the Tg values calculated from Equation (15) and λ, which is a ratio of the heat
capacities as calculated during cure kinetics characterisation. This prediction has indi-
cated a consistent trend, however an error of approximately 5–10% exists when compared
with DSC.
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Ion viscosity correlations are related to ion conductivity through the inverse relation-
ship ρ = 1/σ and is then correlated to polymer viscosity values through Equation (17):

ρ =
6πηr
q2n

(17)

which uses polymer viscosity (η), ion particle size (r), ion charge (q), and ion concentration
(n) [84]. As the ion viscosity thus has a direct relationship to polymer matrix viscosity, it is
possible to understand key information regarding thermoset cure based on our knowledge
of viscosity progression.

Boll et al. evaluated a carbon fibre/epoxy composite using a miniature embedded
dielectric sensor by estimating that cure completion occurs when ρ reaches a plateau [84].
The cure state was then verified by completing a DSC evaluation of the cured part and by
determining the degree of cure from the residual enthalpy. This method was also used by
Moghaddam et al. when evaluating the effectiveness of their micro interdigitated sensor
compared to current commercial sensors [85].

For a glass–epoxy prepreg monitored with a surface-mounted interdigitated electrode,
Park established that the log of the ion viscosity had a linear relation to the cure temper-
ature [86]. This enabled the calculation of Equation (18) for the degree of cure through a
derivation of the DiBenedetto equation:

log ρ − log ρ0

log ρ∞ − log ρ0
=

Tg − Tg0

Tg∞ − Tg0
=

λα

1 − (1 − λ)α
(18)

in which the subscript 0 indicates the initial condition, and ∞ indicates the fully cured
condition. A comparison of the degree of cure calculated from Equation (18) to that derived
from DSC and FTIR analysis is shown in Figure 12, with the DEA results being comparable
to those of the other methods.

Figure 12. Comparison of degree of cure calculated from dielectric-monitored ion viscosity compared
to DSC and FTIR analysis. Reprinted with permission from Ref. [86] 2017, John Wiley and Sons.

A similar equation for degree of cure was calculated from the ion viscosities in accor-
dance with Equation (19):

α =
log ρ − log ρmin

log ρmax − log ρmin
(19)

in which the subscripts indicate the minimum and maximum ion viscosities measured
during the cure. Franieck et al. evaluated Equation (19) for a silica-filled epoxy in which
cure was monitored using a tool-mounted monotrode dielectric sensor [87]. The results
from this analysis were compared to the degree of cure calculated from DSC, with limited
success. While the DEA and DSC graphs follow similar trends, the DEA results are limited
by the onset of vitrification, where the DSC results appear to better capture conversion
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during the diffusion-controlled period of cure. Figure 13 shows the differences in the results,
with the DEA-calculated cure index operating on a shorter time scale than the DSC results.

Figure 13. Comparison between cure index derived from DEA (a) and conversion derived from DSC
(b) [87].

Interestingly, Franieck et al. did not limit their investigation into dielectric cure moni-
toring and instead used the dielectric results to develop a kinetic model. The focus of this
paper was to compare both the model-free and model-based kinetic equations derived from
dielectric analysis with those derived from DSC results. In this they determined that the
dielectric kinetic model aligned with the experimental data; however, as stated previously,
the dielectric model and DSC model showed differences around the vitrification point.

Dissipation Factor Correlation

Kim and Lee used a dissipation factor correlation, in which the dissipation factor
was normalised for temperature effects, and an equation for the degree of cure was de-
rived [64,88]. An interdigital dielectric sensor was used to monitor the resistance (R) and
capacitance (C) of polyester–fibreglass and epoxy–fibreglass composites. The resistance and
capacitance were used to calculate the dissipation factor following Equation (10). As the
dissipation factor is a function of both the temperature and degree of cure of the matrix, the
elimination of the temperature component will allow for the degree of cure to be calculated.
The degree of cure determined from D was compared to that of DSC and demonstrated fair
accuracy up to a cure level of approximately 70%, as seen in Figure 14.

Figure 14. Comparison of degree of cure between dielectric testing and DSC. Reprinted with permis-
sion from Ref. [64] 2002, Elsevier.

Using the same method of eliminating the temperature effects, Equation (20) was
derived to determine the degree of cure:

α = −1
s

log
[(

log D − log Do

q(T − To)

)
− p

q

]
(20)
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in which the material parameters Do, To, p, q, and s can be determined experimentally by
following the procedure stated in [88].

Another method for evaluating the dissipation factor was calculated from an interdigi-
tal dielectric sensor reading and then used to determine the start and end points of cure
for a carbon–epoxy composite [89]. The derivative of the dissipation factor was taken with
respect to time, enabling the cure start time to be identified as the maximum of dD/dt, and
the cure end time to be identified as dD/dt = 0.

3.2.3. Summary and Future Work

Dielectric analysis shows much promise for the in-line cure monitoring of thermoset
composites. There are many methods of correlating dielectric data to material transitions,
such as the gel and vitrification points, and physical properties, such as Tg and the degree
of cure. Currently, a major gap in our understanding of dielectric cure analysis is which
of these methods is the most accurate, and whether these methods are consistent with
one another. The implementation of each technique may be dependent on the fidelity and
specificity of data needed for the application, but up until now, the methods have not been
compared to ensure if they can be used agonistically or not.

Aside from the capability of the technology to successfully monitor cure, there is other
work to be carried out to successfully implement the technology into a production environ-
ment. For example, embedded sensors must not impact the integrity of the surrounding
part [56]. One strategy is to use extremely small sensors to minimise the performance
impact [84,85]. It has also been noted that a tool-mounted sensor can impact the heat
transfer through a composite part depending on the tool’s material, which can potentially
cause a gradient in the degree of cure [90]. Finally, there are a number of opportunities for
dielectric sensors to be used for the flow monitoring of resin-infused composite parts in
addition to cure monitoring. A great deal of research has been carried out to show that
dielectrics can successfully capture resin arrival during an infusion process [77,78,91]. This
suggests that a dielectric sensor could be used to characterise multiple process steps with a
single device.

3.3. Ultrasonic Sensors
3.3.1. Sensor Background and Governing Equations

Ultrasonic sensor technology is commonly used for the non-destructive inspection
of composite part quality and has only recently been viewed as a potential method of
monitoring the cure reaction of a thermoset polymer. The main principle of ultrasonic
sensor cure monitoring is that as ultrasonic waves are transmitted through the material,
the propagation behaviour of these waves is impacted by the progression of the chemical
reaction [92,93]. As the polymer continues to react, the density and elastic behaviour
change and thus impact the velocity and attenuation of the sound waves. Multiple wave
propagation models have been proposed to understand the polymer cure state [94]. All
ultrasonic devices function under these principles; however, there are multiple types of
transducer and receiver configurations, which are depicted in Figure 15.

The different sensor types each produce an ultrasonic wave with a measured velocity
(v) and attenuation (a) characteristics, the governing equations for which are provided
below. It should be noted that in literature, attenuation is commonly represented as alpha
(α); however, here, it will be indicated by (a) to differentiate it from the definition of the
degree of cure being used throughout this paper.

Longitudinal velocity (cL) is calculated in Equation (21) using the elastic modulus (E),
velocity, and density (ρ) [33]:

cL =

√
E(1 − v)

ρ(1 + v)(1 − 2v)
(21)
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Figure 15. Types of ultrasonic sensors indicating how the ultrasonic waves propagate with the
transmitters and receivers. The measurable parameters are linked with the cure parameters.

The shear velocity (cs) is calculated in Equation (22) using the elastic modulus, density,
and velocity [33]:

cS =

√
E

2ρ(1 + v)
(22)

Attenuation is calculated in Equation (23) using the ratio of the amplitude of the
incident wave (A) to the change of amplitude from the incident (ΔA) [33]:

a = − A
πΔA

(23)

The longitudinal storage modulus (L′) is calculated in Equation (24) using the density,
longitudinal velocity, attenuation, and wavelength (λ) [95]:

L′ =
ρc2

L

(
1 −

(
aλ
2π

)2
)

(
1 +

(
aλ
2π

)2
)2 (24)

The longitudinal bulk modulus (L′′) is calculated in Equation (25) using density,
longitudinal velocity, attenuation, and wavelength [95]:

L′′ =
ρc2

L

(
aλ
2π

)
(

1 +
(

aλ
2π

)2
)2 (25)
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The loss factor, or tanδ, is calculated as the ratio of the longitudinal storage and bulk
moduli in Equation (26) [96]:

tanδ =
L′

L′′ (26)

Like dielectric cure monitoring, the parameters listed in the governing equations in
this section do not correlate directly to information on material state or properties. The
following section provides an overview of the correlation functions and analysis techniques
that have been demonstrated in the literature to date.

3.3.2. Correlation Functions

Data taken from ultrasonic sensors are commonly interpreted qualitatively, with
graphic artefacts indicating polymer phase transitions that appear very similar to a DMA
curve. Some varieties of ultrasonic monitoring have been referred to as ultrasonic dynamic
mechanical analysis [97]. The sound waves cause molecular movement, which becomes
restricted as the material becomes cross-linked. The following section is a summary of
the methods that have been used in literature and includes information on the type of
ultrasonic transducers and what parameters can be monitored with them.

One of the more comprehensive methods for isolating phase transitions was suggested
by Lionetto et al. [97] and has been used to evaluate a polyester resin with through trans-
mission ultrasonic monitoring. In this method, the features of the velocity versus time
curve are separated into three segments:

1. Velocity is constant when the resin is liquid, but the reaction is still slow;
2. At the gel point, the velocity begins to increase, and the reaction progresses rapidly;
3. The velocity reaches a plateau at the vitrification point, indicating the slowdown of

the reaction.

The distinction between these phases is shown in Figure 16, with the vertical lines
indicating the approximate gel point and vitrification point.

Figure 16. Representation of the three phases of thermoset cure based on the changes in sound
velocity. Reprinted with permission from Ref. [98] 2007, John Wiley and Sons.

This method of evaluating cure was also applied to the one-sided air-coupled ul-
trasound monitoring of polyesters [98,99] and was verified by rheological testing. This
viscoelastic interpretation of phase change has also been used for the cure monitoring of
epoxies using fibre-optic ultrasound sensors [100].

Ghodhbani et al. [101] used a similar method to identify the different stages of the
reaction; however, this was achieved by identifying the key features of the evolution of
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the complex’s c33 viscoelastic coefficient throughout the curing process, with c33 being
calculated by the following equation, Equation (27):

c33 = ρc2
L(1 + j

2aLvL
ω

) (27)

in which ρ is the density, and aL and vL are the longitudinal attenuation and velocity. Once
c33 can be plotted with time, the tangent method can be applied to isolate the three phases
of cure:

1. The liquid viscous stage;
2. The glass transition stage;
3. The saturation solid stage.

The transition points of tgel and tsaturation are indicated in Figure 17. It should be further
noted that the vitrification point can be assigned to the peak of the mechanical loss (δm),
which also roughly correlates to the inflection point of c33.

Figure 17. Different stages of the cure reaction based on a tangent evaluation of the complex
viscoelastic coefficient, c33. Reprinted with permission from Ref. [101] 2016, Elsevier.

Furthermore, Ghodhbani et al. proposed a degree-of-cure model based on a Weibull
distribution model of c33. The equation for the degree of cure is indicated by Equation (28):

α(t) =
c33(t)− c33,0

c33,∞ − c33,0
(28)

in which the 0 and ∞ subscripts for c33 indicate the initial and maximum values. This
model compared to the Kamal chemical reaction model well.

Schmachtenberg et al. measured the sound velocity during the infusion and cure
of epoxy-reinforced fibreglass and compared it to the degree of cure calculated off-line
using the DSC measurements [102]. The inflection point of the sound velocity curve was
correlated to approximately 65% conversion, as shown in Figure 18.

Hudson and Yuan [103] evaluated the cure of epoxy-reinforced carbon fibres using
guided-wave ultrasonic monitoring. Specifically, the group velocity of the guided waves
was evaluated to determine the correlation to the cure points identified by the Convergent
Raven cure simulation program.
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Figure 18. Comparison of degree of cure to the sound velocity of an epoxy-reinforced composite.
Reprinted with permission from Ref. [102] 2005, Elsevier.

Samet et al. [104] used attenuation to correlate to material viscosity, which was demon-
strated for silicone oils. While the pulse echo configuration was not used with thermoset
polymers, the equation for attenuation was shown to correlate to material viscosity, which
could be used to monitor the viscosity state of a curing polymer in the future. Finding
the peak attenuation has also been used to correlate to the point of vitrification for the
through-transmission ultrasonic evaluation of epoxies [105] and polyesters [106].

Maffezzoli et al. [96] used a pulse echo ultrasonic transducer for the process monitoring
of a thin sheet of epoxy using the longitudinal velocity and attenuation to calculate the
storage and bulk moduli. The loss factor, or tanδ, calculated from Equation (26) was then
graphed, with the peak value indicating the glass transition.

3.3.3. Summary and Future Work

Ultrasonic cure monitoring may have the potential to identify cure transitions; how-
ever, this may not be sufficient for high-performance composite applications. Quality
assurance requirements in the aerospace industry, for example, commonly depend on
reaching a specific threshold of the degree of cure or Tg, and a statement on phase tran-
sitions may be insufficient for implementation. However, ultrasonics have also been
demonstrated to potentially be capable of evaluating lingering chemical reactions where
dielectrics cannot [107]. In a study comparing ultrasonics, dielectrics, and nuclear magnetic
resonance, the ultrasonic sensor continued to detect a response after the vitrification point
of the resin where dielectric monitoring showed no activity. This could potentially indicate
that ultrasonics are more sensitive, particularly in late-stage chemical reactions.

For non-destructive inspection, ultrasonics have also been demonstrated to be useful
in other areas of in-process composite inspection. Scholle and Sinapius [108] demonstrated
the use of ultrasonics for the cure monitoring of pultrusion processing. Multiple research
groups have demonstrated that ultrasonics can successfully detect the flow front and
impregnation [102,109] in addition to monitoring the thickness changes [110,111] that occur
during resin infusion processing. Ultrasonics have been embedded directly into rheometric
plates to collect simultaneous rheology and ultrasonic data [112]. Finally, evaluations have
been conducted to capture the mechanical performance impact of embedded sensors [113].
While many ultrasonic sensors are external to the part, it is critical to understand their
functional impact when they are used internally.
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3.4. Fibre-Optic Sensors
3.4.1. Sensor Background and Governing Equations

Fibre-optic sensors have gained attention for their use in monitoring residual strain
during the thermoset cure process [89,114] and for their capabilities for structural health-
monitoring in marine [115,116] and energy (wind turbine) [117] applications. The strain-
monitoring capability of fibre-optic sensors has been shown to indicate phase changes
during cure [81], and its potential for in situ cure monitoring has been reviewed in [117].
The two main types of optical fibres, those that detect optical properties and those that
detect mechanical properties, have been reviewed in [33,34]. An overview of the types of
sensing technology and their correlation techniques is show in Figure 19.

Figure 19. An overview of optical fibre sensing technologies, including their correlation techniques.

Optical fibre refractometers (OFR) utilise a cladded core fibre, in which an open
portion of the core is in contact with the composite matrix material. The loss of the incident
light signal is monitored based on the reflection coefficient (R0) calculated using Fresnel’s
Law in Equation (29), in which n1 and n2, which are the refractive indices of the core and
cladding, respectively:

R0 =

(
n1 − n2

n1 + n2

)2
(29)

The refractive index (n) of the material under inspection can then be related to its
density (ρ) using the Lorentz–Lorenz Law in Equation (30), in which RM is the molar
refractivity, and M is the molar mass of the material:

n2 − 1
n2 + 1

=
RM
M

ρ (30)

Optical fibre interferometers (OFI), most commonly Fabry–Pérot fibres, monitor the
strain imparted to the fibre by identifying the shift in the light wavelength along a series of
reflective microsurfaces on the core of the fibre. The most common type of Fabry–Pérot
OFI is a fibre Bragg grating (FBG) optical fibre. Under applied strain, the distance (Λ)
between these grating changes, which then causes a shift in the Bragg wavelength (λB).
The initial Bragg wavelength is calculated via Equation (31) using the grating distance and
the effective index of the fibre (n0) [81]:

λB = 2noΛ (31)
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The shift in the Bragg wavelength (ΔλB) can then be calculated by Equation (32) using
the initial Bragg wavelength, the strain-optic coefficient (pe), the change in strain (Δε), the
coefficient of thermal expansion (αCTE), the thermo-optic coefficient (ξ), and the change in
temperature (ΔT) [118]:

ΔλB = λB(1 − pe)Δε + λB(αCTE + ξ)ΔT (32)

Equation (32) is divided into a strain-induced component of the Bragg wavelength
shift and a thermal component. The decoupling of these components is an important part
of interpreting the wavelength shift, as detailed in the following section, which discusses
the correlation techniques for both optical property monitoring and strain monitoring.

3.4.2. Correlation Functions
Optical Property Correlations

Fibres that monitor optical properties such as light intensity or output have been
correlated to key cure events. An optical fibre with a section of cladding removed was used
to monitor the cure of a bismaleimide (BMI)–carbon fibre prepreg by monitoring the atten-
uation of the change in light intensity [119]. In this study, the minimum attenuation was
attributed to the minimum resin viscosity, the increase was attributed to the crosslinking
process, and the final plateau was correlated to the end of the cure reaction, each step of
which has been correlated to a numerical model.

A second study [66] used this method to evaluate the reflected light intensity of optical
fibre sensors during the cure of a resin-infused carbon fibre–epoxy composite. During
the infusion process, it was noted that a sharp drop in the sensor signal corresponded to
resin arrival. Regarding cure, the rapid increase in the light intensity was attributed to a
solidification and density increase during crosslinking, and the subsequent plateau was
correlated to the end of the reaction.

A third study [120] also used this method to evaluate the refractive index of a tilted
fibre Bragg grating (TFBG) optical fibre to monitor a UV-cured epoxy. In this case, an
initial dip in the refractive index was attributed to the temperature response due to the
exothermic reaction of the epoxy. The signal increase and plateau were then attributed to
the onset of the reaction and cure completion, respectively. Similarly, an optical fibre was
used to monitor the power output due to light signal changes during the cure of an epoxy
resin, with the plateau of the power signal indicating the gel point [121]. The gel point was
confirmed with rheology measurements.

An alternate method was used to evaluate the reflected light intensity of an FBG
sensor during the cure of a graphite–epoxy prepreg [122]. In this study, the rapid increase
in the reflected light intensity was also attributed to the viscosity increase due to gel
and the solidification of the matrix around the fibre. However, it was noted that as the
material continued to crosslink, the increase in peak intensity slows down. It was further
suggested that the Tg can be identified as the point where the slope of the best-fit lines
for peak intensity changes. In this case, the Tg determination of 95 ◦C agreed with the
material specifications.

Mechanical Property Correlations

Optical fibres can also be used to monitor strain measurements using a variety of
methods. The most common interpretation of the cure events follows a similar trend to the
interpretation of light signals:

1. An initial dip is observed in the signal due to an increase in temperature, as the resin
is still liquid and not transmitting strain to the fibre;

2. An increase in the strain measurement is observed due to the crosslinking reaction;
3. The measurement plateaus at cure completion once the matrix has frozen the fibre

into place.
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Multiple research groups have identified that the strain signal plateaus once the resin
forms a solid matrix. An extrinsic Fabry–Pérot interferometer (EFPI) and a FBG sensor
were used to identify that the strain signals level off during the vitrification phase when
monitoring cure in a carbon fibre–epoxy laminate [123]. Additionally, FBG has been used
to monitor a 3D braided preform infused with epoxy in which the Bragg wavelength shift
was observed to plateau as the epoxy solidified [124].

An evaluation of epoxy cure with two varieties of optical fibres, a Fresnel optical
fibre and an FBG, correlated with the results of both light and strain monitoring strategies,
with a comparison of the results in Figure 20 [125]. The signal of the optical fibre was
evaluated using the three-phase evaluation detailed in the previous section, whereas the
Bragg wavelength identified the peak value as the onset of gel and the plateau of the signal,
indicating cure completion.

Figure 20. Comparison of cure behaviour for a Fresnel optical fibre sensor signal and the Bragg
wavelength from an FBG signal [125].

A dual-period fibre Bragg grating and long-period grating (LPG) were used to monitor
RTM6 epoxy cure by isolating the thermal and strain components of the Bragg wavelength
shift [65]. By using two sets of gratings superimposed on the same fibre, it becomes possible
to decouple the temperature and strain components. During a composite cure, there are
two phases: an initial temperature ramp, at which point the resin is liquid and there is no
measurable strain, and an isothermal hold, during which there is no temperature change.
Using such a fibre can identify the Bragg wavelength shift as being dependent solely on
the temperature component during the ramp and solely on the strain component during
the dwell. Using this rationale, a 100 με drop in strain was observed during an isothermal
cure hold. The onset of this strain drop was identified as the onset of gel, and the end point
of the strain drop was correlated to the end of cure. This was compared to dielectric sensor
measurements collected on the same sample, which were analysed using the ion viscosity
correlation, similar to the methodology used in [56] but using ion viscosity measurements.

3.4.3. Summary and Future Work

Like ultrasonic sensors, at this time, fibre optics may not have the necessary quantita-
tive output required for high-performance composite applications. While the signals can
identify phase transitions in the matrix, a specific evaluation of the degree of cure is lacking.
Further, it has been established that fibre-optic sensors are quite delicate and that both
the embedding and the cure process have the potential to cause bending and constriction,
which may negatively impact signal quality [126].

Aside from this, optical fibres show promise for residual stress measurement [122] and
structural health monitoring compared to strain gauge measurement and are sensitive to
changes in resin flow and mould closing during infusion processes [124]. Optical fibres can
also be used to identify resin arrival and flow events during infusion processing [66,127],
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commonly by monitoring changes in the light signals as the length of the fibre becomes
wetted by the resin [121].

Finally, it is possible to monitor the crystallisation process of thermoplastic polymer
by evaluating the residual strain. The processing mechanism for thermoplastic polymers is
fundamentally different from the cure processing of thermosetting polymers, as they do not
undergo a chemical reaction. For these materials, the sensor monitors the progression of
crystallization rather than the progression of cure reaction. The Bragg wavelength shift of an
FBG sensor was used to evaluate the crystallisation process for a fibreglass–polypropylene
composite and successfully identified the key crystallisation points shown in Figure 21.
These results were successfully compared to DSC.

Figure 21. Identification of crystallisation features of a polypropylene composite using an FBG sensor
compared to DSC results. Reprinted with permission from Ref. [128] 2005, Elsevier.

4. Conclusions

A critical review of the correlation methods for different in-line composite cure-sensing
technologies has been presented. Thermocouple cure monitoring can be reliably correlated
to a degree of cure using DSC evaluation or kinetic modelling. Dielectric analysis can
produce a wide variety of cure state information, as there are many correlation methods
that can be applied to the different monitored parameters. Ultrasonics and fibre optics are
commonly used to correlate to the specific phase transitions of the polymer rather than a
quantitative measurement of cure state. While the benefits and drawbacks of implementing
each type of sensor have been evaluated elsewhere, this paper asserts that it is critical
to select a sensor and correlation method to achieve the required fidelity during cure
monitoring for the specific application. Providing a qualitative determination of cure
ending, such as fibre-optic sensors, may be appropriate for some applications. Whereas an
application which requires a degree of cure or Tg with a specific value may benefit from
thermocouple or dielectric sensing.

There are multiple areas of potential improvement for in situ cure-sensing technology.
The availability of non-invasive sensors and sensors that do not require a permanent
installation would increase the ease of implementation. The development of a quantitative
measure of cure for sensors, such as ultrasonics, would enable their use in a wider range
of applications. A comparison of the different correlation methods for each sensor type
would identify the most accurate method for evaluating cure progress, including whether
the methods are applicable across multiple materials and multiple cure cycles. Finally, a
robust evaluation of the correlation methods across repeated process cycles would indicate
if the precision was sufficient to capture manufacturing variations. Future work in these
areas would improve the fidelity of data collection and enable new sensing technologies to
be readily and confidently adopted.
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Abstract: In this paper, the tensile behavior of industrial polypropylene triaxial geogrid with different
pre-punched hole diameters was studied by experiment and numerical analysis. The industrial
polypropylene sheets with different diameters of circular holes were stretched at elevated temperature
and then the tensile properties of triaxial geogrids at room temperature were evaluated. It was
found that the pre-punched hole diameter of triaxial geogrid had a very close relationship with the
mechanical properties. With the increase of the pre-punched hole diameter, the tensile strength of
triaxial geogrid shows a trend of first increasing and then decreasing. Combined with numerical
simulation, the optimal pre-punched hole diameter can be accurately obtained, and the distribution
law of the width, thickness, stress, and strain of triaxial geogrid can be obtained. Under the condition
of a stretching ratio of 3 and node spacing of 3 mm, it was found that the mechanical properties of
industrial polypropylene triaxial geogrid was the best when the pre-punched hole diameter was
2.6 mm.

Keywords: triaxial geogrid; mechanical properties; numerical simulation; stretching process

1. Introduction

High-strength geogrid is a very important geosynthetic material, which is increasingly
used in the construction of steep slopes and in the reinforcement of bridge abutments [1].
The geogrid reinforced structure has strong bearing capacity, small deformation, and can
maintain good mechanical properties for decades [2]. At present, the most widely used
geogrid is plastic geogrid. Plastic geogrid is a polymer mesh with a certain pore structure
obtained by stretching. The traditional plastic geogrids conclude uniaxial geogrids and
biaxial geogrids. With the continuous improvement of engineering requirements, new
multi-axial geogrids have been developed and put on the market. One of the most widely
used multi-axial geogrids is triaxial geogrid.

Triaxial geogrid is a new type of geogrid invented by Tensar [3]. Its forming pro-
cess mainly includes sheet pre-punching, longitudinal, and transverse stretching at high
temperature, cutting, and winding, etc. Its basic unit is generally an equilateral triangle,
and its structure is shown in Figure 1. Taking the longitudinal stretching direction as the
90° direction, traxial geogrid is generally provided with ribs in the directions of 30°, 90°,
and 150°. The 90° bars are called the longitudinal bars, and the others are named diagonal
bars. Bars consist of nodes, ribs and transition areas. The nodes are basically not deformed
during the forming process, while the ribs are the part mainly involved in the deformation,
and the transition area connects the ribs and nodes.
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Figure 1. Basic structure of triaxial geogrid.

Compared with a biaxial geogrid with ribs only at 0° and 90°, a triaxial geogrid has
higher tensile strength in more directions. Through experiments, Dong et al. [4] found
that the geogrid with triangular holes had a more stable structure and could bear more
uniform tensile force in all directions, and used FLAC software to respond to the geogrid
with rectangular and triangular holes under uniaxial tensile loads in different directions.
The triangular hole geogrid was found to have a more uniform tensile strength and strength
distribution than the rectangular hole geogrid. Zhang et al. [5] monitored the internal
displacement along the length of the geogrid by burying the triaxial geogrid specimen in
the compacted sand and conducting multiple pull-out tests. The research results showed
that triaxial geogrid had more uniform tensile strength in each loading direction than the
biaxial geogrid. Arulrajah et al. [6] found that the higher stiffness triaxial geogrid attained
higher interface shear strength properties than that of the lower stiffness biaxial geogrid.

Triaxial geogrid can form an interlocking block with the soil and stone to improve
the friction between the grid and the foundation soil, thereby improving the mechanical
properties of the substrate. Das et al. [7] effectively increased the CBR (California Bearing
Ratio) strength by reinforcing triaxial geogrid for rigid pavement. The California bearing
ratio increased by 15% and 39% in the soaked condition when the Tx160 and Tx170 geogrids
were interfaced in the sample, respectively. Ma et al. [8] used geogrid to reinforce the filling
body in cut-and-fill sections, analyzed the force of the geogrid, established a tensile force
calculation model, and obtained the theoretical calculation formula of the geogrid tensile
force. Triaxial geogrid reinforcement was found to be more economical and effective in
reducing differential settlement and lateral displacement of cut-and-fill embankments.

Therefore, triaxial geogrid is a new type of high-performance geosynthetic material
with good application prospects. To improve the mechanical properties of triaxial geogrid,
it is necessary to optimize the geogrid material, the process parameters of the pre-punched
sheet, and the stretching process parameters.

The materials for producing a geogrid are generally high-density polyethylene (HDPE),
industrial polypropylene (PP), and polyethylene terephthalate (PET). Among them, the ma-
terial for producing triaxial geogrid is generally selected as industrial PP. In the industry,
new PP materials and recycled materials are commonly mixed in a ratio of 2:1 as the basic
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material for the production of geogrids, which can reduce production costs on the premise
of ensuring the stretching properties of PP [9]. Adding about 2% carbon black can inhibit
the photoaging of the geogrid [10]. In addition, an appropriate amount of plasticizers and
antioxidants should be added [11].

According to structure classification, PP can be divided into isotactic, syndiotactic,
and atactic types [12]. Isotactic PP with high crystallinity is the main raw material for the
production of various plastic products including geogrids. Isotactic PP contains two parts:
a crystalline region and an amorphous region. The stretching process also includes the
deformation of the first deformed amorphous region and the later deformed crystalline
region [13]. Therefore, when plastic deformation occurs, PP tends to deform unevenly,
resulting in “necking” [14].

Reinforcing materials can be added to polypropylene to improve certain properties.
For example, experiments show that infusing PP with nanofibers increases the tensile
modulus and yield strength, but decreases the ductility [15]. A modification method of the
geogrid material is to add an appropriate amount of antioxidants to improve the service
life of the geogrid. The antioxidants are effective to prevent polymer oxidation reaction
in time [16], and the reaction rate of antioxidant depletion increased with temperature
according to the Arrhenius equation, whereas the rate increased exponentially with oxygen
pressure [17].

The process parameters of the pre-punched sheet determine the structure of the ge-
ogrid after stretching and have an important impact on the mechanical properties of the
geogrid. Through stretch forming tests at elevated temperature and tensile fracture tests at
room temperature, Zheng et al. [18] discovered the influence of the diameter of the circular
pre-punching hole on the mechanical properties of the uniaxial geogrid. The transverse
distance between circular pre-punched holes played important roles on the deformation
and tensile fracture behavior of geogrids, and the too-small hole diameter limited the de-
formation of the rib and junction, resulting in forming failure of the geogrid. Ren et al. [19]
found that under the condition of meeting the forming requirements, the smaller the
diameter-to-distance ratio is beneficial to improve the tensile strength, nominal elongation,
and performance utilization factor of the biaxial geogrid. When the longitudinal spac-
ing is 1% larger than the transverse spacing, the material performance utilization factor
is maximized.

The stretching process parameters, including stretching temperature, stretching speed,
and stretching ratio, have a great effect on the tensile reinforcement of the geogrid [20].
The tensile temperature will affect the rheological properties of the material and the stress-
strain distribution during the tensile process. Generally, the tensile temperature of indus-
trial PP geogrids is 383–413 K. The experimental results show that the tensile stress-strain
response of PP strongly depends on the applied strain rate and test temperature [21]. Gen-
erally speaking, decreasing the stretching speed and increasing the stretching temperature
have the same effect on the stress-strain response [22]. The stretching ratio determines the
size and shape of the geogrid. When the stretching ratio is too large, the ribs will be broken.
On the contrary, if the stretching ratio is too small, it will lead to insufficient stretching and
poor mechanical properties. Generally, the stretching ratio of multi-axial geogrid is about 3.
In addition, the gap between punch and die will affect the accuracy of punching, thereby
indirectly affecting the mechanical properties of the geogrid.

The stretching process at high temperature is the key to affect the performance of
the geogrid. The geogrid tensile forming can be simulated and the forming results can
be predicted by using Abaqus CAE software. This method is of great significance for
obtaining the best pre-punching scheme for geogrids. At present, the numerical analysis of
geogrid stretch forming is mainly limited to uniaxial and biaxial geogrids, and there are few
simulations for triaxial or multi-axial geogrids. Caton-Rose et al. [23] used the elastic model
of solid polymer with large deformation to predict the final shape of PP geogrids, verifying
the feasibility of Abaqus simulation of uniaxial geogrids stretching process. Zheng et al. [18]
studied the deformation behavior of isotactic PP in the manufacture of uniaxial geogrid by
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experimental and numerical methods. The effect of pre-punched holes on the mechanical
properties of the uniaxial geogrid was obtained through the tensile test. It was found that
the lateral spacing of holes had a great influence on the forming performance and fracture
behavior of the grid. Ren et al. [19] optimized the basic tensile simulation element of
biaxial geogrid, established a “biaxial tensile model” and used Abaqus software to simulate
the biaxial geogrid tensile forming process, which could obtain accurate results of the
forming regulation.

Therefore, combined with the above research, the authors speculate that the diameter
of the pre-punched hole will have a very important impact on the mechanical properties of
triaxial geogrid. Through the forming and tensile failure test combined with the numerical
simulation of tensile forming, the authors will study the mechanical properties of triaxial
geogrid with different diameters of the pre-punched holes, obtain the relationship between
the mechanical properties of the triaxial geogrid and the diameter of the pre-punched holes,
and further obtain the optimal pre-punched diameter of a triaxial geogrid. This research is
of great help to improve the application value of a triaxial geogrid.

2. Stretch Forming and Tensile Fracture Tests of Triaxial Geogrid

In this chapter, the effect of pre-punched hole diameter on the mechanical properties
of a triaxial geogrid will be studied through experiments. Firstly, the process parameters of
pre-punched sheet and stretching will be designed. Then, the stretching forming test will be
carried out, and the forming properties of a geogrid with different pre-punched holes will
be compared. Finally, the mechanical properties of triaxial geogrid after forming will be
tested at room temperature, and the mechanical properties of the geogrid will be compared.

2.1. Experimental Design

In this section, the process parameters of pre-punched sheet and stretching are de-
signed, and the mechanical property parameters of the tensile fracture test are defined.

2.1.1. Design of the Process Parameters of the Pre-Punched Sheet and Stretching

The industrial PP sheets used in this paper were provided by Feicheng Lianyi Engi-
neering Plastics Co., Ltd., Taian, Shandong, China, and the thickness of the sheets was
4 mm. Because the round punch is simple to process and easy to debug and maintain,
in this paper, the pre-punched holes of the industrial PP triaxial geogrid are all circular.

The first step is to punch the industrial PP sheet. In order to ensure that the triaxial
geogrid sheet after high temperature stretching has enough uniform deformation area,
the pre-punched sheet should be large enough. In this test, the pre-punched sheet is
square, with a length and width of 150 mm, leaving a clamping area of 25 mm on each side,
as shown in Figure 2a. The process parameters of the pre-punched structure are shown
in Figure 2b. The diameter of the circular pre-punched hole (D) is a variable, taking the
values 2.0, 2.5, 3.0, 3.5, and 4.0, and the unit of it is mm.

Then, stretch forming tests are performed on the pre-punched sheets. The optimal
temperature and stretching speed of using industrial PP material to produce the geogrid are
393 K and 100 mm/min through experiments [22]. The pre-punched sheets are stretched
longitudinally at high temperature. The holding time at elevated temperature is 5 min,
the stretching temperature is 393 K, and the stretching speed is 100 mm/min. Subsequently,
the pre-punched sheets are stretched transversely under the same process parameters.

Compared with biaxial geogrid, the pre-punched structure of multi-axial geogrid is
more complicated, and the general stretching ratio should be lower. In this test, the stretch-
ing ratio of the triaxial geogrid is 3, and the distance between adjacent nodes is 30 mm.
The stretching process parameters are shown in Table 1.
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Figure 2. Pre-punched sheet of a triaxial geogrid. (a) Clamping area of pre-punched sheet, (b) process
parameter diagram of the structure of the pre-punched sheet.

Table 1. Process parameter of stretching.

Parameter Set Value

Material Industrial PP
Stretching Ratio 3.0

Stretching Temperature 393 K
High Temperature Holding Time 5 min

Stretching Speed 100 mm/min
Thickness of Plates 4.0 mm

2.1.2. Mechanical Properties Index of the Tensile Fracture Test

The mechanical properties and product naming rules of uniaxial and biaxial geogrids
are specified in Chinese national standard GB/T 17689-2008 [24] and American national
standard ASTM D6637 [25]. The color of plastic geogrids should be uniformly black; the
appearance should be free of damage or cracks, the mesh size and shape should be uniform,
and the carbon black content should not be less than 2%. The relevant mechanical perfor-
mance indicators include tensile strength, nominal tensile strength, nominal elongation,
and creep, etc. The single-rib method or the multi-rib method can be used to test the
mechanical properties of the geogrid.

Compared with uniaxial and biaxial stretched geogrids, multi-axial geogrids currently
lack the corresponding relationship between relevant product specifications and specific
parameters. According to the characteristics of the multi-axial geogrid, tensile strength and
elongation at break are selected as the mechanical performance indicators of the multi-axial
geogrid. Furthermore, the concept of multi-axial average tensile strength is proposed by
the authors.

The multi-axial geogrid was sampled by the single-rib method at room temperature,
and the samples were subjected to room temperature tensile fracture test by electronic
universal testing machine. The part with nodes and ribs evenly distributed and flat was
selected as sample. The length of the sample should include at least two basic elements,
and the effective length should not be less than 100 mm. The sampling method is shown in
Figure 3.
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Figure 3. Sampling method for the tensile test at room temperature.

In Figure 3, Le is the effective length of the sampling, which represents the distance
between the center positions of the nodes at both ends of the sampling. In this test, Le
should be greater than 100 mm. During the clamping process, it should be ensured that
the clamps clamp the node parts at both ends of the sample, and make sure that the tensile
direction is parallel to the holding direction of the sample.

The tensile strength, elongation at break and multi-axial average tensile strength of the
samples were obtained through the tensile fracture test at room temperature. The definitions
and calculation methods are as follows.

(1) Tensile strength is one of the most important indicators to evaluate the performance
of a geogrid, and its calculation method is shown in Equation (1).

F =
f N
nLe

(1)

F is the tensile strength, which unit is kN/m. f is the tensile force value of the sample,
and the unit is kN. N is the number of ribs in the direction of the sample to be measured. n
is the number of ribs in the non-measured direction. n is no less than 2 in multi-rib method,
and equals to 1 in single-rib method. Le is the effective width of the sample in the direction
to be measured, in m.

(2) The elongation at break represents the ductility of the geogrid under tension, and its
calculation method is shown in Equation (2).

δ =
ΔG
G0

(2)

Geogrids with large elongation at break are prone to node offset under the action of
tensile force, which changes the appearance of the product and leads to failure. Therefore,
the elongation at break should not be too large. In Equation (2), δ represents the elongation
at break of the geogrid; ΔG represents the displacement of the fixture along the tensile
direction when it breaks in mm; G0 represents the distance between the fixtures under the
pre-tension state.

(3) The multi-axial average tensile strength can be used to compare the average tensile
strength of the multi-axial geogrid in all directions, and then measure the comprehensive
mechanical properties of the multi-axial geogrid. The calculation method is shown in
Equation (3).

F̄ =
∑s

i=1 Fi

s
(3)

If a basic unit of a geogrid contains ribs, the tensile strength in the direction of each rib
F1, F2, F3, . . . , Fs needs to be obtained first, and then the average of the tensile strength of all
ribs is calculated.

2.2. Stretch Forming Tests of Triaxial Geogrid

Stretch forming tests were performed on the pre-punched sheets shown in Figure 2
according to the process parameters in Table 1. Figure 4 shows the uniformly deformed
part of the center of the triaxial geogrid with different pre-punched hole diameters.
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Figure 4. Circular pre-punched industrial PP triaxial geogrid with different diameters.
(a) D = 4.0 mm, (b) D = 3.5 mm, (c) D = 3.0 mm, (d) D = 2.5 mm, (e) D = 2.5 mm.

As shown in Figure 4, the rib width of the triaxial geogrid gradually decreases and the
nodes gradually become smaller with the increase of the diameter of the pre-punched hole.
When D = 4.0 mm, the longitudinal ribs are bending, while this will not happen when D is
less than 4.0 mm. We measure the width and thickness of the ribs for triaxial geogrids with
different pre-punched holes after stretch forming, as shown in Figure 5.

Figure 5. Rib width and thickness of an industrial PP triaxial geogrid with different pre-punched
holes. (a) Width, (b) thickness.

As shown in Figure 5, with the increase of the diameter of the pre-punched holes,
the width of the triaxial geogrid rib gradually decreases, and the thickness gradually
increases. The width and thickness of the rib are closest to each other when D = 2.5 mm.
When D is not less than 3.0 mm, the width is less than the thickness. When D = 2.0 mm
or 2.5 mm, the width is greater than the thickness. When D = 4.0 mm, 3.5 mm, or 3.0 mm,
the middle part of the node of the triaxial geogrid is convex, and the thickness gradually
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decreases in all directions. When D = 2.0 mm, plastic deformation occurs in the central area
of the node, resulting in a depression, and the thickness of the part near the rib is larger.
When D = 2.5 mm, there are two kinds of nodes at the same time.

The above-mentioned nodes can be divided into two categories, namely, concave nodes
in the middle and convex nodes in the middle, as shown in Figure 6. It was observed that
in the process of high temperature stretching, the first deformation region was dominated
by the concave nodes in the middle, and the post deformation region was dominated by
the convex nodes in the middle.

Figure 6. Nodes of different shapes. (a) Convex nodes in the middle, (b) concave nodes in the middle.

The reason for the generation of concave nodes in the middle is that during the
longitudinal stretching process, due to the small size of the pre-punched holes and the large
width of the longitudinal ribs, necking is difficult to occur, so the phenomenon of necking
of nodes may occur. Therefore, convex nodes in the middle will be created. Due to the
deformation of the nodes, the ribs in the 30° direction under the conditions of D = 2.5 mm
and D = 2.0 mm are not on the same line, but the ribs remain parallel, and the ribs in the
150° direction show the same change.

2.3. Tensile Fracture Tests at Room Temperature of Triaxial Geogrid

In the tensile fracture test at room temperature, the triaxial geogrids obtained after
stretch forming were sampled to obtain samples with straight ribs and evenly distributed
nodes. The length of the samples was not less than 100 mm. Then the mechanical prop-
erties were tested using an electronic universal testing machine, and the tensile strength,
elongation at break and multi-directional average tensile strength were obtained. Selection
of samples and clamping method are shown in Figure 7.

Figure 7. Test method for the mechanical properties of single rib method. (a) Selection of samples,
(b) clamping method.
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In this test, we take 20% of the distance between the clamps as the tensile speed
per minute [24]. At least four experimental data of each group were taken for analysis.
The relationship between the mechanical properties and the diameter of the pre-punched
holes of the triaxial geogrid is shown in Figure 8.

Figure 8. The relationship between the mechanical properties and the diameter of the pre-punched
holes of triaxial geogrid. (a) Tensile strength, (b) elongation at break, (c) multi-axial average ten-
sile strength.

It can be seen from Figure 8a that with the increase of the diameter of the pre-punched
hole, the tensile strength in each direction increases first and then decreases. The tensile
strength in the 30° and 150° directions reaches the maximum when D = 3.0 mm, while the
tensile strength in the 90° direction takes the maximum value when D = 2.5 mm. The tensile
strength in all directions showed a trend of first increasing and then decreasing. When
D = 4.0 mm, the tensile strength in all directions was low. The main reasons for the above
phenomenon are as follows.

(1) When D = 2.0 mm, the plastic deformation of the node occurs during the tensile
process, the integrity of the node is damaged, the tensile strength of the node is low, and the
fracture occurs at the node during the tensile fracture test, resulting in a lower tensile
strength of the spline under this condition.

(2) When D = 2.5 mm, the phenomenon of plastic deformation of the node occurs,
but due to the low degree, and the large width and thickness of the rib, the tensile strength
of ribs in each direction is high.

(3) When D = 3.0 mm, the joint structure is complete, no plastic deformation occurs,
and the overall tensile strength is high.
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(4) When D = 3.5 mm or 4.0 mm, because the pre-punched hole is too large, there is
less material to form the rib during the stretch forming process, leading to the small width
of the rib after forming. In addition, the ribs are partly bent with a pre-punched diameter
of 4.0 mm. Therefore, the tensile strength in all directions is low under this condition.

It can be seen from Figure 8b that the elongation at break in the 90° direction of the
triaxial geogrid shows a decreasing trend with the increase of the diameter of the pre-
punched hole. The elongation at break in the 30° and 150° directions has little relationship
with the diameter of the pre-punched hole, and the elongation at break is generally 10%
to 15%. This is because when D equals to 2.0 mm or 2.5 mm, the nodes undergo plastic
deformation along the 90° direction during longitudinal stretching, and the middle of the
nodes is concave during this process. In the process of breaking at room temperature,
the concave nodes continued to thin and were completely pulled apart, and some splines
appeared fractured in the node, which greatly increased the fracture elongation. When
D = 3.0 mm, 3.5 mm or 4.0 mm, the elongation at break of the rib in the three directions is
basically equal. During the room temperature tensile fracture test, the fracture area is the
transition zone or rib.

It can be seen from Figure 8c that with the increase of the diameter of the pre-punched
hole, the multi-axial average tensile strength of triaxial geogrid first increases and then
decreases; when D = 2.5 or 3.0 mm, the multi-directional average tensile strength of triaxial
geogrid reaches the maximum value, which is about 21 kN·m−1.

In order to keep the shape of the geogrid stable under load, the elongation at break of
plastic tensile geogrid should not be too large [24]. Compared with triaxial geogrid with
D = 2.5 mm, the elongation at break is lower when D = 3.0 mm, so the comprehensive
performance of triaxial geogrid under this condition is better. Due to the large sampling
interval, the maximum value of the multi-axial average tensile strength is located in the
sampling interval of (2.5 mm, 3.0 mm). Therefore, when D is in the range of 2.5 mm to
3.0 mm, the comprehensive mechanical properties of industrial PP triaxial geogrid are
the best.

Therefore, when the stretching ratio is 3 and the distance between each node is
30 mm, the optimal pre-punched diameter of industrial PP triaxial geogrid is between
2.5 and 3.0 mm.

According to the experiments on biaxial geogrids of the same material by Ren et al. [19],
the maximum tensile strength of biaxial geogrids is 23 kN·m−1, which is slightly larger
than the triaxial geogrid. However, the triaxial geogrid can carry loads in more directions,
and has a stable structure and an obvious interlocking effect with soil and stone, so it has
better application prospects.

In this chapter, stretch forming tests at elevated temperature and tensile fracture tests
at room temperature were carried out on the triaxial geogrid with different pre-punched
hole diameters, and the triaxial geogrid was analyzed from four angles: tensile strength,
elongation at break, multi-axial average tensile strength, and comparison with the biaxial
geogrid. The relationship between the mechanical performance of triaxial geogrid and
the diameter of the pre-punched hole was analyzed. Meanwhile, the optimal range of the
pre-punched diameter of the triaxial geogrid was obtained, and the reasons were analyzed.

3. Simulation Research on the Forming of Triaxial Geogrid

In Section 2, the authors studied the mechanical properties of the industrial PP triaxial
geogrid by means of experiments. However, it is difficult to study the concrete forming
process of the triaxial geogrid and the distribution law of stress and strain by means of
experiments. In addition, the maximum value of the multi-axial average tensile strength
obtained from the test is in the range of 2.5 mm to 3.0 mm. However, due to the large
sampling interval, the specific value cannot be obtained. By means of numerical simulation
analysis, the maximum point can be obtained simply and quickly without experiments,
saving a lot of time and material resources. In this chapter, the Abaqus software is used
to simulate and analyze the heat transfer and tensile forming process of triaxial geogrid,
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and the thickness, width, stress and strain distribution of the triaxial geogrid with different
pre-punched diameters are obtained.

3.1. Establishment of Triaxial Geogrid Constitutive Model

Algorithms in Abaqus CAE include the explicit algorithm and implicit algorithm.
Compared with the implicit algorithm, the explicit algorithm is more suitable for dy-
namic analysis, as there is no need for equilibrium iteration, and the calculation speed is
faster [26–28]. Therefore, the explicit algorithm is suitable for the numerical simulation
analysis of geogrid stretch forming.

The material models in Abaqus CAE conclude linear elasticity, elasto-plasticity, hyper-
elasticity, hypoelasticity, hyperelastic foam, viscoelasticity, etc. [29]. Among them, linear
elasticity is the simplest material model in Abaqus CAE, which can define isotropic, or-
thotropic, anisotropic, and other material behaviors, and is suitable for small elastic strains.
The elasto-plasticity model must meet the small deformation conditions, that is, the dis-
placement of each point inside the object is much smaller than the original size of the object.
The hyperelasticity model can be used to describe an almost incompressible model, which
is suitable for large deformations, especially large volume changes, and the mechanism of
permanent deformation is added (hyperelasticity with permanent set), which can numer-
ically analyze the stretching process of polymers in various glassy or superelastic states.
The Marlow constitutive model in the hyperelastic model can accurately fit the stress-strain
curve with a yield point, and accurately simulate the yield-necking-hardening process of
glassy polymers.

The Marlow constitutive model uses strain potential energy to describe the stress-
strain relationship of hyperelastic materials. The strain potential energy defines the stored
strain energy per unit volume of a material as a function of the strain at that point.
The strain potential energy function of the material in the Marlow model can be expressed as
Equation (4).

U = Udev(I1) + Uvol(Jel) (4)

In Equation (4), U is the unit strain potential energy, Udev is the stress-strain potential
energy, Uvol is the volumetric strain potential energy, Jel is the elastic volume ratio, and I1
is the first-order deviatoric strain invariant, which can be expressed by Equation (5).

I1 = λ1
2
+ λ2

2
+ λ3

2
(5)

In Equation (5), λi = J−1/3λi, J is the total volume change rate and λi is the draw ratio
in the main direction. In Equation (4), the stress part energy is determined by the uniaxial,
biaxial, or planar test data, and the volume part energy is determined by the volume test
data [19].

Therefore, it is necessary to carry out tensile tests on industrial PP materials, obtain
stress-strain curves and import them into Abaqus software, in order to simulate the tensile
forming process of triaxial geogrids.

According to Chinese national standard GB/T 1040.2-2006 [30], considering the limita-
tion of the test equipment travel, it is advisable to use the 5A standard sample to sample
industrial PP, as shown in Figure 9.

In Figure 9, L0 is the gauge length of the 5A spline, L1 is the length of the narrow
parallel part, L2 represents the total length of the 5A spline, and L is the initial distance
between the fixtures. b0 represents the width of the narrow part, and b2 is the length of the
spline end. r1 and r2 represent the small and large radii of the transition zone of the end
and parallel sections respectively.

Industrial PP sheets were sampled and tested at high temperature. The tensile rate was
set at 100 mm/min and the stretching ratio was set at 8 times, and the nominal stress-strain
curves of the material were obtained at 373 K, 383 K, 393 K, 403 K, and 413 K, as shown in
Figure 10a.
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Figure 9. Schematic diagram of 5A standard sample.

Abaqus CAE obtains the material strain potential energy function through the mate-
rial stress-strain data using the least squares method [29]. The simulation assumes that
industrial PP is an isotropic material, and the stress-strain data is obtained through uniaxial
tensile tests and imported into the analysis. In this numerical simulation, the 383–403 K
stress-strain curve of industrial PP is used for fitting, as shown in Figure 10b.

Figure 10. Nominal stress-strain curves of industrial PP. (a) Experimental value, (b) Fitting of the
Marlow curve.

It can be seen from Figure 10a that under various temperature conditions in the range
of 373–413 K, the nominal stress increases with increasing nominal strain before the yield
point and first increases and then decreases after yielding. With the increase of temperature,
the yield stress of industrial PP gradually decreased, the corresponding yield strength
showed a slightly decreasing trend, and the elastic modulus also decreased gradually with
the increase of temperature. Under the same nominal strain condition, the higher the
temperature, the lower the nominal stress of the industrial PP material. The polymer has
good tensile properties at high temperature, and remain unbroken under the condition of a
larger stretching ratio.

It can be seen from Figure 10b that in the elastic section, there is a small deviation
between the fitting of the Marlow curve and the experimental value. After reaching the yield
point, the fitting of the Marlow curve is basically consistent with the experimental value.
Since the stretching process is mainly the deformation of the plastic section, the deformation
can basically be completely retained after removing the external force. The Marlow curve
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can better describe the stress-strain behavior of industrial PP during the stretching process
at 383–403 K, so in the numerical simulation part, the Marlow constitutive model is selected.

The method of appropriately reducing the size of the model can improve the simulation
speed due to the symmetry of pre-punched plate [31]. For the triaxial geogrid, the selection
of the basic simulation element from the pre-punched sheet is shown in the shaded area in
Figure 11.

Figure 11. Simulation unit of triaxial geogrid.

The triaxial geogrid simulation unit has a length of 8.7 mm, a width of 5 mm, and
a thickness of 4 mm. In Figure 11, the distance between the center of Circular 1 and the
right boundary of the simulation unit is 2.9 mm, and the distance between the center of
Circular 2 and the left boundary of the simulation unit is 2.9 mm. Once the basic elements
of the simulation are set up, heat transfer simulations, and biaxial stretching simulations
can be performed.

We model the basic simulation unit and name the loading surface as shown in
Figure 12.

Figure 12. Loading surface and symmetry plane of the basic simulation unit

In Figure 12, SU and SD are the punching surfaces. SF and SB are the front and
behind surfaces. SYZ and SXZ are the symmetry planes of the model along the XZ surface
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and the YZ surface. SL and ST are the loading surfaces of longitudinal stretching and
transverse stretching.

3.2. Heat Transfer Simulation of Industrial PP Triaxial Geogrid

Before the industrial PP triaxial geogrid is stretched longitudinally, the pre-punched
sheet needs to be heated at a certain temperature. In this section, the heat transfer simulation
of the heating process of industrial PP triaxial geogrid pre-punched sheets with different pre-
punched diameters is carried out, and the relationship between the temperature distribution
during the heating process and the diameter of the pre-punched holes is obtained.

The heat transfer process includes step Initial for describe initial conditions and Step-1
for describing the heat transfer process. In Initial, we set the model to be mirror-symmetrical
along SYZ and SXZ, and inherit the boundary conditions into Step-1. In Step-1, we set the
interaction conditions to simulate the heat transfer between the model and the hot air in the
oven, and SF, SB, SU , and SD are the heat transfer surfaces. In this numerical simulation,
the thermal conductivity of industrial PP is set to 0.24 [32], the temperature before heat
preservation is 293 K, the target temperature is 393 K, and the high temperature holding
time is 5 min.

The mesh type is set to the eight-node linear heat transfer hexahedron element DC3D8,
and the mesh size is about 0.15 mm. We create a new task and submit it for analysis [33–35].

Taking the triaxial geogrid with a pre-punched hole diameter of 3.5 mm as an example,
the heat transfer results and the setting of the path are shown in Figure 13.

Figure 13. Heat transfer results and path specification of triaxial geogrid with a pre-punched diameter
of 3.5 mm.

It can be seen from Figure 13 that after the heat transfer, the temperature at different
positions is different. The temperature in the area close to the heat transfer surfaces is
higher, and this part is easy to deform first in the stretching process, thereby forming
ribs. The core material is far away from the heat transfer surface, the heat transfer is
insufficient, and the temperature is lower after the heat transfer, which makes it easy to
form nodes in the subsequent stretching process. The temperature at the junction of the
circular pre-punched holes and the surface of the sheet is the highest after heat transfer,
up to 391 K, and the lowest temperature of the core material is 386 K.

Heat transfer simulations were performed on triaxial geogrids with different pre-
punched diameters, and the temperatures along Path-X, Path-Y, Path-Z, and Path-1 were
calculated, as shown in Figure 14.

It can be seen from Figure 14a that the pre-punched holes will be passed along Path-X.
Before Path-X passed the pre-punched hole, the temperature gradually increases along
Path-X, and, after Path-X passed the pre-punched hole, the temperature gradually decreases.
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For samples with the same pre-punched diameter, the temperature after Path-X passed the
pre-punched hole is slightly higher than that before Path-X passed the hole.

It can be seen from Figure 14b that the temperature of each sample along Path-Y
gradually increases, and the temperature difference at the end of Path-Y with different
pre-punched diameters is greater than the temperature difference at the starting point
of Path-Y.

Figure 14. Temperature distribution of triaxial geogrid with a different pre-punched diameter along
each path. (a) Path-X, (b) Path-Y, (c) Path-Z, (d) Path-1.

It can be seen from Figure 14c that the temperature of each sample along Path-Z
gradually increases, and the temperature difference at the end of Path-Z for samples with
different pre-punched diameters is smaller than the temperature difference at the starting
point of Path-Z.

It can be seen from Figure 14d that the temperature distribution law of the sample
along Path-1 direction is basically consistent with that along Path-Y, showing a trend of
increasing temperature along Path-1. Furthermore, the temperature difference at the end of
Path-1 is greater than that at the beginning.

Therefore, Figure 14 shows that with the increase of the diameter of the pre-punched
hole, the temperature of the same position on each path increases continuously, indicating
that the larger the pre-punched hole is, the better the heat transfer effect is. At the same time,
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the temperature of each part is different under the same pre-punched condition, indicating
that the subsequent stretching process is carried out under a certain temperature gradient,
and an appropriate temperature gradient is beneficial to the forming of the geogrid.

3.3. Simulation of Stretch Forming of Industrial PP Triaxial Geogrid

In this section, stretch forming simulation of the geogrid will be performed. The stretch-
ing process of the triaxial geogrid includes longitudinal stretching and transverse stretching
in turn.

In the Initial analysis step, we set the heat transfer simulation result file to a predefined
field. We set the "Dynamic, Temperature-Displacement, Explicit” analysis step, Step-1, to
represent longitudinal stretching, and Step-2 to represent transverse stretching.

In step Initial, we set the model to be mirror-symmetrical along SXZ and SYZ, and in-
herit the boundary conditions in the Step-1 and Step-2 analysis steps. In Step-1, a load is
applied to SL so that SL is displaced by 10 mm in the direction of longitudinal stretching,
and the model is constrained to be mirror-symmetrical along ST . In Step-2, the boundary
condition set in Step-1 is modified to “inactive”, and a load is applied to ST , so that ST is
displaced 17.3 mm in the direction of transverse stretching, and the model is constrained
to be mirror-symmetrical along the SL. This ensures that the longitudinal and transverse
stretch ratios are both 3.

After the loads and boundary conditions are set, the model needs to be meshed. In this
numerical analysis, the eight-node thermally coupled hexahedral element C3D8T is used.
The mesh size is 0.15 mm, which is consistent with the heat transfer step. After meshing
the model, we create a new job and submit it for analysis.

3.3.1. Shape Analysis of Stretch Forming

Taking the industrial PP triaxial geogrid with a diameter of 3.5 mm as an example,
the simulated stretch forming process is shown in Figure 15.

Figure 15. Strain cloud map of the triaxial geogrid stretch forming simulation. (a) Before longitudinal
stretching, (b) after longitudinal stretching, (c) after transverse stretching.

As shown in Figure 15, the node is basically not deformed during the stretching pro-
cess, and the main deformation area is the rib. During the longitudinal stretching process,
the deformation degree of the 90° bars is greater than that of the diagonal bars. During
the longitudinal stretching process, the transition zone is basically formed. The transverse
stretching process is mainly the stretching process in which the diagonal ribs are deformed
in the transverse direction.

In addition, it was found that during the stretching process, the 90° rib shrinks in-
wards in both the width and thickness directions, and the rib is thin in the middle and
thick on both sides. This is because during the stretching process, the rib is subjected to
inward compressive stress, and the edge and corner areas are prone to stress concentration
and are not easily deformed, so the shape is thin in the middle and thick on both sides.
During transverse stretching, the 90° rib will decrease in thickness and increase in width.
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Furthermore, after longitudinal stretching, the cross-sectional area of the 90° rib is
smaller than before stretching. This is due to the fact that uniaxial stretching and equal
biaxial compression are equivalent for a nearly incompressible material such as industrial
polypropylene. During longitudinal tension, the cross-sectional area of the 90° rib is
continuously reduced.

The cross-section of the triaxial geogrid after transverse stretching is taken along the
axis of symmetry in the thickness direction, as shown in Figure 16.

Figure 16. Cross section of the thick symmetry axis and path definition of triaxial geogrid.

It can be seen from Figure 16 that the maximum stress and strain of a triaxial geogrid
after stretching appears on the surface of the rib. Paths are defined along the longitudinal
and diagonal directions, named Path-Y and Path-1. Due to the symmetry of the sample,
in order to shorten the analysis time, the starting point is selected as the center of the node,
and the end point is selected as the center of the longitudinal and diagonal ribs.

Along the Path-Y path shown in Figure 16, we collect and compare the width and
thickness of the 90° rib before and after transverse stretching, as shown in Figure 17.

Figure 17. Thickness and width of the 90° rib before and after transverse stretching. (a) Thickness,
(b) width.

As shown in Figure 17a, the thickness of the node before and after transverse stretching
is basically unchanged, and the thickness of the transition zone and rib is slightly reduced.
From Figure 17b, it can be seen that the width of the 90° rib has increased slightly. This
is because the transverse tension is applied to the geogrid plate during the transverse
stretching, and the material that has formed the longitudinal ribs is slightly deformed in
the transverse direction.
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By comparing the simulation results with the test data, the deviation can be calculated
and the accuracy of the simulation method can be verified. The comparison between the
simulation results of tensile forming and the test data is shown in Table 2.

Table 2. Comparison of tensile forming simulation results with experimental data.

Items for Comparison Simulation Results Test Results Deviation

Thickness of the node 3.91 mm 4.02 mm −2.74%
Width of the node 5.82 mm 5.69 mm +2.28%
Thickness of longitudinal rib 1.95 mm 1.94 mm +0.52%
Width of longitudinal rib 0.99 mm 0.91 mm +8.79%

It can be seen from Table 2 that the simulation results are basically consistent with the
test, and the deviation is controlled within 10%. Therefore, the simulation method can be
applied to the stretch forming analysis of the triaxial geogrids.

Using this simulation method, the stretch process of triaxial geogrids with pre-punched
diameters of 2.0 mm, 2.5 mm, 3.0 mm, and 4.0 mm were simulated. The stretching results
are symmetrical along the X axis and the Y axis, and the obtained results are shown in
Figure 18.

Figure 18. Simulation result of triaxial geogrid with different pre-punched diameters. (a) D = 2.0 mm,
(b) D = 2.5 mm, (c) D = 3.0 mm, (d) D = 3.5 mm, (e) D = 4.0 mm.

It can be seen from Figure 18 that when D = 2.0 mm, the nodes are completely
destroyed during the stretching process, and regular-shaped nodes cannot be formed.
When D = 2.5 mm, the nodes are partially destroyed, and the maximum thickness of the
grid appears at the edge of the nodes. When D is no less than 3.0 mm, a regular and
complete triaxial geogrid can be formed.

According to the analysis in Figure 8, the tensile strength of triaxial geogrid increases
first and then decreases with the increase of the diameter of the pre-punched hole. When
D is greater than 2.5 mm and less than 3 mm, the tensile strength of triaxial geogrid
must have a maximum value; and when the tensile strength takes the maximum value,
the nodes are not damaged after forming. The minimum pre-punched diameter of triaxial
geogrid with complete and regular nodes can be obtained quickly and accurately by finite
element simulation.
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For the pre-punched hole diameter D located in (2.5, 3.0) interval, with 0.1 mm as
an interval, the numerical simulation of stretch forming was carried out with the same
simulation method and process parameters from 2.6 mm to 2.9 mm. It was found that each
sample could form a triaxial geogrid with regular node shape and complete structure after
stretching. The simulation result for D = 2.6 mm is shown in Figure 19.

Figure 19. Simulation result of a triaxial geogrid with a pre-punched diameter of 2.6 mm.

It can be seen from Figure 19 that under the test parameters, the nodes are not damaged
after forming, and the minimum diameter D of the pre-punched hole is 2.6 mm. It can be
further speculated that when D = 2.6 mm, the tensile strength of the triaxial geogrid can
reach the maximum value.

When D = 2.0 mm, the node is completely destroyed and does not have the complete
structure of the geogrid. When D = 2.5 mm, the morphology of the node in the pre-stretched
area and the post-stretched area are different, therefore, data sampling for a geogrid with
2.5 mm pre-punched hole is not representative. Therefore, in this part, data sampling and
analysis are mainly carried out respectively on the simulation results of stretch forming
with pre-punched diameters of 2.6 mm, 3.0 mm, 3.5 mm, and 4.0 mm.

The thickness and width of industrial PP triaxial geogrids with different pre-punched
diameters were measured along Path-Y and Path-1, shown in Figure 16. The distribution of
the width and thickness of the 90° and diagonal bars when D = 2.6 mm, 3.0 mm, 3.5 mm,
and 4.0 mm were obtained, which is shown in Figure 20.

Figure 20a,b represent the thickness and width distribution of the 90° bar along the
Path-Y. Figure 20c,d represent the thickness and width distribution of the diagonal bar
along the Path-1.

It can be seen from Figure 20a,b that on the premise that the nodes are not damaged,
the thickness and width of the samples with the same pre-punched hole diameter show
a decreasing trend along Path-Y. It can be seen from Figure 20a that the thickness of the
nodes and ribs changes to a small extent, and the thickness of the transition zone changes
drastically along Path-Y. It can be seen from Figure 20b that the width of the transition
region varies greatly, and the width of the rib varies less. With the increase of the pre-
punched hole diameter, the thickness of the node decreases slightly. The thickness of
each sample in the transition zone is basically the same, while the width in the transition
zone decreases significantly. The thickness of the rib increases, while the width of the rib
decreases significantly.

When D is less than 3.0 mm, due to the large hole spacing before forming, more
materials are involved in the stretching process, and the width of the rib after forming is
relatively large; and the material in the central area of the rib shrinks greatly along the
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thickness direction, the degree of deformation in the thickness direction is large, so the
width of the rib is greater than the thickness.

From Figure 20c,d, the variation rule of the width and thickness of the diagonal bar
with the diameter of the pre-punched hole is the same as that of the 90° bar. Under the
above conditions, when D = 2.6 mm, the thickness of the diagonal rib is the smallest and
the width is the largest. When D = 4.0 mm, the thickness of the diagonal rib is the largest
and the width is the smallest. The width and thickness of the diagonal bars with the same
D are basically the same as those of the longitudinal bars. Therefore, when D is not less
than 2.6 mm, the tensile strength and elongation at break of the longitudinal bars and the
diagonal bars are basically the same and the mechanical performance is more balanced.

Figure 20. Variation of thickness and width of 90° bar along Path-Y and diagonal bar along Path-1.
(a) Thickness of 90° bar along Path-Y, (b) width of 90° bar along Path-Y, (c) thickness of diagonal bar
along Path-1, (d) width of diagonal bar along Path-1.

3.3.2. Stress and Strain Analysis of Stretch Forming

The stress and strain of the stretch forming process were analyzed by Abaqus CAE,
and the distribution law of the stress and strain was obtained. This section will analyze the
distribution of stress and strain after the triaxial geogrid is stretched from two aspects: the
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distribution law of stress and strain along each path and the change law of stress and strain
at special points.

Along Path-Y, starting from the starting point, data are collected at equal intervals.
The data interval is 0.5 mm, and the values of stress and a logarithmic strain of 90° bar at
each point are measured. The specific distribution law is shown in Figure 21a,b. In the
same way, the distribution law of the stress and strain of the diagonal bar is measured
along Path-1, as shown in Figure 21c,d.

It can be seen from Figure 21a that the internal stress of the node decreases with the
increase of the diameter of the pre-punched hole, and the internal stress of the longitudinal
rib increases with the increase of the diameter of the pre-punched hole. When D = 4.0 mm,
the stress of longitudinal rib can reach 10 times that of the node. When D = 2.6 mm,
the stress of longitudinal rib is 6 times that of the node, and the internal stress distribution
is more uniform in this condition, so the tensile strength is higher in the room temperature
tensile pulling off test.

It can be seen from Figure 21b that the strain distribution law is basically consistent
with the stress distribution. The strain in the node region is small, and basically no
deformation occurs during the stretching process. With the increase of the diameter of the
pre-punched hole, the logarithmic strain of the node gradually decreases. The longitudinal
rib has a large strain and is mainly involved in the deformation during the stretching
process; and with the increase of the diameter of the pre-punched hole, the logarithmic
strain of the longitudinal rib increases gradually.

The reason for the above phenomenon is that with the increase of the diameter of the
pre-punched hole, the material participating in the deform of the rib decreases, and the
rib can easily form stress concentration during the stretching process. However, when the
diameter of the pre-punched hole is small, there are more materials involved in forming
the rib, and the tensile force on the node increases during the stretching process, and the
strain value of the node is large.

Figure 21c,d shows that the stress-strain distribution along Path-1 is basically the
same as that of the 90° bar. It can be seen from Figure 21c that the diagonal bars are
mainly involved in the deformation during the transverse stretching process, in which the
node stress is small, and the rib stress is large. The internal stress of the diagonal rib can
reach 6–10 times the internal stress of the node. It can be seen from Figure 21d that when
D = 2.6 mm or 3.0 mm, the central strain of the diagonal rib is basically equal.

Figure 21. Cont.
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Figure 21. Variation law of stress and strain along Path-Y and Path-1 with the diameter of the
pre-punched hole. (a) Nominal stress of 90° bar along Path-Y, (b) logarithmic strain of 90° bar along
Path-Y, (c) nominal stress of the diagonal bar along Path-1, (d) logarithmic strain of the diagonal bar
along Path-1.

The internal stress and strain distribution of industrial PP triaxial geogrid can be
measured along Path-Y and Path-1, but, as shown in Figure 15, the maximum stress and
strain of triaxial geogrid appears on the surface of the rib. Therefore, it is necessary to
select special points and measure their stress-strain values to obtain the overall stress-
strain distribution law of triaxial geogrid. The surface center points, internal center points
and edge center points of nodes, longitudinal ribs, and diagonal ribs are selected as
representative points, which are shown in Figure 22.

Figure 22. Stress-strain point position.
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In Figure 22, point O can represent the center of the node, point A represents the surface
of the node. Point B is the inner center point of the longitudinal rib, point C represents
the surface of the longitudinal rib, and point D represents the edge of the longitudinal rib.
Point E represents the center point inside the diagonal rib, point F represents the surface of
the diagonal rib, and point G represents the edge of the diagonal rib. We use σ to indicate
stress, ε to indicate strain. We add a superscript after σ and ε, U indicates after longitudinal
stretching, and B indicates after transverse stretching. We add a subscript after σ and ε,
and the subscript indicates the selected points on the triaxial geogrid. For example, σU

O
represents the stress at point O after the longitudinal stretching is completed.

Table 3 shows the stress obtained at different positions of triaxial geogrid under the
condition of different pre-punched hole diameters after longitudinal stretching.

Table 3. Stress at different positions of triaxial geogrid after longitudinal stretching. (MPa).

D σU
O σU

A σU
B σU

C σU
D σU

E σU
F σU

G

4.0 mm 2.27 2.39 29.38 36.51 35.89 18.65 22.26 21.86
3.5 mm 2.82 3.04 27.29 36.65 35.67 17.85 22.73 22.14
3.0 mm 4.37 4.92 25.57 37.59 36.77 16.16 21.91 21.45
2.6 mm 5.14 5.73 23.06 38.20 38.81 15.55 22.31 22.01

Table 4 shows the stress obtained at different positions of triaxial geogrid under the
condition of different pre-punched hole diameters after transverse stretching.

Table 4. Stress at different positions of triaxial geogrid after transverse stretching. (MPa).

D σB
O σB

A σB
B σB

C σB
D σB

E σB
F σB

G

4.0 mm 2.66 3.22 29.57 36.74 36.05 29.52 36.65 35.79
3.5 mm 3.26 3.87 27.55 36.95 35.89 27.51 37.02 35.86
3.0 mm 3.14 4.01 25.58 37.50 36.49 25.31 37.43 36.19
2.6 mm 3.82 4.61 23.08 38.22 38.08 24.00 38.48 35.56

Table 5 shows the strain collected at special points of triaxial geogrid under different
pre-punched hole diameters after longitudinal stretching.

Table 5. Logarithmic strain at different positions of triaxial geogrid after longitudinal stretching.

D εU
O εU

A εU
B εU

C εU
D εU

E εU
F εU

G

4.0 mm 0.034 0.033 2.359 2.534 2.517 1.944 2.105 2.090
3.5 mm 0.040 0.039 2.287 2.528 2.502 1.894 2.118 2.097
3.0 mm 0.071 0.076 2.224 2.542 2.521 1.776 2.083 2.058
2.6 mm 0.102 0.133 2.182 2.631 2.633 1.694 2.124 2.123

Table 6 shows the strain collected at special points of triaxial geogrid under different
pre-punched hole diameters after transverse stretching.

Table 6. Logarithmic strain at different positions of triaxial geogrid after transverse stretching.

D εB
O εB

A εB
B εB

C εB
D εB

E εB
F εB

G

4.0 mm 0.028 0.032 2.365 2.540 2.521 2.359 2.542 2.523
3.5 mm 0.040 0.047 2.297 2.537 2.509 2.293 2.544 2.519
3.0 mm 0.104 0.129 2.227 2.542 2.515 2.218 2.549 2.518
2.6 mm 0.141 0.180 2.184 2.634 2.609 2.211 2.628 2.554

Combined with the data in Tables 3–6, it can be found that, compared with before the
transverse stretching, the changes of each point after the transverse stretching of triaxial
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geogrid are as follows: the stress at points O and A will increase, and the stresses at points
B, E, F, and G will increase. The stress and strain at point C will increase, and the strain at
point C will increase. As the diameter of the pre-punched hole increases, the strain at point
O in triaxial geogrid after biaxial stretching will increase, the stress at point C will increase,
the stress and strain values of A and F will increase, and the stress and strain at points B
and E will decrease.

Therefore, transverse stretching will increase the stress value of the node, the inner
center of the longitudinal rib, and each point of the diagonal rib. Moreover, transverse
stretching will increase the strain value of the center and surface of the longitudinal rib
and each point of the diagonal rib. When the diameter of the pre-punched hole increases,
the stress on the node surface and longitudinal rib/diagonal rib surface of polypropylene
triaxial geogrid will increase, and the stress at the center of longitudinal rib/diagonal
rib will decrease; the strain on the center and surface of the node and the surface of the
diagonal rib will increase, and the strain at the center of the longitudinal rib/diagonal rib
will decrease.

4. Conclusions

In this paper, the relationship between the mechanical properties of industrial
polypropylene triaxial geogrid and the diameters of pre-punched holes is studied by
experiments combined with numerical simulation analysis, and the thickness, width, stress
and strain distribution of triaxial geogrids with different diameters are obtained. The
innovation of the paper is reflected in the analysis of pre-punched holes on the mechanical
properties of triaxial geogrid through experiments and the application of finite element
simulation to the forming process of triaxial geogrid. Furthermore, the feasibility of finite
element simulation in the design of multi-axial geogrid is verified. The main conclusions
are as follows.

1. When the diameter of the pre-punched hole is small, the node of triaxial geogrid
will appear concave in the middle, the integrity of the node will be damaged, and fractures
at the node will occur in the room temperature tensile test. When the diameter of the
pre-punched hole is larger, the node will appear convex in the middle, and fractures in the
transition zone often occur in the tensile fracture test at room temperature. The width of
the triaxial geogrid rib decreases as the diameter of the pre-punched hole increases.

2. The tensile fracture tests at room temperature were carried out on the industrial
polypropylene triaxial geogrid with a node center spacing of 30 mm, and it was found that
the tensile strength increased first and then decreased with the increase of the diameter of
the pre-punched holes, and the maximum point interval of the average tensile strength was
obtained. Combined with numerical simulation analysis, it was obtained that when the
pre-punched hole diameter is 2.6 mm, the comprehensive mechanical properties were the
best. The fracture elongation of the rib in the 90° direction showed an overall decreasing
trend with the increase of the diameter of the pre-punched hole, and the appearance of this
phenomenon is related to the node concave in the middle.

3. The stress-strain curve at 373–413 K was obtained through the high-temperature
tensile test of the 5A industrial polypropylene spline. After fitting in Abaqus, it was found
that the Marlow constitutive model was applicable.

4. Through numerical simulation analysis of industrial polypropylene preheating
process with different pre-punched hole diameters, it was found that a larger pre-punched
hole was beneficial to heat transfer, so the heating was more sufficient. In addition, it
was found that the temperature of each part was different under the same pre-punched
condition, indicating that the subsequent stretching process was formed under a certain
temperature gradient.

5. Through the simulation analysis of the industrial polypropylene stretching process,
it was found that the transverse stretching had a certain influence on the geogrid after
longitudinal stretching. In addition, the diameter of the pre-punched holes affected the
shape of the nodes and ribs after forming, as well as the distribution of stress and strain.
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The research is of great help to analyze the forming process of a triaxial geogrid,
and is of great significance for regulating the mechanical properties of a triaxial geogrid.
Therefore, it can promote the application of triaxial geogrid and the design of a new
multi-axial geogrid.
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Abstract: Marine origin polymers represent a sustainable and natural alternative to mammal counter-
parts regarding the biomedical application due to their similarities with proteins and polysaccharides
present in extracellular matrix (ECM) in humans and can reduce the risks associated with zoonosis
and overcoming social- and religious-related constraints. In particular, collagen-based biomaterials
have been widely explored in tissue engineering scaffolding applications, where cryogels are of
particular interest as low temperature avoids protein denaturation. However, little is known about
the influence of the parameters regarding their behavior, i.e., how they can influence each other
toward improving their physical and chemical properties. Factorial design of experiments (DoE)
and response surface methodology (RSM) emerge as tools to overcome these difficulties, which are
statistical tools to find the most influential parameter and optimize processes. In this work, we
hypothesized that a design of experiments (DoE) model would be able to support the optimization
of the collagen-chitosan-fucoidan cryogel manufacturing. Therefore, the parameters temperature
(A), collagen concentration (B), and fucoidan concentration (C) were carefully considered to be
applied to the Box–Behnken design (three factors and three levels). Data obtained on rheological
oscillatory measurements, as well as on the evaluation of antioxidant concentration and adenosine
triphosphate (ATP) concentration, showed that fucoidan concentration could significantly influence
collagen-chitosan-fucoidan cryogel formation, creating a stable internal polymeric network promoted
by ionic crosslinking bonds. Additionally, the effect of temperature significantly contributed to
rheological oscillatory properties. Overall, the condition that allowed us to have better results, from
an optimization point of view according to the DoE, were the gels produced at −80 ◦C and composed
of 5% of collagen, 3% of chitosan, and 10% fucoidan. Therefore, the proposed DoE model was
considered suitable for predicting the best parameter combinations needed to develop these cryogels.

Keywords: marine biomaterials; marine origin biopolymers; factorial design; optimization; cryo-
environment; cartilage tissue

1. Introduction

Despite the advances of modern medicine, there is still a severe difficulty in finding
adequate donors of tissues and organs to meet the vast patient needs. Due to innumerable
limitations, the scientific community has focused more on other alternatives, such as tissue
engineering (TE). This approach can create adequate temporary (bio)material scaffolds to
promote the regeneration of human tissues without altering the original anatomical and
physiological function [1,2]. To perform this demand, (bio)materials should meet some
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basic requirements such as matching to the native extracellular matrix (ECM), provid-
ing a favorable microenvironment to preserve the normal phenotype of cells and their
metabolisms; being degradable; and above all, being safe for the patient [3].

In general, these structures can be prepared using a multicombination of two principal
approaches: (1) the methodology or procedure to develop the biomaterials such as ionic
chemical gelation, (bio)inks for 3D printers, cryo-environments, and freeze-drying, among
others [4], and (2) the materials (e.g., polysaccharides, proteins, or polyesthers) and their
origin that can be derived from natural resources, such as plant, mammal, and marine
sources or synthetic and semi-synthetic materials [5]. In this sense, the methodology,
reagents, and bioactive compounds make possible the creation of diverse and unique
biomaterial scaffolds with distinct forms, sizes, and properties.

In the biomaterials group, it is possible to produce different types of scaffolds, such as
cryogels that can be obtained from frozen polymeric solutions stimulated by polymerizable
precursors that react in temperatures below zero and form an intricated network [6], having
as a principal advantage a simple and faster methodology in relation to other procedures.
During this process, the interconnected pore network is formed by ice crystals, highly
influenced by the freezing temperature, which reflects on time until ice crystal formation:
generally, the larger the temperature drop, the faster the freezing time, and smaller the ice
crystals [7]. These polymeric solutions can be obtained from natural sources such as the
marine environment, from which they can be extracted in a sustainable form, including
different bioactive compounds such as collagen, chitosan, and fucoidan [8]. There is a deep
concern of the use of materials of mammal origin due to the risks associated with infections
(such as bovine spongiform encephalopathy (BSE)), immunogenicity, and rejection for
ethical reasons in motivating research on the use of these marine resources [9,10]. Moreover,
these marine compounds have been widely reported for their similarities with proteins
and polysaccharides (e.g., collagen, hyaluronic acids, and chondroitin sulfates) present in
human ECM, supporting a biomimetic approach of biomaterial development mimicking
the composition with the native ECM [11].

In the development of biomaterials, each variable (method, origin material, and
concentration, among others) can be defined as a different parameter that, individually or
grouped, influence the material characteristics, behavior, properties, and consequently, its
final application. However, the interaction between different parameters is complex since it
depends not only on direct variables but also on indirect multivariable, such as surrounding
temperature, moisture variations, and handling procedures [12], as shown in Figure 1. In
the case of cryogels, the temperature (below zero), the chosen sources, the initial polymeric
concentration, and their basic structural properties (e.g., the type of ionic charge available)
are crucial for forming these types of biomaterials [13]. The selection of the most relevant
parameters and the values promising improved performance should be made with caution,
envisaging the final application or approach. Therefore, it is crucial to prudently reflect on
the parameters to be considered, and for instance, construct a schematic representation of
their role and interactions that may affect the final result.

At the moment, much research has been reported on the impact of specific parameters
(i.e., the individual effect of each factor), such as the temperature [14] or pH [15], on the
development of cryogels. However, little is known about the interactions of the chosen
parameters with the biomaterial behavior, i.e., how they can influence each other toward
improving their physical and chemical properties, given that it is difficult to instinctively
recognize and predict the interactions between several factors. To achieve this quest,
factorial design of experiments (DoE) and response surface methodology (RSM) are known
as statistical tools to identify the most influential parameter and optimize production
processes [16,17]. In brief, this method usually uses linear regression and analysis of
variance (ANOVA) mathematical models to extrapolate and predict the interaction of the
parameters, their interrelationship, and the optimal point [18]. DoE and RSM have been
extensively applied in many areas, which includes the optimization of heterologous protein
expression [19], bioactive extraction methods [20,21], and scaffold production, namely,
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electrospun materials [22], membranes [23], and hydrogels [24], among others. However,
to the best of our knowledge, there are no reports in the literature on the optimization of
biomaterial systems based on cryo-environments envisaging biomedical approaches.

Figure 1. Schematic representation of a direct and indirect variable network. The main variables
were: source type (green); polymer batch-to-batch (brown); biomaterial physical properties (yellow);
degradability (red); lab experiments and handling (purple); crosslinking type (blue), and biomaterial
type (grey).

In summary, in this work, the DoE method was applied to find the optimal values
for pre-defined parameters (1) temperature, (2) collagen concentration, and (3) fucoidan
concentration) which significantly influence the physico-chemical properties of cryogels
developed with jellyfish collagen, chitosan, and fucoidan, and their behavior in contact
with cells, being decisive for tissue engineering purposes. A three-level full factorial design
for three factors (n = 27), Box–Behnken design, was applied. This resulted in a large dataset
that reveals the importance of statistical parameter studies for a better understanding of
the biomaterial behavior and process optimization.

2. Materials and Methods

2.1. Materials

Collagen from Jellyfish Rhizostoma pulmo (jCOL) was provided by Jellagen Pty Ltd.
(Cardiff, UK). Fucoidan obtained from brown algae Fucus vesiculosus (aFUC) was supplied
by Marinova (Maritech Fucoidan, FVF2011527 Marinova, Australia). In addition, chitosan
was extracted from squid pens obtained from giant squids Dosidicus gigas (sCHT), with a
deacetylation degree (DD) of 81.8%, and a molecular weight (Mw) of 334 kDa. According
to the PCT patent WO/2019/064231 [25], the raw material was converted into chitosan
using a deproteinization and deacetylation method with one single alkaline process under
a nitrogen (N2) atmosphere at 75 ◦C for 2 h.

2.2. Marine Cryogel Preparation

Firstly, the collagen and chitosan were dissolved in ammonium acetate (0.15 M
NH4OAc/0.2 M AcOH) (pH 4.5). Then, fucoidan was dissolved in a different container
with ultrapure water (Milli-Q). Table 1 lists the initial solution concentration of each poly-
mer and respective cryogel formulations. Finally, the marine solutions were gently mixed
using an Ultra-Turrax® T18 overhead Blended, IKA Works Inc., Wilmington, NC, USA) in
lower rotations to create a homogenous solution (and to avoid bubbles).
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Table 1. Cryogel composition prepared by blending three marine origin biopolymers using different
temperatures below zero to promote the gelation (ratio of each biopolymer in original solution and
their distribution percentage after biomaterial formation).

Hydrogel
Abbreviationratio

1:1:1 (100%)

% of Polymer in the Original Solution
Freezing Temperature

Collagen Chitosan Fucoidan

C1 (T ◦C) 3; (27.27) 3; (27.27) 5; (45.46)

−20 ◦C
−80 ◦C
−196 ◦C

(liquid nitrogen)

C2 (T ◦C) 3; (18.75) 3; (18.75) 10; (62.5)

C3 (T ◦C) 3; (14.29) 3; (14.29) 15; (71.42)

C4 (T ◦C) 5; (38.46) 3; (23.08) 5; (38.46)

C5 (T ◦C) 5; (27.78) 3; (16.67) 10; (55.55)

C6 (T ◦C) 5; (21.74) 3; (13.04) 15; (65.22)

C7 (T ◦C) 7; (46.67) 3; (20) 5; (33.33)

C8 (T ◦C) 7; (35) 3; (15) 10; (50)

C9 (T ◦C) 7; (28) 3; (12) 15; (60)

% w/v of polymer in the original solution; (% w/w of the total polymer mass in each cryogel formation). (T ◦C) is
the respective freezing temperature.

To form the cryogels, the natural crosslinking between the biopolymers (by electrostatic
interactions) was performed in a cryo-environment process, where the mixed solutions
were placed overnight in temperatures below zero (−20 ◦C, −80 ◦C, and −196 ◦C) and
then transferred for a few hours to the fridge (4 ◦C). To neutralize the pH, the cryogels were
placed several times into a D-MEM solution (cell culture medium) with the intention of
not compromising the viability of the cells by the presence of acidic material. The entire
cryogel production procedure is demonstrated in Figure 2.

Figure 2. Schematic representation of the marine cryogel formation procedure comprising homoge-
nization and freezing at different temperatures and then its characterization, aiming for a factorial
design to extrapolate the optimum marine cryogel formulation according to the obtained results from
rheology, anti-oxidants activity, and ATP measurements.
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2.3. Rheological Measurements

The rheological oscillatory properties were assessed using a Kinexus pro+ rheometer
and rSpace software (Malvern Instruments, Worcestershire, UK) for the data acquisition.
The equipment has a top measurement geometry (8 mm in diameter) and a bottom plate
pedestal, both with stainless steel (316 grade). The experiments were performed to in-
vestigate the cryogel viscoelastic properties through their mechanical spectra (frequency
sweep curves) using a range of 0.1 Hz to 10 Hz at 25 ◦C, with the value of strain (1%)
obtained from the Linear viscoelastic region (LVER). The LVER strain value was firstly
determined through a strain sweep test (0.01–10%) using a constant frequency (1 Hz) at
room temperature (25 ◦C). The oscillation experiments could be performed within this
linear range without damaging the sample structure.

Additionally, some structural parameters, such as the average mesh size (ξ/nm) and
the crosslinking density (ne/(mol/m3)) of the cryogels, could be calculated using the data
obtained from the rheological oscillatory experiments [26]. Regarding this, ξ/nm was
defined as the distance between the crosslinking points that can be established by the
rubber elastic theory (RET), Equation (1):

ξ/nm = 3

√
RT

G′ NA
× 109 (1)

where G′ is the storage modulus, NA is the Avogadro constant (6.022 × 1023), R is a value
of gas constant (8.314 J/K mol), and T is the temperature in Kelvin (25 ◦C = 298.15 K) [27].
The values obtained with these units were in meters and then converted to nanometers.

The ne/(mol/m3) is nominated by the number of elastically active connection points
in the network per unit of volume, calculated by RET, Equation (2):

ne =
Ge

RT
(2)

where Ge is the plateau value of storage modulus measured by the frequency sweep
test [28].

2.4. Antioxidant Assay

Antioxidant analysis was performed using a straightforward method to measure the
amounts of phenolic compounds [29]. The quantification of total phenolic contents was
performed according to the traditional Folin–Ciocalteu reactive methodology, a well-known
method (Folin–Ciocalteu index) [30,31]. This reaction involves oxidation, in an alkaline
solution, of phenols by the yellow Folin–Ciocalteu reagent (a mixture of phosphomolybdate
(H3PMo12O40) and phosphotungstate (H3PW12O40)), and the colorimetric measurement of
the resultant combination of blue oxides, molybdenum, and tungsten, is proportional to
the total phenolic compounds. In brief, 1 mg/mL of each marine cryogel condition was
mixed with deionized (DI) water, the Folin–Ciocalteu reagent, and 15% sodium carbonate
(Na2CO3). The microplate with the final mixtures was immediately placed in a 50 ◦C oven
and removed after 10 min. After establishing at room temperature, the absorbance was
read at 740 nm using a microplate reader (Synergy HT, Bio-Tek Instruments, Winooski, VT,
USA). Caffeic acid was used as a standard to establish the calibration curve.

2.5. ATP Measurements

Intracellular adenosine triphosphate (ATP) levels were quantified to indicate viability
and possible cell proliferation. CellTiter-Glo luminescent assay (Promega, Madison, WI,
USA) was used for this analysis [32]. Firstly, the chondrocyte-like cell lines (ATDC5) were
cultured on top of each marine cryogel inside a 96-well plate (3 × 104 cells/well) with
Dulbecco’s modified Eagle’s medium-low glucose (DMEM, Sigma-Aldrich, Burlington,
MA, USA) supplemented with 10% fetal bovine serum (Alfagene, Waltham, MA, USA) and
1% antibiotic–antimycotic solution (Gibco, Cambridge, UK) for 24 h. After that, at each time
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point (24, 48, and 72 h), the reagent CellTiter-Glo was added in a 1:1 ratio (e.g., add 100 μL
reagent to 100 μL of medium-containing cells) and incubated at room temperature for
30 min to allow the cellular lysis. The phosphorescence luminescence at 450–600 nm was
then read using a fluorescence spectrometer with the capacity to execute phosphorescence
experiments (JASCO FP-8500, Hachioji, Tokyo, Japan).

2.6. Statistics

Data analysis was performed using the OriginLab Pro 2019b program to analyze
the rheological oscillatory behavior. Complementary statistical analysis of rheology, an-
tioxidant activity (by phenolic groups), and ATP quantification results were performed
by ANOVA followed by Tukey’s post hoc test, using GraphPad Prism 8.0.1 (GraphPad
Software, Inc., La Jolla, CA, USA). Differences between the groups with a confidence level
of 95% (p < 0.05) were considered statistically significant. All results are presented as
mean ± standard deviation.

Response surface methodology (RSM) is an empirical statistical modeling procedure
used for multiple regression analysis applying quantitative data acquired from adequately
designed experiments to solve multivariate equations simultaneously [33]. A 33 Box–
Benkhen experimental design was applied in this research to optimize hydrogel formulation
and study the influence of 3 parameters with 3 levels on the structure’s performance,
resulting in 27 experiments. Each parameter, an independent variable, was coded at 3 levels
between −1 (low level), 0 (middle point), and +1 (high level). Coding of the variables was
achieved by using Equation (3) [33]:

xi =
Xi − Xcp

ΔXi
, i = 1, 2, 3, 4, . . . k (3)

For an independent value, xi is its dimensionless value; Xi its actual value; and Xcp
is its real value at the center point. Moreover, ΔXi is the step change of the actual value
corresponding to a unit variation for the dimensionless value of the variable i.

The carefully considered parameters were temperature (x1), collagen concentration (x2),
and fucoidan concentration (x3) (Table 2). The structure’s performance was measured by
their rheological behavior, antioxidant potential, and cellular behavior (ATP quantification).
Table 2 lists the process parameters (factors x1, x2, and x3) and levels for hydrogel fabrication,
with the coded (−1, 0, and 1) and actual values.

Table 2. Coded levels and the variables of the 33 Box–Behnken factorial design.

Variable Factors Level

x −1 0 1
Temperature (◦C) x1 −20 −80 −196
[collagen] (% w/v) x2 3 5 7
[fucoidan] (% w/v) x3 5 10 15

The design included the dependent variables (G′/Pa and Antiox/(μg/mL−1), and
ATP/RLU) was solved separately and used to find the optimal conditions by fitting a
polynomial model, which gave the response as a function of relevant variables using RSM
(Statistica, 12, Stat-Ease Inc., Minneapolis, MN, USA, 2014). The regression model of the
present experimental Box–Behnken design system is described by Equation (4), to evaluate
the effect of each independent factor on the response [34].

Y = β0 + β1x1 + β2x2 + β3x3 + β12x1x2 + β13x1x3 + β23x2x3 + β11x2
1 + β22x2

2 + β33x2
3 (4)

Y corresponds to the predicted response; for instance, for the G′/Pa; x1, x2, and x3 are
the coded levels of the independent factors (temperature and concentration of collagen and
fucoidan). The coefficients of the regression are β0 for the intercept term; β1, β2, and β3 the
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linear coefficients; β12, β13, and β23 the interaction coefficients; and β11, β22, and β33 the
quadratic coefficients.

3. Results and Discussion

3.1. Rheology Oscillatory Behavior

The rheological oscillatory experiments in distinct marine cryogel compositions were
performed to understand their mechanical properties. This analysis consisted of measuring
the elasticity modulus (G′), the viscosity modulus (G′′), and the phase angle (δ/◦) obtained
from G′′/G′ (or damping factor, tan δ) to evaluate the resistance to shear stress within a
frequency range and performed at 25 ◦C. The obtained results and the respective statistical
analysis are shown in Figure 3, with G′ and δ being barely independent of frequency
(between 0.1 and 10 Hz) for all the analyzed cryogels. Moreover, the composition of the
cryogels influenced the rheological behavior, as illustrated by the variability of G′ shown
in Figure 3j).

When G′ > G′′ and the tan δ < 1, the sample behavior tended to have a solid gel
character (strong gel), which reflects the connectivity of the polymeric network [35,36].
The obtained oscillatory rheological experiments for the different cryogels (Figure 3a–i)
exhibited exactly this behavior (viscoelastic character), thus revealing the presence of
physical interactions between the polymers and resulting in cohesive matrices [26]. It is
possible to quantify how strong these bonds are by determination of the distance between
crosslink (i.e., average of mesh size) (ξ/nm) and the crosslinking density (ne/(mol/m3))
using the well-known rubber elastic theory (RET) and some rheological parameters such as
the storage modulus (G′) value that can also be designated as Ge [27,37].

According to Ge results obtained at the plateau between 1–10 f /Hz, it is clear that the
cryo-environment temperatures and the ratio of the polymers directly influenced the rheo-
logical properties of the biomaterials due to differences in the internal network. Figure 3j
shows an overview of all tested biomaterials and reveals that the temperature that pro-
vided a higher viscoelastic character was −80 ◦C, followed by −20 ◦C. In comparison, the
formulations submitted to liquid nitrogen (−196 ◦C) resulted in lower internal network
formation. This lower bond formation capacity may be related to the fast-freezing envi-
ronment of the polymer solution, quickly hampering polymer mobility, which does not
provide enough time for the material to organize properly, namely, to interact with the
other biopolymers (through electrostatic attraction, among others), resulting in a less cohe-
sive structure. Actually, the internal polymeric network structure in each formulation is
promoted between the positively charged groups present on collagen and chitosan samples
(i.e., protonated amines) and the negatively charged groups present on fucoidan (i.e., ester
sulfates and eventually, carboxylate groups) [38]. In this regard, a cohesive structure is not
only promoted by the appropriate cryo-environment procedure but also highly depends
on greater or lesser availability of the positive and negative charges that are present in
each formulation. Within each processing temperature, the formulations that demonstrated
better rheological properties were C5 and C4, followed by C7 and C8. This phenomenon
was mostly observed in formulations that contained higher collagen concentrations (i.e.,
C5, C7, and C8) when calculating the total polymer mass in each cryogel formation. Fu-
coidan also has a vital function on biomaterial formation through electrostatic interactions,
dependent on fucoidan concentration [39]. However, our rheological results demonstrated
that despite the relevance of the presence of fucoidan, an extra concentration could respond
negatively in the formation of bonds, which consequently would be reflected in rheological
properties [40,41]. Thus, a balance between collagen and fucoidan amounts is required to
create structures with significant stability.

Figure 3k shows a correlation between the Ge values with the calculated ξ and
ne/(mol/m3). In general, the cryogels with better rheological properties (i.e., C5 and C4 at
−80 and −20 ◦C) had the lowest mesh size (varied from 3.71 ± 0.17 nm to 4.44 ± 0.21 nm)
and a crosslinking density that were proximal to the Ge values (followed the same trend),
which confirmed excellent stability on these formulations compared to other samples, in
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which ξ varied from 5.79 ± 0.18 nm to 8.46 ± 0.37 nm. This behavior is in accordance with
the literature since it is expected to exist proportionally between the rheological parameters
and the stiffness behavior of the biomaterials.

Figure 3. Oscillatory rheological behavior of different marine origin cryogels (a–i) corresponded to
the developed cryogels C1 to C9, respectively, produced at −20, −80, and −196 ◦C. Data show the
mean of three values from independent experiments and the standard error for G′/Pa (black lines)
and the phase angle δ/◦ (blue lines). (j) Comparison of each marine cryogel as a function of G′/Pa
and the δ/◦, with the average stable zone between 0.5 to 5 Hz. All differences between samples were
statistically significant **** p < 0.0001 except those represented with the symbols of ** (p < 0.01) and
ns (not significant). (k) Comparative analysis of the storage modulus at the plateau (Ge/Pa), mesh
size (ξ/nm), and the crosslinking density (ne/mol/m3) of the developed marine cryogels.
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3.2. Antioxidant Activities

Marine sources have been widely studied for their biological properties, attributed to
different compounds and metabolites that are produced to protect the living being when
exposed to harsh environmental conditions, such as abiotic and biotic factors, light intensity,
salinity, and ultraviolet radiation, among others [42]. In the case of brown seaweeds, there
are two major bioactive components—sulfated polysaccharides (SPs), namely, fucoidan,
and polyphenol compounds—that have been classified as having a significant antioxidant
activity [43]. Some authors defend the importance of the presence of phenolic compounds
in commercial fucoidan samples due to the fact that the phenols are the main contributors
to the antioxidant activities compared with fucoidan, which together can increase the
biological properties without bringing negative consequences [44]. In particular, it was
reported by Murray et al. [45] that the extracts of Fucus vesiculosus commercialized by
Marinova (Australia), used in the present study, can contain up to 28% of polyphenols.

The Folin–Ciocalteu (F–C) method was used as a straightforward method to compare
the samples regarding the polyphenolic antioxidant activity, also being indirectly interre-
lated with the amounts of fucoidan present on cryogel samples. This approach is equivalent
to the work by Palanisamy et al. [46], where they concluded that the antioxidant activity can
be correlated with the concentration of fucoidan. Briefly, this method is based on a reaction
of electron transfer that involves a mixture of phosphomolybdate and phosphotungstate to
determine the antioxidant activity. Thus, this methodology measures the reductive capacity
of the antioxidants, being widely applied to determine these contents in plant-derived food,
as well as in other biological samples, such as fucoidan [42,47]. Other antioxidant assays
could have been used, such as DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate), ORAC
(oxygen radical absorbance capacity), and ABTS (2,2′-Azinobis-(3-Ethylbenzthiazolin-6-
Sulfonic Acid), but the outcome would be the total antioxidant capacity, and it would
not be possible to distinguish between the activities promoted by the polyphenols and
fucoidan [48,49].

The obtained results of the total concentration of phenolic groups on the developed ma-
rine cryogels, depicted in Figure 4, showed a growth trend within each group of three samples
(i.e., C1 to C3, C4 to C6, and C7 to C9), with similar values between those groups. These
results were in good agreement with amount of fucoidan in the biomaterial formulation
(Table 1). The compositions that contained a lower concentration of fucoidan (i.e., C1, C4, and
C7) showed lower antioxidant activity, while those that had a higher concentration (i.e., C3,
C6, and C9) had, in the same way, higher antioxidant functional activity.

Figure 4. Assessment of antioxidant activity of marine origin cryogels (C1 to C9, produced at −20,
−80, and −196 ◦C) by the quantification of phenolic groups. All samples (comparing the different
temperatures) showed statistical significance of **** p < 0.0001 except those represented with the
symbols of * (p < 0.05), ** (p < 0.01), and ns (not significant).
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3.3. ATP Activity

Adenosine triphosphate (ATP), also called molecular unity of energy currency, is
an intracellular nucleotide that provides energy for many metabolic processes in every
living cell and is produced by ATP synthase [50]. Nowadays, ATPs can be measured using
a (bio)luminescence or phosphorescence assay (similar emission light) [51]. During the
chemical reaction, the enzyme luciferase has the ability to release energy in the form of
light (luminescence) on the presence of its substrate luciferin, Mg2+ and ATP [52]. It is
described in the literature that there exists a linear relationship between the amount of ATP
present in samples and the amount of light produced, which is a direct indicator of cellular
metabolic activity [53]. The amounts of ATP present in cells cultured on the developed
marine cryogels are shown in Figure 5.

Figure 5. ATP cell measurements using ATDC5 cells in direct contact with all developed marine
cryogels C1 to C9 ((a–i), respectively) at −20, −80, and −196 ◦C. There was a direct relationship
between the measured phosphorescence and the concentration of ATP. The samples showed statistical
significance of * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** p < 0.0001, or were not significant (not
represented). The symbols of statistical analysis noticeable by blue color correspond to the comparison
between each condition in relation to the time points while the symbols expressed by green color
represent the comparison between the different temperatures of each marine condition.
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The amounts of ATP were quantified on chondrocyte-like cells (ATDC5) cultured
in direct contact with the developed cryogels during three time points (24, 48, and 72 h)
as a measure of cellular metabolic activity. In general, the results demonstrated that
these marine biomaterials do not compromise the metabolic activity of cells, since during
the experiments, an increase in ATP content was observed, which is a good indicator of
cell viability when encapsulated on the biomaterial. Typically, in favorable conditions,
the energy expenditures by cells during the first hours are dedicated especially to cell
adhesion, while the rest of the time is devoted to normal cell functionalities such as cell
proliferation. Cell adhesion is essential for survival and communication (cell-to-cell) since
it allows stimulation of important signals for cell migration, the cell cycle, proliferation,
and taking the example of stem cells, for their differentiation [54]. Our data also showed
that these cell types have a preference for biomaterials with a higher concentration of
polymers on their formulations. This behavior was observed when comparing to the
formulations C1, C4, and C7 (lower concentration of fucoidan) to the other formulations,
and showed the same tendency in all temperatures used. The concentration of collagen
in the biomaterial did not show a significant influence on ATP quantification, suggesting
that the presence of fucoidan was more impactful for the short time that the cultures were
evaluated. The processing temperature did not significantly influence the cellular behavior,
as no pattern could be identified on the variation in ATP content from cells cultured in each
biomaterial formulation processed at different temperatures. This was certainly influenced
by the short time that the cell cultures were studied, as hydrogels with a more compacted
structure (as the hydrogels resulting from biomaterials processed with liquid nitrogen) are
expected to hamper cell proliferation, and experiments with more extended culture periods
might show some temperature influence. Nevertheless, under the studied conditions, the
amount of fucoidan in biomaterial composition seems to be the determining factor for the
cellular outcome.

4. Factorial Design

Box–Behnken designs (BBD) are a practical response surface design (RSD), such
as the central composite design, that provides data based on experiment variables and
overall experimental error. These designs possess excellent symmetry and rotatability, with
minimal experimental runs [55]. The systematic optimization of the structure’s performance
was performed with the help of the BBD matrix, indicating 27 experimental trials, and
the response data for characterization of those structures are represented in Table 3. This
table was obtained primarily to perform the experiment concerning the considered factors
and levels. Then, after performing the 27 experiments required, it was completed with the
response data to analyze the response surface design.

Table 3. Experimental runs for Box–Behnken with 33 factorial design. Coded levels and the variable
factors are shown. For response data, the information of rheology and antioxidant activity showing
the average of three independent experiments and the information data of ATPs is relative to the
average of three independent experiments of timepoint day three.

Run
Coded Level Factors Response Data

x1 x2 x3 Temp (◦C) [jCOL] [aFUC] Rheological (G′) Antiox (μg/mL) ATPs (RLU)

1 −1 −1 −1

−20

3
5 1.13 × 104 3.14 × 10−2 7.67 × 104

2 −1 −1 0 10 139 × 104 6.51 × 10−2 1.90 × 105

3 −1 −1 1 15 9.73 × 103 2.45 × 10−1 1.35 × 105

4 −1 0 −1
5

5 5.73 × 105 8.22 × 10−3 5.00 × 104

5 −1 0 0 10 6.46 × 104 7.04 × 10−2 2.22 × 105

6 −1 0 1 15 6.96 × 103 2.36 × 10−1 2.61 × 105

7 −1 1 −1
7

5 4.67 × 104 2.51 × 10−2 9.62 × 104

8 −1 1 0 10 2.67 × 104 6.19 × 10−2 2.49 × 105

9 −1 1 1 15 7.78 × 103 1.66 × 10−1 1.79 × 105
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Table 3. Cont.

Run
Coded Level Factors Response Data

x1 x2 x3 Temp (◦C) [jCOL] [aFUC] Rheological (G′) Antiox (μg/mL) ATPs (RLU)

10 0 −1 −1

−80

3
5 1.84 × 104 2.51 × 10−2 7.26 × 104

11 0 −1 0 10 2.11 × 104 1.04 × 10−1 2.61 × 105

12 0 −1 1 15 7.97 × 103 1.70 × 10−1 1.75 × 105

13 0 0 −1
5

5 6.66 × 104 2.30 × 10−2 7.79 × 104

14 0 0 0 10 8.04 × 104 2.53 × 10−1 2.27 × 105

15 0 0 1 15 1.11 × 104 2.69 × 10−1 2.30 × 105

16 0 1 −1
7

5 5.09 × 104 1.72 × 10−2 6.75 × 104

17 0 1 0 10 4.10 × 104 3.93 × 10−2 2.11 × 105

18 0 1 1 15 1.40 × 104 2.55 × 10−1 1.93 × 105

19 1 −1 −1

−196

3
5 2.46 × 103 1.93 × 10−2 5.36 × 104

20 1 −1 0 10 1.01 × 104 1.96 × 10−1 1.99 × 105

21 1 −1 1 15 6.78 × 103 2.81 × 10−1 2.89 × 105

22 1 0 −1
5

5 1.54 × 104 2.67 × 10−2 6.82 × 104

23 1 0 0 10 2.53 × 104 2.92 × 10−2 3.12 × 105

24 1 0 1 15 6.41 × 103 1.93 × 10−1 4.38 × 105

25 1 1 −1
7

5 1.16 × 104 3.14 × 10−2 8.14 × 104

26 1 1 0 10 7.91 × 103 9.99 × 10−2 2.30 × 105

27 1 1 1 15 6.66 × 103 2.73 × 10−1 2.27 × 105

The response surface analysis was performed for all the response variables based on
the selected model. The statistical and correlation analysis of the model’s response was
performed with 3D response surface plots, histogram of distribution, Pareto plots, and
analysis of variance (ANOVA). Figure 6 illustrates the 3D response surface plots for the
studied responses. To draw the 3D surfaces, the ATPs (RLU) chosen were those from the
72 h, since this 3rd timepoint is when the normal metabolic function of the cells occurs
(cellular proliferation), while during the 1st or 2nd timepoints, the cells are using energy
for cell adhesion in the polymeric structure.

Nine response surface plots were generated to exhibit the effect of the three factors on
the responses: G′ (Pa) (Figure 6a), antioxidant concentration (μg/mL) (Figure 6b), and ATPs
(RLU) (Figure 6c). The quadratic models showed different forms for each response surface:
“mound-shaped” maximum (a1, a2, a3, b1, and c3), saddle point (c1 and c2), and rising ridge
(b2 and b3) [56], with the optimum point able to be effortlessly observed on the first type
since the region of optimum response was located inside the experimental region. Concerning
the rheological behavior (Figure 6a), the optimum value was predicted to be inside the
experimental region in the 3 surfaces, the optimum value (G′ of 6.47 × 104 Pa) being indicated
for a temperature of −126 ◦C and a concentration of collagen and fucoidan of 5.3 mg/mL and
7.7 mg/mL (Table 4). Unfortunately, the optimum temperature could not be implemented in
the laboratory environment, limited to −80 or −196 ◦C (liquid nitrogen) due to equipment
limitations. However, according to the DoE results, the formulation that mostly resembled
these values was the formulation C5 at −80 ◦C, which comprised the percentage (w/v) of each
polymer in the original solution, i.e., 5% collagen, 3% chitosan, and 10% fucoidan followed by
C4 at −80 ◦C. These results are consistent with our previous work [8], since we also found a
trend for the formulation that comprised a similar polymeric concentration. Regarding the
results obtained for the concentration of the antioxidants (μg/mL), the optimum value was
not completely inside the experimental region surface. Thus, an optimum value (0.13 μg/mL)
was predicted for a temperature of −54 ◦C, and 3.5 mg/mL of collagen concentration. No
optimum value of fucoidan concentration for antioxidant concentration was found since the
surfaces with the independent variable were from the type rising ridge [56]. Finally, the
independent variable of ATP had the optimum value (ATP of 2.56 × 105 RLU) indicated for
a temperature of −145 ◦C and a concentration of collagen and fucoidan of 5.1 mg/mL and
12.5 mg/mL, respectively (Table 4). It was impossible to achieve a formulation exhibiting the
best values for all the properties being assessed (rheological behavior, antioxidant activity, and
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ATP quantification) and compromises or priorities needed to be established, depending on
the final application. In any case, according to the obtained analysis, the formulations that
mostly resembled the obtained DoE values were the samples C5 and C6 at −196 and −80 ◦C.

Figure 6. Factorial surface response of (a) rheological data (G′/Pa), (b) antioxidant activity (μg/mL),
and (c) ATP (RLU) measurements on marine origin cryogels. The images of (a1, b1, and c1) demon-
strate the correlation between the temperature (◦C) vs. concentration of collagen ([collagen]); (a2, b2,
and c2) represent the correlation between the temperature in relation to the concentration of fucoidan
([fucoidan]) while the images of (a3, b3, and c3) show the correlation between the concentration of
collagen vs. the concentration of fucoidan.
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Table 4. Optimum conditions determined by surface factorial design and the predicted value
according to the optimum values.

Response Factors Optimum Values Predicted Value

G′/Pa

Temp (◦C) −126
6.47 × 104[collagen] mg/mL 5.3

[fucoidan] mg/mL 7.7

Anti-oxidants
(μg/mL)

Temp (◦C) −54
0.13[collagen] mg/mL 3.5

[fucoidan] mg/mL NF

ATPs (RLU)

Temp (◦C) −145
2.56 × 105[collagen] mg/mL 5.1

[fucoidan] mg/mL 12.5
NF: not found or extrapolated.

At this point, it is essential to mention that when working with natural materials,
many mathematical tools and models fail or are not completed, which is probably why
they are rarely applied. This happens for numerous known reasons, such as reproducibility
problems, the impossibility of repeating an optimal point, or the high material sensitivity.
Contrary to what happens in other areas of more exact science where a wide range of
options are available, even in this situation, limitations regarding available equipment can
be an obstacle. Still, applying these tools is an enabling option to redirect the research work
to better performing conditions, even when the experimental conditions do not allow one
to achieve the final purpose of obtaining a full and irrefutable optimum point.

The experimental design also enabled us to build for each group of response data:
a histogram of distribution, Pareto plot, and the correlation between what was observed
and the predicted values (Figure 6). The histogram of distribution, showing frequency
distributions, assesses normality (bell-shaped and symmetric about the mean). The Pareto
chart shows a t-statistical test for each effect, where each bar represents the standardized
effect, compared to a t-critical value (vertical line). Thus, it renders a method that detects
the factor and interaction effects that are most important to the process or design optimiza-
tion [57]. A plot of observed values (measurements) and predicted values (DoE regression)
was also drawn. The blue diagonal line marks the best-case scenario where measurement
and prediction ideally resemble each other [57].

A better quality of the experimental design was perceived for the data with rheolog-
ical properties (Figure 7a) when observing the reached plots globally. The histogram of
distribution for those data (Figure 7a1) showed a distribution near normality, while the
others were slightly distant from it (Figure 7b1,c1). The Pareto chart also displays the
statistically relevant effect of each factor on the response, and it is a helpful method to
observe the results. The dotted line on the Pareto charts represents the t-critical value,
and the effects on its right are significant [58]. Given the proximity of all variables, it is
possible to state that the studied independent variables were significant to the process.
The concentration of fucoidan followed by the concentration of collagen were the most
significant. The correlation between what was observed and the predicted values makes it
possible to state that the DoE regression function provided an acceptable approximation to
reality in the investigated area. The regression was used to find the predictive equation, i.e.,
the quadratic model in coded units, for rheological data (Equation (5)), antioxidant activity
(Equation (6)), and ATPs (Equation (7)).

Y = −14.6 × 103 − 0.7 × 103x1 + 52.2 × 103x2 + 7.7 × 103x3 − 3x2
1 − 4.9 × 103x2

2 − 0.5 × 103β22x2
3 (5)

Y = −10.6 × 10−3 − 0.1 × 10−3x1 + 11 × 10−3x2 + 0.5 × 10−3x3 − 1 × 10−6x2
1 − 1.6 × 10−3x2

2 + 1 × 10−3x2
3 (6)

Y = −0.4 × 106 + 1.1 × 103 x1 + 80.1 × 103x2 + 0.1 × 106x3 + 4x2
1 − 10.9 × 103x2

3 − 3.2 × 103x2
2 (7)
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where, Y corresponds to the predicted response, and x1, x2, and x3 are the coded levels of
the independent factors (temperature and concentration of collagen and fucoidan).

Figure 7. Factorial response of (a) rheological data (G′/Pa), (b) antioxidant activity (μg/mL), and
(c) ATP (RLU) measurements on marine origin cryogels. The images (a1, b1, and c1) demonstrate the
histogram of distribution; (a2, b2, and c2) represent the Pareto charts of standardized effects of the
factorial design, while the images of (a3, b3, and c3) show the Box–Behnken design plot for predicted
versus actual values for each response variable.

The predictive equation, describing the polynomial model for the experimental re-
sponse, was validated by analysis of variance (ANOVA) as shown in Table 5.
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Table 5. Analysis of variance (ANOVA) for the fitted quadratic polynomial model for optimization of
cryogel manufacturing.

Variable of G′/Pa

Factor Sum of Squares (SS) df Mean Square (MS) F-Value p-Value

(1) [fucoidan] (L) 2.29 × 109 1 2.29 × 109 11.766 0.002
[fucoidan] (Q) 9.28 × 108 1 9.28 × 108 4.757 0.041

(2) [collagen] (L) 6.92 × 108 1 6.92 × 108 3.547 0.074
[collagen] (Q) 2.31 × 109 1 2.31 × 109 11.855 0.002

(3) Temp (◦C) (L) 1.29 × 109 1 1.29 × 109 6.616 0.018
Temp (◦C) (Q) 2.00 × 109 1 2.00 × 109 10.246 0.004

Error 3.90 × 109 20 1.95 × 108

Total SS 1.29 × 1010 26
R2 = 0.69; adj R2 = 0.61; MS = 195 × 103

Variable of Anti-oxidant (μg/mL)

Factor Sum of squares (SS) df Mean square (MS) F-value p-value

(1) Temp (◦C) (L) 0.003 1 0.003 1.170 0.292
Temp (◦C) (Q) 0.000 1 0.000 0.203 0.656

(2) [collagen] (L) 0.001 1 0.001 0.560 0.462
[collagen] (Q) 0.000 1 0.000 0.085 0.773

(3) [fucoidan] (L) 0.196 1 0.196 71.419 0.000
[fucoidan] (Q) 0.003 1 0.003 1.412 0.248

Error 0.054 20 0.002
Total SS 0.261 26

R2 = 0.78; adj R2 = 0.72; MS = 0.00

Variable of ATPs (RLU)

Factor Sum of squares (SS) df Mean square (MS) F-value p-value

(1) Temp (◦C) (L) 1.07 × 1010 1 1.07 × 1010 4.158 0.054
Temp (◦C) (Q) 3.90 × 109 1 3.90 × 109 1.515 0.232

(2) [collagen] (L) 3.68 × 108 1 3.68 × 108 0.143 0.709
[collagen] (Q) 1.13 × 1010 1 1.13 × 1010 4.422 0.048

(3) [fucoidan] (L) 1.22 × 1011 1 1.22 × 1011 47.455 0.000
[fucoidan] (Q) 3.79 × 1010 1 3.79 × 1010 14.715 0.001

Error 5.15 × 1010 20 2.57 × 109

Total SS 2.36 × 1011 26
R2 = 0.78; adj R2 = 0.71; MS = 257 × 104

R2: regression goodness of fit. df: degrees of freedom. L: linear. Q: quadratic.

According to the ANOVA results (Table 5), the quadratic model, including linear
interactions, fitted acceptably to the experimental data giving coefficients of determination
(R2) ranging from 0.69 to 0.78. The coefficient of determination (R2) indicates if the predic-
tive equations adequately describe the experimental values [59]. Globally, the obtained
R2 values were not as close to one as desired. Nevertheless, natural products usually have
such an impact on results. Additionally, their use regularly leads to difficulties of repro-
ducibility (batch-to-batch variability) [60], processing, homogeneity, and the biological
complexity of the molecules.

The regression coefficients and the interaction between independent factors can be
considered statistically significant for p-values lower than 0.05, with a 95% confidence
interval [61]. Thus, according to the ANOVA results (Table 5) and the Pareto chart
(Figure 7a2,b2,c2), fucoidan concentration’s linear and quadratic terms were the factors
that most affected the performance of the structures. Furthermore, as expected in the rheo-
logical properties, the temperature factor was more critical than in the other two parameters
chosen due to how temperature can directly influence the internal structural network of
the biomaterials, making them more cohesive or weaker. The rheological properties are
usually temperature-dependent for these kinds of samples [62].
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In this way, the best conditions regarding the rheological properties were C5 −80 ◦C
followed by C4 −80 ◦C, whereas concerning the antioxidant activity, they were C2 −80 ◦C
and C3 −80 ◦C, and in the quantification of ATPs, they were C5 −80 ◦C, C6 −80 ◦C, C5
−196 ◦C, and C6 −196 ◦C. Globally, the most recurred formulation was C5 at a temperature
of −80 ◦C, being herein considered as the best formulation among the ones addressed.
However, as mentioned above, it must be stressed that it is impossible to determine a
formulation exhibiting the best values for all the assessed parameters, and choices must
be made. In that case, a validation of the determined conditions to obtain the best of each
of the parameters should be made, which would lead to an optimization process with
respect to the selected parameter. [59]. As abovementioned, it was not possible to do those
validations particularly due to limitations on freezing equipment (only determined values
were possible, which did not include the value determined as the optimum to maximize
the value of each of the different parameters), but that was not the goal of the present work.
Being aware of the practical limitations of the application of the model to this experiment,
we aimed to present it as a useful tool to give us a correct direction regarding the conditions
that most influence each parameter toward the design of better-performing formulations.

5. Conclusions

The factorial design of experiments (DoE) model is an effective statistical experimental
tool for identifying the most significant parameter(s) and demonstrating each parameter’s
effects according to their interactions. The present experimental work focused on identi-
fying the better-performing biomaterial according to a carefully chosen set of parameters,
such as the concentration of the polymers (collagen and fucoidan) and the cryo-environment
temperature, which promoted the ionic crosslinking between the polymer-charged groups
on the cryogels. Data on rheological oscillatory measurements, antioxidant activity, and
adenosine triphosphate (ATP) concentration as a measure of cell metabolic activity showed
that fucoidan concentration was the parameter that most significantly influenced cryogel
formation, while the temperature was the variable that most influenced the rheological
properties. The biomaterial that better fit the conditions determined by the DoE was the
formulation C5 at −80 ◦C, which comprised the percentage (w/v) of each polymer in the
original solution, i.e., 5% collagen, 3% chitosan, and 10% fucoidan. Moreover, depend-
ing on the final approach, the DoE provided a valuable indication of expected behavior
of certain formulations within the limits of the model, avoiding unnecessary and exces-
sive characterizations and waste of products, thus being a valuable tool for improved
biomaterial design.
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Abstract: In this study, the effects of NBR polarity and organoclay addition on the curing, rheological,
mechanical, and thermal properties of an NBR/phenolic resin blend were investigated. The samples
were prepared using a two-roll mill. The results showed that rheological and tensile properties
improved due to the good distribution of nanoparticles, as well as the good compatibility of nitrile
butadiene rubber with phenolic resin. The addition of 1.5 phr of nanoparticles to blends containing
33% and 45% acrylonitrile increased the curing torque difference by approximately 12% and 28%,
respectively. In addition, the scorch time and curing time decreased in nanocomposites. Adding
nanoparticles also increased the viscosity. The addition of phenolic resins and nanoparticles has a
similar trend in modulus changes, and both of these factors increase the stiffness and, consequently,
the elastic and viscous modulus of the specimens. Adding 1.5 phr of organoclay increased the
tensile strength of the blends by around 8% and 13% in the samples with low and high content of
acrylonitrile, respectively. Increasing the temperature of the tensile test led to a reduction in the
tensile properties of the samples. Tensile strength, elongation at break, modulus, and hardness of
the samples increased with increasing organoclay content. In addition, with increasing nanoparticle
concentration, the samples underwent lower deterioration in tensile strength and Young’s modulus
at different temperatures compared to the blends. In the samples containing 1.5 phr of organoclay,
the thermal decomposition temperatures were enhanced by around 24 and 27 ◦C for low and high
acrylonitrile content.

Keywords: nitrile butadiene rubber; phenolic resin; rheology; nanoparticles; organoclay; thermal
stability; mechanical properties

1. Introduction

Layered silicates or clays, among different nanofillers, occupy a leadership place in
polymeric nanocomposites because of their moderate cost and commercial availability [1].
A tactoid or layered silicate consists of several single layers with regular gaps between
them called galleries. These layers are held together by electrostatic forces [2,3]. Efficient
polymer/clay nanocomposites are obtained when the silicate layers are separated into
single layers and dispersed uniformly in the polymeric matrix. This dispersion condition,
referred to as the exfoliated state, is optimal for a nanocomposite since it results in the
highest improvement in physico-mechanical properties [4–6]. However, achieving the
exfoliated morphology is arduous and the intercalated morphology is mostly obtained.
In this case, the polymer chains enter the spaces between the layers (galleries), resulting
in gallery expansion. To increase their interlayer spacing, a thermodynamic affinity for
polymer chains and consequent enhancement of their dispersion in polymer matrices,
organically modified clay, referred to as organoclay (OC), have been used. With the use of
OC, both the exfoliated and intercalated morphologies are frequently achieved [7,8].
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A mixture of phenolic resin and synthetic rubber has been used as a binder for friction
materials of train vehicles’ frictional braking systems [9,10]. Through the use of such blends,
one can create a polymeric binder having the qualities of both a hard thermosetting resin
and flexible rubber. Nevertheless, broad use of this combination as a friction material
binder is limited by the rubber phase’s inferior temperature stability when compared to
phenolic resin [11–13].

Nitrile butadiene rubber (NBR) is a polar rubber that is exceptionally resistant to
oil absorption because of the nitrile content. The amount of acrylonitrile in the nitrile
rubber can be changed to alter its polarity and a variety of qualities. The lower the nitrile
percentage, the better the low-temperature flexibility, while the higher the nitrile level, the
better the resistance to aromatic hydrocarbons. Its compatibility with certain compounding
ingredients can be influenced by its polarity [14]. Nevertheless, similar to other elastomers,
it is not stable at high temperatures. When exposed to a high temperature and pressure
flame, a strong char coating cannot be formed by the elastomer. This can be handled through
the use of char-producing or flame-retardant compounds. According to Maamori et al. [15],
using phenolic resin in conjunction with carbon black increased the thermal characteristics
of nitrile rubber because of its high strength [16]. The polarity of the phenolic resin network
results from the hydroxyl group’s existence on the benzene ring. NBR and phenolic resin
are both organic compounds with polar natures that are miscible with one another. Thus, an
NBR/phenolic resin blend without the incorporation of any filler improves the composite’s
thermal properties and ablation resistance [15,17]. Mirabedini et al. reported that, by the
addition of phenolic resin into NBR, the viscoelastic behavior of the compounds becomes
more elastic and less viscous. Moreover, by increasing the phenolic resin content, crosslink
density increased [17]. Nawaz et al. also demonstrated the reduced ablation rate and
enhanced thermal stability with the addition of this resin to NBR [10]. Owing to the low
cost of this blend, large quantities of its composite can be manufactured and it can be used in
industries as a thermal insulator or flame retardant for high-temperature applications. For
example, the addition of alumina nanoparticles was also reported to enhance the thermal
stability of the blend [18]. Therefore, the addition of phenolic resin and nanoparticles such
as OC to NBR can enhance its mechanical properties and thermal stability in order to obtain
flexible materials with desirable mechanical performance.

Overall, there are limited studies considering the evaluation of the NBR rubber/phenolic
resin systems, especially the impact of nanoparticle addition on the rheological, thermal,
and mechanical properties of this system. The purpose of this study was the improvement
of the viscoelastic and mechanical properties of this blend at high temperatures using
OC nanoparticles. The influence of NBR polarity (low and high nitrile content) on the
properties of the nanocomposites was also investigated. The nanoparticles were added
to NBR/phenolic resin and the rheological, curing, morphological, dynamic mechanical,
and thermal stability properties were investigated. The mechanical properties of the
nanocomposites were also studied at 50 and 75 ◦C.

2. Materials and Methods

2.1. Materials and Preparation of the Samples

Table 1 lists the materials used to prepare the nanocomposites. Drying of the nanoparti-
cles was performed in a 90 ◦C oven for 2 h before mixing. Commercially available NBR with
two different amounts of acrylonitrile content, i.e., 33% and 45%, was used for the prepara-
tion of the samples. To improve the compounding of NBR with additives and fillers, the
rubber was softened on a Polymix 200 L two-roll mill (Schwabenthan Co., Berlin, Germany)
at 40 ◦C. The friction ratio of the two-roll mill was 1.6 and the rotation speed was 15 rpm.
Then, at appropriate intervals, other components such as organo-modified montmorillonite
(OMMT), activators, and antioxidants were added to the mixture and blended. At 80 ◦C, the
powder Novolac was blended with the compound. At the end of the process, vulcanizing
chemicals were introduced to the compound while it was still at 40 ◦C. It took 20 min
to complete the full mixing process of the compound. The samples were vulcanized in
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a hydraulic press at a pressure of 150 kg/cm2 and 160 ◦C under controlled conditions.
According to previous studies, a very small mass fraction of clay was required for the
improvement of properties such as filler dispersion, the thermal degradation, stiffness, and
strength of phenolic resin and NBR [19,20]. The OMMT content varied from 0 to 1.5 phr in
this study. Table 2 contains information on the coding and composition of the samples.

Table 1. Materials used for the preparation of the samples.

Material Supplier Function

NBR (N 3345 and N 4560) Polimeri Europa, Milan, Italy Rubber base
Phenolic resin, Novolac Moheb Co., Qom, Iran Plastic phase

Organoclay (OMMT); No: 682640 Sigma-Aldrich, Oakville, ON, Canada Reinforcement
S Rangineh Pars, Babol, Iran Curing agent

n-cyclohexyl -2- benzothiazole sulfenamide (CBS) Vulkacit CZ, China Accelerator
Mercaptobenzothiazole (MBT) Bayer, Leverkusen, Germany Accelerator

ZnO Rangineh Pars, Babol, Iran Activator

Stearic acid (SA) Unichema
International, Selangor, Malaysia Dispersion agent for ZnO

4010 NA Bayer, Leverkusen, Germany Antioxidant

Table 2. Composition and coding of the samples.

Sample NBR33 NBR45
Novolac

(phr)
OMMT

(phr)
4010NA

(phr)
ZnO
(phr)

SA
(phr)

S (phr)
CBS
(phr)

MBT
(phr)

N33 100 0 0 0 1.5 4 2 1.5 0.8 0.7
N45 0 100 0 0 1.5 4 2 1.5 0.8 0.7

N33P 100 0 30 0 1.5 4 2 1.5 0.8 0.7
N45P 0 100 30 0 1.5 4 2 1.5 0.8 0.7

N33P-0.5 100 0 30 0.5 1.5 4 2 1.5 0.8 0.7
N33P-1 100 0 30 1 1.5 4 2 1.5 0.8 0.7

N33P-1.5 100 0 30 1.5 1.5 4 2 1.5 0.8 0.7
N45P-0.5 0 100 30 0.5 1.5 4 2 1.5 0.8 0.7
N45P-1 0 100 30 1 1.5 4 2 1.5 0.8 0.7

N45P-1.5 0 100 30 1.5 1.5 4 2 1.5 0.8 0.7

2.2. XRD Analysis

The structure of nanocomposites was investigated using X-ray diffraction analysis.
Nanocomposites containing OMMT nanoparticles were analyzed by a Siemens D5000 X-ray
spectrometer equipped with a Cu-kα radiation source, operated at a wavelength (λ) of
1.54 A◦, a current of 30 mA, and a 40 kV working voltage. The measurements were carried
out at room temperature within 2θ = 0–2◦ with a step size of 0.02 ◦/s. Bragg’s equation
(nλ = 2d sin θ) was used to determine the distance between interplanar spacing.

2.3. Microstructural Study

Field emission scanning electron microscopy (FESEM) was utilized to examine the
phase dispersion in NBR and the microstructure of the nanocomposites. The cross-sections
of the samples that were obtained by fracturing in liquid nitrogen were examined before
and after etching. By immersing the prepared samples in methanol for 72 h, the phenolic
phase was extracted from the fracture surfaces. An oven was used to dry the resin-free
samples before being coated with gold. Finally, the phase morphology was determined
using FESEM (Tescan, MIRA3-XMU, Kohoutovice, Czech Republic) at a 30 kV voltage.

2.4. Rheology Measurements

To study the rheological behavior of the nanocomposites, a rubber processing analyzer
(RPA 2000, Alpha Technologies Co., London, UK) was used. Prior to the curing procedure,
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frequency sweep tests were conducted at 50 ◦C, between 0.05 and 30 Hz, with a 7% strain
(linear viscoelastic region). The curing test was conducted at a temperature of 160 ◦C, with
a strain of 7% and a frequency of 2 Hz.

2.5. DMTA Analysis

Dynamic mechanical thermal analysis (DMTA) is used to test the mechanical properties
of a polymer nanocomposite when the temperature is continuously changing. The results
can be used as a technique to determine the glass transition temperature (Tg) as well as the
crystallization of polymers. The dynamic–mechanical evaluation of the nanocomposites
(5 cm × 1 cm × 2 mm) was performed using a Triton Tritic 2000 DMTA device from −100
to 100 ◦C and at a frequency of 1 Hz (as per ASTM E1640) in an air environment. The
heating rate was 5 ◦C/min and the samples underwent three-point bending.

2.6. TGA Analysis

Thermogravimetric analysis (TGA) (Pyris, Perkin Elmer, Llantrisant, UK) was uti-
lized to determine the degradation and heat stability of the nanocomposites. Approxi-
mately 5 mg of the sample was thermogravimetrically analyzed in a nitrogen environment
(flow rate = 60 cm3 min−1) at temperatures ranging from 25 to 800 ◦C, at a heating rate of
10 ◦C/min.

2.7. Mechanical Properties

To determine the tensile properties, a tensile instrument (STM-5, Santam, Tehran, Iran)
equipped with a heating chamber was employed. The experiment followed the ASTM
D412 standard. The evaluation of the samples was carried out at three temperatures of 50,
25, and 75 ◦C, at a speed of 500 mm/min. Additionally, each sample was tested three times
to determine the average values of tensile strength, modulus, as well as elongation at break.

The hardness of the samples was determined using Zwick 3100 shore hardness testers
from Germany based on ASTM D-2240. The samples were approximately 4 mm thick, and
the value of hardness was determined after 3 s. For each sample, three measurements were
taken and the average was reported.

3. Results and Discussion

3.1. Curing Properties

Table 3 shows the curing properties that were obtained from measuring the changes
in torque with time at 160 ◦C. As the results demonstrate, with the increase in the amount
of acrylonitrile in NBR rubber, the vulcanization torque and scorch time in the rubber
and blend samples increased. In the N45 sample, the percentage of butadiene groups
decreased, which reduced the sites available for crosslinking. On the other hand, due to the
higher polarity of the acrylonitrile groups, they formed the rigid part of the NBR rubber,
resulting in an increase in the torque value. The structures of the polymers are presented in
Figure 1. In the N33P and N45P samples, a reduction in the scorching time occurred because
the resin helped vulcanization and thereby the formation of sulfur bridges. Because the
resin contained phenol and formaldehyde groups, it helped in the formation of a complex
between the activator and its vulcanizing agents and reduced the scorch time. Nevertheless,
an increase in the vulcanization time in N33P and N45P compared to N33 and N45 could
be associated with the resin’s interference in the reaction of sulfur bridges with each other
and, therefore, the crosslink formation. Moreover, the enhancement of vulcanization torque
in the blends—in particular, N45P compared to N33 and N45—could be the result of the
hardening effect of the phenolic phase.
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Table 3. Cure parameters of the samples.

Sample
Scorch Time

(min)
Cure Time

(min)
MH−ML (dN·m)

Cure Rate
(dN·m/min)

N33 2.7 6.5 11.9 0.9
N33P 2.4 6.8 13.6 0.9

N33P-0.5 2.3 6.8 14.0 1.0
N33P-1 2.1 6.3 14.5 1.0

N33P-1.5 1.7 5.8 15.5 1.1
N45 3.8 7.2 12.2 0.8

N45P 3.6 10.2 15.8 1.2
N45P-0.5 3.5 10.1 16.9 1.2
N45P-1 3.4 10.0 17.6 1.3

N45P-1.5 3.2 9.8 20.3 1.4

Figure 1. Chemical structure of NBR and phenolic resin.

A significant increase in the torque difference was observed by adding the phenolic
resin, which could be the consequence of the thermosetting behavior of the phenolic resin
during the vulcanization of the rubber at high temperatures. The results of the vulcanization
rate show that the rate of vulcanization is related to the percentage of acrylonitrile. There
were more butadiene groups in N33 compared to N45; therefore, more active sites were
provided to form sulfur bridges, crosslinks were formed in a shorter time, and the curing
speed increased. However, in blends—in particular, in the N45P sample—there existed a
higher interaction between the rubber chains and phenolic phase, and on the other hand,
due to the increase in polarity caused by the acrylonitrile groups, the attraction among
rubber chains increased and crosslinks were formed more quickly. Therefore, the rubbers
showed a lower curing rate compared to the blends.

With increasing the clay nanoparticle content, the torque increased because the mo-
bility of polymer chains and crosslinks was decreased in the presence of nanoparticles so
that, by adding 1.5 phr OMMT to N33P, the enhancement of the torque difference ranged
from 13.6 dN m to 15.5 dN·m. Furthermore, a reduction in the scorch and cure times was
observed in nanocomposites owing to the presence of ammonium groups on the surfaces
of the OMMT nanoparticles, which accelerates crosslinking [21]. Similar to the rubber and
blends, N45-containing nanocomposites showed larger scorch and cure times, resulting
from lower butadiene groups. In all samples, the difference in vulcanization torque was
increased by the addition of nanoparticles. The amount of reinforcement and the acry-
lonitrile percentage in the NBR phase are the two key parameters that change the torque
difference so that, by increasing the acrylonitrile percentage and the nanoparticles, the
final vulcanization torque increases. The chain mobility is reduced and the torque after the
completion of the vulcanization increases due to good interaction between the particles and
nitrile rubber/phenolic resin blend. In all samples, the cure rate increases when increasing
the content of nanoparticles. The heat transfer to the nanocomposite is improved by an
increment in the density of solid nanoparticles, increasing the cure rate.

131



Polymers 2022, 14, 1463

3.2. XRD Analysis

The most important parameter that affects the rheological, mechanical, as well as
physical properties of polymer-based nanocomposites is the dispersion of nanoparticles in
the polymeric matrices and the ability of the polymeric chains to intercalate the galleries.
Hence, in order to determine the intercalation and the increase in the galleries, tests such as
XRD could be beneficial for obtaining the dispersion state and distances between layers
of OMMT. In this study, Bragg’s law was used to obtain the distance between layers.
The XRD patterns of OMMT and the nanocomposites containing 1.5 phr of OMMT are
shown in Figure 2. The OMMT powder presents a characteristic peak in 2 = 0.3, which
corresponds to a d-spacing of 239.7 nm. As shown in the figure, the addition of 1.5 phr
of OMMT to the blends containing 33% and 45% acrylonitrile reduced the 2 to 0.2 and
0.19, respectively. Increasing the distance between the layers indicates the entry of polymer
chains into the OMMT galleries, especially in the N45P-1.5 sample. Better interaction of
the matrix containing a higher percentage of acrylonitrile, and thereby a higher degree of
polarity, with the polar surface of the nanoparticles, resulted in the better dispersion of
nanoparticles in the matrix. Figure 3 schematically shows the intercalation of NBR chains
in OMMT galleries. Nitrile groups can interact with the polar surfaces of clay layers or
polar groups of aliphatic modifiers.
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Figure 2. X-ray diffraction patterns of OMMT, N33P-1.5, and N45P-1.5.

Figure 3. Schematic illustration of the intercalation of NBR chains in OMMT galleries.
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3.3. Rheology

Figure 4a,b show the complex viscosity ( *), which is obtained from real and imaginary
parts, vs. the frequency changes before the vulcanization process. According to the results,
the viscosity increases with the percentage of acrylonitrile. This is because the segments
containing acrylonitrile groups along the rubber chains have higher stiffness. In the blends,
the complex viscosities were higher than those of the rubber samples due to enhanced
crosslinks in the presence of the phenolic phase. The higher density of the crosslinks
increases the force required for the deformation of the blend specimens, increasing the
viscosity in the frequency sweep test. At higher frequencies, the entanglements between
the chains open, and the viscosity is reduced significantly as the shear rate increases
simultaneously [22,23].

Figure 4. (a,b) Complex viscosity ( *) vs. the frequency changes; (c,d) Variations in the storage
modulus (G′) and the loss modulus (G”) with frequency at 50 ◦C between 0.05 and 30 Hz with
7% strain.

As shown in Figure 4a,b, * increases when increasing the content of nanoparticles
because of the interaction enhancement between the OMMT nanoparticles and the matrix.
At higher frequencies, the shear rate increases, leading to the disentanglement of the
chains, weakening of matrix/nanoparticle interactions, and a significant decrease in the
complex viscosity. In N33P and N45P samples, when the amount of OMMT nanoparticles
increases to 1.5 phr, the viscosity increases by around 55% and 60%, respectively. The
higher viscosity of the samples with higher acrylonitrile content results from the polar
nature of OMMT nanoparticles.
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Figure 4c,d depict the variations in the storage modulus (G′) and the loss modulus
(G”) with frequency. As seen, both the storage and loss moduli increase with increasing
frequency. The elastic behavior is higher at high frequencies. Moreover, the G′ and G”
are higher in N45P compared to N33P. Higher G” in samples with a higher percentage
of acrylonitrile can be related to the viscous movements of the chains and a decrease in
the flexibility of these samples. As a result of phenolic resin addition, G′ increases due
to the increase in stiffness resulting from its thermosetting behavior, and on the other
hand, the reduction in its reversibility has increased the loss modulus. As the content of
nanoparticles increases, the storage modulus increases, especially at lower frequencies,
indicating stronger interactions between the matrix and the nanoparticles, as well as
network formation and the semi-solid behavior of the nanocomposites. On the other hand,
increasing G” with the increase in the content of nanoparticles could be associated with
viscous motions, particularly at higher frequencies. The viscous motions include breaking
chains, weakening the matrix/nanoparticle interactions, as well as destroying the network
of the nanoparticles.

3.4. Microstructure

To study the OMMT distribution, the FESEM analysis was used for the samples
containing 1.5 phr nanoparticles before and after etching (Figure 5). As shown in the
figure, good dispersion of the phenolic phase in the NBR phase is observed, which shows
that the two polymers are highly compatible with each other. Nanocomposites that have
a higher acrylonitrile percentage have more finely dispersed phase particles. In other
words, higher polarity has caused a better interaction with the phenolic phase, resulting
in improved compatibility. The presence of nanoparticles is shown with arrows in the
figure. It is clear that OMMT nanoparticles are well dispersed in the matrix, which can lead
to the production of nanocomposites with enhanced final properties. After etching, the
elimination of the phenolic phase caused the formation of some pores, the size of which
varied in different samples. Smaller pores are observed in N45P compared to N33P because
of the better compatibility between the phenolic phase and N45 rubber. The incorporation
of OMMT nanoparticles has improved the compatibility between the two phases and made
the dispersed phase finer. Moreover, the tendency of clay nanoparticles to the phenolic
phase (proximity of nanoclay to pores) is due to the polarity of OMMT particles.

3.5. Mechanical Properties

In Table 4 and Figure 6, the results of the tensile test at 25, 50, and 75 ◦C are reported.
As shown, the use of N45 results in better tensile properties. However, the mechanical prop-
erties of the samples are weakened significantly by increasing the temperature. Moreover,
the mechanical properties change from rubber to pseudo-plastic due to the phenolic resin
addition, leading to the enhancement of the tensile strength and modulus, and a reduction
in elongation at break. The tensile strength of blend specimens at the three temperatures
is much higher than those of rubbers. In addition, the elongation of rubber samples is
higher compared to blend samples due to the greater flexibility and elasticity of rubber.
Furthermore, the use of NBR with a higher percentage of acrylonitrile and the addition of
phenolic resin increased the stiffness and resistance of the sample to tensile force, which
led to an increase in modulus.
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Figure 5. Microstructure of the blends and nanocomposites before and after etching in different magnifications.

Table 4. Mechanical properties of the samples at 25, 50, and 75 ◦C.

Sample
Strength (MPa) Elongation (%) Modulus (MPa)

25 ◦C 50 ◦C 75 ◦C 25 ◦C 50 ◦C 75 ◦C 25 ◦C 50 ◦C 75 ◦C

N33 3.54 ± 0.32 1.61 ± 0.24 1.30 ± 0.14 627 ± 22 243 ± 12 162 ± 4 0.97 ± 0.10 0.95 ± 0.08 0.92 ± 0.04
N33P 8.60 ± 0.30 2.87 ± 0.14 1.97 ± 0.18 420 ± 8 193 ± 3 111 ± 4 2.48 ± 0.20 1.73 ± 0.11 1.47 ± 0.18

N33P-0.5 9.26 ± 0.18 3.26 ± 0.20 2.21 ± 0.20 401 ± 6 188 ± 3 114 ± 4 3.58 ± 0.25 2.13 ± 0.18 2.06 ± 0.14
N33P-1 9.64 ± 0.15 3.34 ± 0.15 2.43 ± 0.11 379 ± 10 181 ± 4 109 ± 6 4.05 ± 0.18 2.35 ± 0.14 2.21 ± 0.09

N33P-1.5 9.31 ± 0.25 3.42 ± 0.15 2.55 ± 0.12 345 ± 7 158 ± 3 87 ± 3 4.91 ± 0.36 2.38 ± 0.20 2.36 ± 0.21
N45 7.43 ± 0.61 2.26 ± 0.32 1.59 ± 0.14 773 ± 32 293 ± 18 178 ± 7 1.28 ± 0.18 2.38 ± 0.14 2.36 ± 0.09

N45P 12.68 ± 0.39 5.82 ± 0.24 3.50 ± 0.17 432 ± 4 217 ± 2 134 ± 4 5.92 ± 0.35 3.92 ± 0.15 3.27 ± 0.14
N45P-0.5 13.29 ± 0.35 6.06 ± 0.20 3.96 ± 0.15 430 ± 6 210 ± 3 149 ± 7 6.56 ± 0.25 4.31 ± 0.12 3.44 ± 0.11
N45P-1 14.07 ± 0.35 6.29 ± 0.20 4.11 ± 0.10 401 ± 8 207 ± 4 137 ± 4 6.62 ± 0.14 4.45 ± 0.16 3.75 ± 0.08

N45P-1.5 14.39 ± 0.25 6.26 ± 0.15 4.25 ± 0.20 383 ± 7 181 ± 2 125 ± 6 7.19 ± 0.28 4.66 ± 0.24 3.90 ± 0.18
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Figure 6. Stress–strain curves at 25, 50, and 75 ◦C for (a) N33P and N33P-1.5; (b) N45P and N45P-1.5.

Various factors affect the mechanical properties of nanocomposites, including the
microstructure, mixing conditions, the interaction between polymer and filler, and filler con-
tent. According to the results, the addition of OMMT improves the mechanical properties at
different temperatures, while the mechanical properties are deteriorated by increasing the
temperature. When the temperature of the sample increases, the distance between rubber
chains increases; hence, the interaction of the chains with the nanoparticles is weakened;
therefore, the stress is not transferred properly. Thus, the samples have little resistance to
the applied tensile force and the nanocomposites break at lower applied forces. One of
the objectives of this study was to add nanoparticles to alleviate a significant reduction in
the mechanical properties with increasing temperature. Another factor that is observed is
that, with increasing temperature, the decrease in tensile properties is more tangible for
samples containing N45, which is due to its higher plastic properties in comparison with
the samples containing N33. The difference between the glass transition temperature of the
phenolic phase and the test temperature is much less than that of the NBR phase; therefore,
the samples containing phenolic resin or samples containing N45 are more sensitive to the
temperature change.

Increasing the concentration of nanoparticles positively affects the mechanical prop-
erties of the samples and significantly reduces the effect of the temperature increase on
the tensile parameters. The improvement in mechanical properties by the addition of
nanoparticles has also been reported by other researchers [24–26]. At a certain temperature,
with increasing nanoparticle concentration, tensile properties such as strength, elongation
at break, and modulus increase. However, with higher content of nanoparticles, the elon-
gation at break, which is an indicator of the chain movement ability, is reduced due to
the planar morphology of OMMT, thus leading to the restriction of the movement and
elongation of the polymer chains. According to the FESM images (Figure 5), nanoparticles
were relatively well dispersed in both samples containing N33 and N45, and the effec-
tive interaction of polymer chains was achieved at the interface of nanolayers. Therefore,
transferring the applied stress from the matrix to the reinforcement occurs well, resulting
in an increase in the tensile strength. The addition of nanoparticles to both NBR blends
with different acrylonitrile percentages increases the modulus of the samples. In other
words, nanoparticles with plate morphology have a need for higher stress to deform the
samples, and the modulus enhances with increasing nanoparticles. Due to the higher
polarity, N45-containing samples show higher interaction with the phenolic phase; thus,
they have better mechanical properties.
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The results of the hardness test are shown in Figure 7. As the figure shows, the
stiffness of the rubber has been increased by the addition of phenolics to the NBR due to
the increased crosslinking. On the other hand, the hardness increases with the addition
of OMMT to the nitrile rubber/phenolic resin blend. Previous reports also showed the
hardness increase upon increasing the proportion of nanoparticles [27]. The more difficult
penetration of the test indenter into samples containing N45 is due to the higher Mooney
viscosity of these samples.
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Figure 7. Hardness results of the samples.

3.6. DMTA Analysis

To evaluate the dynamic–mechanical properties of nanocomposites containing 1.5 phr
OMMT, the DMTA test was used. Figure 8a shows the storage modulus variation in the
temperature range of −100 to 100 ◦C, and the changes in tan δ (G′′/G′) are shown in
Figure 8b. According to the results, the blends and nanocomposites have a characteristic
peak of Tg, showing the very good compatibility of these two phases, which was also
observed in the FESEM images of the samples. Samples containing N45 have a Tg peak at
higher temperatures, so N33P and N45P blends have Tg of 6.7 and 19.1 ◦C, respectively.
Increasing the percentage of acrylonitrile in NBR increases the glass transition temperature.
In the presence of the polar groups of acrylonitrile, the interaction among polymer chains
increases; hence, a higher temperature is needed to make chains move, and therefore Tg
increases. On the other hand, increasing the percentage of acrylonitrile has increased G′.
The increment in hydrogen bonds in the presence of higher acrylonitrile groups and thereby
higher polarity is considered the reason for the increase in G′ [28].

In the case of nanocomposites, the results show that the addition of nanoparticles to
the blends increases the loss factor and shifts Tg to higher temperatures. The reason could
be the increase in interfacial interactions between the matrix and the nanoparticle. The
enhancement in the interactions results in the restriction of the mobility of the polymer
chains and the increase in Tg [29]. The increase in the tan δ is also ascribed to the increase in
filler/filler interactions [30]. Changes in storage modulus with temperature also indicate an
increase with the addition of nanoparticles due to the OMMT plate morphology and their
high hardness. Moreover, OMMT nanoparticles were more effective on N45-containing
samples due to their polar characteristic. Adding 1.5 phr of OMMT increases the G′ of
N33P and N45P by 15% and 18%, respectively.
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Figure 8. DMTA analysis results of the samples from −100 to 100 ◦C, at a frequency of 1, in an air
environment; the heating rate was 5 ◦C/min; (a) storage modulus; (b) loss factor.

3.7. TGA

TGA analysis of selected samples, its first derivative, and the decomposition tem-
perature and char residue are given in Figure 9 and Table 5, respectively. According to
the figure, all samples show thermal degradation in the temperature range of 300–400 ◦C
because of the breakage of phenolic and NBR chains. N45P has higher thermal stability
than does N33P, which is probably due to polar acrylonitrile groups, which cause higher
interactions between the polymer phases, leading to their destruction at higher tempera-
tures [31]. By adding OMMT to the blends, degradation occurs at higher temperatures so
that the addition of 1.5 phr of OMMT to N33P and N45P increases the thermal degradation
temperature by approximately 23.4 and 27.1 ◦C, respectively. Moreover, by the addition
of OMMT nanoparticles, the rate of thermal decomposition is reduced. The reason is that
nanoparticles play the role of a physical barrier against the diffusion of small gas molecules
upon thermal degradation. When the distribution of nanoparticles is better, the thermal
stability of the nanocomposite is higher. Similar results are observed in the exothermic
peaks shown in the derivative curve. Additionally, in the presence of nanoparticles, the
char residue of nanocomposites has increased [1,32].

(a) (b)

Figure 9. TGA analysis of the blends and nanocomposites conducted from 25 to 800 ◦C at a heating
rate of 10 ◦C/min; (a) weight vs. temperature; (b) its first derivative.
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Table 5. Thermal decomposition properties of the blends and nanoparticles.

Sample
Decomposition (Onset)

Temperature (◦C)
Peak Temperature

(◦C)
Char Residue

(wt%)

N33P 373.8 422.8 12.3
N45P 380.3 431.4 15.8

N33P-1.5 397.2 434.9 16
N45P-1.5 407.4 444.7 17.1

4. Conclusions

In this study, the effects of NBR polarity and OMMT addition on the rheological proper-
ties, mechanical performance at high temperatures, and thermal stability of NBR/phenolic
resin blends were investigated. The XRD patterns showed that by adding nanoparticles,
the distance between the galleries increased. By adding the phenolic resin, the scorch
time was reduced and vulcanization time increased. In nanocomposite samples, with an
increase in the amount of OMMT nanoparticles, both the scorch and vulcanization times
decreased. The final torque and the cure rate of the samples were enhanced by increasing
the nanoparticles’ percentage. By the addition of phenolic resins and nanoparticles, the
storage and loss modulus increased. The complex viscosity also exhibited a similar trend
upon increasing the content of nanoparticles. The tensile test at ambient temperature
indicated that the phenolic resin addition changed the mechanical behavior from rubber to
pseudo-plastic. Moreover, the addition of nanoparticles significantly reduced the thermally
induced degradation of mechanical properties. The incorporation of the nanoparticles led
to an increase in the loss factor and also the glass transition temperature. Decomposition
and the char residue in the TGA test increased when adding nanoparticles in N33P and
N45P. This study provides an insight into the formulation and design of composite materi-
als based on NBR/phenolic resin with high mechanical performance and thermal stability
for applications in which high mechanical properties and flexibility are required.
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Abstract: This paper systematically explains the methodology and results of empirical work on the
development of a low-cost filament winding technology for manufacturing axisymmetric polymer
composite structures with a high length-to-diameter ratio, such as tubes, motor casings, and pressure
vessels. The principal objective was to examine the experiences and most optimal practices in the
development of computer-controlled equipment and auxiliary tooling for the wet filament-winding
process. To preclude expensive commercial software for the automated control of a winding machine,
analytical equations were derived for the winding trajectory of a four-axis filament-winding machine.
The feasibility of the proposed equations was successfully validated by laying the fiber along the
geodesic path marked on the surface of a cylindrical mandrel with hemispherical ends. Moreover, the
carbon/epoxy cylindrical casings with hemispherical ends and port openings of the same diameter
were wound to determine the thickness distribution in the hemispherical dome. The fiber volume
ratio in the wound composite parts was evaluated using an optical technique.

Keywords: filament winding; winding trajectory; composite casing; polymer composite

1. Introduction

Filament winding technology has been deployed extensively in the aerospace industry
since the early 1940s [1] and has persistently garnered interest from the scientific com-
munity. Data from Google Scholar, published in an insightful review on the automated
manufacturing and processing of fiber-reinforced polymer composites, revealed the pres-
ence of a markedly high number of papers concerned with filament winding even in recent
times [2]. However, the acquisition of composite structures with a unique shape of revolu-
tion and dimensions by university laboratories or startups requires sizeable investments.
Under these conditions, small companies typically seek alternative solutions. University
teams, however, can potentially benefit from sponsorship by equipment manufacturers,
as demonstrated in the case of the production of filament-wound rocket fuselages [3].
Another tenable solution is the development of in-house low-cost equipment for filament
winding [4].

A multitude of reports have highlighted the practicability of in-house laboratory equip-
ment for assessing new filament winding techniques and for the experimental fabrication of
advanced composite materials. Reference [5] presents a five-axis filament winding machine
(FWM), including a numerical control unit and liner. It is suggested in [6] to increase
the fiber volume ratio and decrease the void volume ratio of the composite casing. An
environmentally friendly FWM, without any discernible loss of quality was devised by the
separation of the resin components with their controllable feeding initially to a conventional
static-mixer and subsequently to a custom-designed resin impregnation unit [7,8]. In the
study reported in [9], the development of a controller using the B-spline interpolation tech-
nique entailed the construction of a three-axis FWM. A succinct description of the filament
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winding hardware that features precision guidance of the carbon nanotube-based material
is given in [10]. A “spiral-winder” was developed for the manufacturing cylindrical lami-
nated veneer lumber in [11]. The majority of the said research had a narrow purview with
their focus on specific scientific problems and engineering solutions related to filament
winding technology, and only a few details were presented regarding the cost-effective
design of the filament winder, its control system, and winding technique.

The volume ratio and decrease in the void volume ratio of the composite casing were
recorded. An environmentally friendly FWM, without any discernible loss of quality was
devised by the separation of the resin components with their controllable feeding initially
to a conventional static-mixer and subsequently to a custom-designed resin impregnation
unit [7,8]. In the study reported in [9], the development of a controller using B-spline inter-
polation technique entailed the construction of a three-axis FWM. A succinct description of
the filament winding hardware that features precision guidance of the carbon nanotube-
based material is given in [10]. A “spiral-winder” was developed for the manufacturing
cylindrical laminated veneer lumber in [11]. The majority of the said research works had a
narrow purview with their focus on specific scientific problems and engineering solutions
related to filament winding technology, and only a few details were presented regarding
the cost-effective design of the filament winder, its control system, and winding technique.

The methodology and results of one of the first attempts to design a low-cost computer-
operated wet filament winding system for manufacturing cylindrical and conical parts
or a combination of components are delineated in [12]. The associated system is accom-
panied by a software written in the AUTOLISP parametric programming language for
the visualization of the winding patterns. Another innovative lathe-type machine based
on a wet winding method is presented in [13]. The cost of the system is low because
of the implementation of a rigid automation: the control system is not controlled by a
computer, but is rather based on relays, limit switches, a timer, and a counter. Similar
low-cost design solutions have been presented, which are based on a speed control of two
DC [14] or AC motors [15]. An ingenious small-scale FWM has also been developed for
educational purposes [16]. This machine generates helical winding patterns with angles
ranging from 40 degrees to 80 degrees. The mandrel is driven by a cheap AC motor with
a relatively constant speed. The translational motion of the carriage with delivery eye is
provided by a stepper motor, which is more sophisticated in terms of control. All of the
mentioned systems have only two controllable axes that apply known limitations on a
variety of wound parts.

An example of modernization of a two-axis winder by adding two more controllable
axes is systematically detailed in [17]. In fact, one axis is adjusted manually (the distance
between delivery eye and mandrill) and the other axes are driven by three DC motors
with the same number of controllers. An efficacious low-cost solution is presented in [18],
wherein a three-axis filament winder is equipped with one AC motor for the mandrel
rotation and two AC servo-motors for the translation of the carriage. Servo-motors are
controlled by the LabView software. A three-axis portable FWM was developed with an
extensive use of the standard accessories for fabrication of hobby and laboratory machines,
such as OpenBuilds V-Slot aluminum profile and other parts (bearings, fixtures, pulleys,
belts, etc.) [19]. All the three axes of the winder are driven by stepper motors and controlled
by the microcontroller Arduino Uno and drive the expansion board computer numeric
control (CNC) Shield. Universal G-Code Sender software is used to send commands from
the computer to the winder in [20]. More recently, winders were equipped with mobile
software for wireless control [21]. The winding performance was assessed as satisfactory in
accordance with the criteria of the angle deviations and accuracy of the distance between
two adjacent helical roving positions in [22]. In addition, tubular structures have been
manufactured with the use of commercial software for generation of winding trajectory [23].
Notwithstanding the low-cost design philosophy deemed critical in the aforementioned
projects, the validation of the final product has been demonstrated for the structural
components with a non-sophisticated shape, such as tubes.
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A methodical description of a three-axis filament winder with an original technical
solution for the third degree of freedom (DOF) is given in the references [24,25]. Fibers are
consolidated by a twisting of the tow to form a bar of a circular cross-section. The twisting
can be performed by a rotation of the delivery carriage. Nevertheless, the developed equip-
ment only allows for the manufacturing of wrapped tow reinforced trusses. A meticulous
description of small-scale equipment with four DOF that combines the filament winding
with automated fiber placement is provided in reference [26]. A noteworthy advantage of
the contemporary technology is the likelihood of manufacturing components with concave
surfaces. However, the validation was fulfilled only with numerical simulations and not
by manufacturing the test specimen, the former being less complex and arduous than
the latter.

At present, there exist several commercial programs for generating the filament wind-
ing trajectories that use the mandrel’s shape as the initial data [27]. As stated in [28], a
more intricate approach for path generation is currently under investigation to enhance the
quality of the final product. The approach considers the alteration in the mandrel’s shape
due to an uneven thickness distribution of the ply from previous winding. Acquisition of
the commercial software for path generation increases the final cost of the technology, and
the latter approach requires the application of expensive equipment.

Another way to make the technology more cost-effective is the development of ana-
lytical solutions to determine the winding trajectories performed by components of the
FWM [29]. Depending on the shape of the mandrel, the fibers are laid along geodesic or
non-geodesic trajectories. In accordance with reference [30], which contains analytical solu-
tions for the winding paths of the parameterized shells of revolution, geodesic trajectories
provide the most stable and economical technique for filament-wound structures.

An efficacious, viable solution for the smooth winding motion is delineated in [29].
However, it is applicable only for two-axis FWMs. An analytical solution for four- and
five-axis machines is described in the form of the coordinates for the feed-eye trajectory
and the mandrel rotation [5,31]. Nevertheless, the solution in reference [5] only provides
satisfactory results for the spherical dome when the distance from the delivery eye to the
surface of the mandrel is zero. A generic kinematic model of the machine movements
to create a particular filament-wound product, on a particular machine configuration, is
discussed in reference [32]. The mathematical approach adopted for the derivation of the
executive expressions in [31,32] demands tremendous effort or skill from an FWM operator.

The primary objective of this work was to design low-cost computer-controlled equip-
ment for the filament winding of small-size axisymmetric aerospace structures, such as
tubes, casings, and pressure vessels. The secondary objective of the work was to obtain
simple and comprehensive analytical equations for the delivery eye trajectory by referring
only to analytic geometry. The derived equations were used for the winding of a cylindrical
casing with hemispherical domes, whose polar openings are of the same diameter.

The validation of the suggested low-cost winding technology was conducted by
manufacturing small-scale composite casings to evaluate the thickness and fiber volume
ratio of helical plies. The dimensions of the designed casing are close to the size of the test
motor of a hybrid propellant decelerator [33].

2. Materials and Methods

2.1. Constituents of the Composite Material

Carbon fiber, being the most difficult fiber to manage [1], has been used in this study
in the filament-winding process to appraise the capability of the proposed system under
demanding situations. Continuous carbon fiber tows based on polyacrylonitrile Teijin Car-
bon HTS45 E23 12K (Table 1) and epoxy resins of different grades produced by Huntsman
(Table 2) were used for manufacturing the casing on the developed winding machine.
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Table 1. Properties of the carbon fiber tow 1.

Parameter Minimal Nominal Maximal

ρ f , tex 720 800 880
ρ, g/cm3 1.77 1.80 1.83
F1 f , MPa 4050 4500 4950
E1 f , GPa 228 240 252

1 as affirmed by local supplier Texiglass.

Table 2. Cure schedules for three types of resin-impregnated tows.

Designation Resin Composition
Initial Viscosity at

25 ◦C 1, mPa·s Cure Schedule

LY1564 Araldite
LY1564/XB3473 1000–1200 30 min at 130 ◦C + 12 h at

160 ◦C

LY5052
Araldite

LY5052/Aradur
TM5052

600–700
(to 1500 after 56–60 min) 24 h at 25 ◦C + 15 h at 60 ◦C

1 manufacturer’s data.

The fiber volume ratio was determined using an optical technique based on an image
analysis of micrographs of transverse cross sections of the coupons. The fiber volume
ratio was calculated as a ratio of the area of the fiber cross sections to the total area within
the frame of the micrograph. The thresholding tool of the open-source software ImageJ
1.53e was used to determine the area of fiber cross sections on the 8-bit micrograph with a
magnification of 400×.

2.2. Calculation of the Winding Parameters

The winding parameters for the casing with hemispherical domes were calculated
in accordance with the methodology and the recommendations delineated in [34,35]. The
geodesic trajectory is feasible for the cylindrical pressure vessel with hemispherical domes
of the radius Rc and polar openings of the equal radius rp (Figure 1).

The winding angle for the cylinder βc was calculated by equation:

βc = arcsin
rp

Rc
(1)

Along the length of the cylinder Lc, the mandrel has to rotate with a turn-around angle
Φc computed as follows:

Φc =
Lc tan βc

Rc
(2)

The winding angle at any point on the surface of the hemispherical dome βs can be
defined as a function of the z-coordinate as:

βs(z) = arcsin

√
R2

c − z2
p

R2
c − z2 (3)

In addition, the turn-around angle on the hemispherical dome Φs can be defined as a
function of the z-coordinate as well:

Φs(z) =
∫ z

0

1
R2

c − z2

√
R2

c − z2
p

z2
p − z2 dz (4)
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Figure 1. The definition of the winding parameters for a geodesic trajectory.

To lay the fiber along one side of the hemispherical surface, the mandrel ought to
rotate by a turn-around angle equal to Φs, given as:

Φs =
∫ zp

0

1
R2

c − z2

√
R2

c − z2
p

z2
p − z2 dz =

π

2
(5)

The turn-around angle for one winding cycle Φ1 can be computed as:

Φ1 = 2Φc + 4Φs (6)

The fiber crosses any latitude of the mandrel twice every winding cycle. For the
obtained value Φ1 not a multiple of 2π (360◦), the tow after one winding cycle returns to
the same latitude from which it started its trajectory but does not coincide with the starting
point. The angular pitch of winding Φ∗

p is defined as an angle measured in the direction of
the mandrel rotation between the starting and final points of one winding cycle and can be
described mathematically as:

Φ∗
p = Φ1 − 2π · integer

(
Φ1

2π

)
(7)
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The angular pitch must be increased to the closest angle, which is a multiple of 360◦

Φp =

{
60◦, 72◦, 90◦, 120◦, 180◦ when 60◦ ≤ Φ∗

p < 180◦
240◦, 270◦, 288◦, 300◦, 360◦ when Φ∗

p > 180◦

The difference between the accepted and calculated angular pitch, Φ f , distributed
uniformly between two flanges of the mandrel, can be given as:

Φ f =
Φp − Φ∗

p

2
(8)

At an angular pitch of less than or equal to 180◦, the tow returns to the same starting
point after 2π/Φp winding cycles. Thus, to cover the entire surface of the mandrel with
fibers, the mandrel must rotate every 2π/Φp winding cycles by an angle corresponding to
the width of the tow given as follows:

Φw =
b

Rc cos βc
(9)

2.3. Validation of the Analytical Solutions for the Winding Trajectory

The efficiency of the analytical solution for the kinematic motion of the FWM was
ascertained by laying the synthetic strip along the geodesic path marked on the surface of
a cylindrical mandrel with hemispherical domes. The mandrel with continuous grooves
along geodesic path is printed with polylactide filament (Figure 2). The coordinates of the
geodesic path were calculated by equations from the previous subsection. The G-code for
controlling the four axes of the FWM was compiled manually after the discretization of the
derived analytical solutions.

 
Figure 2. The mandrel with imprinted geodesic path.
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2.4. Manufacturing and Characterization of the Casing

The casing is wound over two types of mandrel with the same geometry (Rc = 60 mm,
rp = 21 mm, and Lc = 160 mm). The mandrel for the cold-curing epoxy composition LY5052
is made from polyethylene terephthalate glycolmodified (PETG) filament by 3D printing.
Water-soluble mandrel from sand/polyvinyl alcohol composition [35] was used for the
heat-curing epoxy resin LY1564. The sand components of the mandrel (Figure 3) were
molded together with aluminum bushings in low-cost silicon molds. After solidification in
an electric oven, these were mounted on a threaded shaft (Figure 4) with other components
of the mandrel, namely heat insulators and flanges. The sand mandrel was washed out
with hot water after manufacturing and curing the casing.

 
Figure 3. Solidified sand components kit for manufacturing a soluble mandrel.

 
Figure 4. The sand mandrel assembled on a threaded shaft with flanges and heat insulators.

147



Polymers 2022, 14, 1066

The average velocity of the winding was 65 mm/s and the winding pitch was 4 mm.
The thickness distribution for the spherical dome of the casing was evaluated by a

so-called flat solution, suitable for a reliable and adequate approximation of real thickness
distribution [1]. The thickness at the portion of the dome adjacent to the polar openings tdo
is constant and can be defined as:

tdo =
Rctc cos βs√

b cos
(

βc +
b

Rc

)[
2rp + b cos

(
βc +

b
Rc

)] (10)

For the rest of the dome, the thickness td is a function of the z-coordinate:

td(z) =
Rcrp cos βs√
R2

c − r2
p − z2

(11)

The predicted thicknesses were compared with the real ones measured on segments
milled from the spherical dome of the wound casings. The measurements of the thickness
were performed using a Mitutoyo digital caliper (resolution 0.01 mm) with thin jaws to
avoid a distortion of the measured value due to the curvatures of the segments.

3. Results and Discussion

3.1. Design of the Filament Winder
3.1.1. Design Concept

The vast variety of equipment and techniques applied to the filament-winding process
necessitates a comprehensive analysis of the technology to justify the design configura-
tion [36]. The common filament-wound structures used in aerospace programs are tanks,
pressure vessels, motor casings, struts, and booms [37]. Thus, the selected design concept
must be adapted to design the shells of revolution, preferably with a high length-to-
diameter ratio and appropriate for laboratory applications or a single-unit production.

In a previously conducted study [38], all filament winders were divided into two
groups, namely conventional and robotic, based on the type of the equipment. The former
has a minimum required DOF, i.e., it is optimized for specific applications [36]. The
application of an industrial robot is the typical characteristic of a robotic filament winding
complex [39]. Technical and economical comparisons of the filament winders depend
on a multitude of factors, with the most prominent being the size of the product being
manufactured, configuration of the equipment, and the level of automation. In general,
conventional FWM can accommodate mandrels with a high length-to-diameter ratio and
robotic FWM are more adapted for small components with complex shapes [38]. However,
the working envelope of robotic systems can be extended using additional linear axis.
Despite the high market demand and competitiveness, which are among the principal
merits of the conventional technology, the substitution of the rigid automation of the
conventional winders with flexible automation typical for the robotic cells discernibly
enhances the product value and market prospects [40,41]. However, robotic systems may
require skilled personnel and increased maintenance costs. Apparently, the conventional
equipment is more rational for the custom-made production of the components with a
relatively simple axisymmetric shape and high length-to-diameter ratio.

Notwithstanding the heterogeneity in the layouts of the conventional filament winding
equipment mentioned in the references [42,43], there are three archetypal basic configu-
rations [44]: a lathe-type (helical) winder, a racetrack (in-plane or polar) winder, and a
tumble winder. The racetrack (polar or in-plane) winders are effective for winding angles
close to zero, but the length-to-diameter ratios of the wound parts are delimited to 1.8–2.0
to obviate the fiber slippage [43]. The tumble winder is efficient for the low-cost and
high-speed manufacturing of spherical or “Dutch cheese”-shaped shells of revolution, but
is not appropriate for winding hoop layers on cylindrical surfaces [45]. The configuration
of a tumble winder suggested in reference [39] is capable of manufacturing long structures,
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but imposes demanding requirements on the rigidity of the mandrel holding structure.
The lathe-type winders are the most prevalent and conventional machines with some
limitations in the range of extremely small winding angles. Other disadvantages of the
lathe-type machines include high delivery eye translations and accelerations in comparison
with the racetrack or tumble winders. However, none of these drawbacks preclude the
extensive use of the lathe-type configuration for manufacturing the axisymmetric aerospace
structures mentioned above. Another cogent reason that renders a conventional lathe-type
machine more appropriate for the applications presented here is the correlation of its cost
with the number of DOF [36]. The sufficient number of DOF for the filament winder is
determined by a number of independent parameters that describe the relative orientation
between delivery eye and mandrel [39]. The greater the number of DOF the winder has,
the more intricate the wound part and the control system are anticipated to be [46]. By the
adoption of the conventional methods of linear algebra, it was shown that FWM must have
at least six DOF [39]. However, for tow-winding, the sufficient number of DOF is four, as
the twisting of the tow is of less importance. For the axisymmetric mandrel, some of the
independent parameters might be constant. For instance, the distance between the surface
of the mandrel and delivery tool might be constant for the helical tow-winding around the
cylindrical mandrel. Thus, the number of sufficient DOF decreases to two. Components
that are more complex than a cylinder can be wound with only two DOF [29]. It is worth
noting that a low number of DOF requires a more elaborate calculation of the delivery
eye trajectory and speed [31]. An additional DOF eliminates unrealistic translations in the
winder components [32]. Consequently, the configuration with four DOF was selected for
the filament winder under consideration.

From the three impregnation methods described in [47], only wet/dry winding has a
widespread application for aerospace components. For occasional non-batch applications,
the wet winding method is more advantageous when compared with the dry method for
the following reasons [47,48]: (1) enhanced variety of fiber/resin combinations; (2) lower
probability of fiber damage; (3) longer shelf life for resins, while prepregs must be stored in
a freezer for a limited period; (4) room temperature cure; and (5) lower cost. Moreover, the
wet winding equipment can be easily readjusted for prepreg winding.

The latter is considered available and straightforward from two roving impregnation
systems, a dip-type and a drum-type bath system [49]. Notwithstanding the poor control
over the fiber volume ratio that leads to an excess of resin, the drum-type bath systems have
a wide application in industry. A doctor blade device may adjust the required resin-film
thickness on the drum, restricting the amount of resin that can enter the polymer composite.
Thus, the proposed low-cost technology for the irregular or laboratory production of the
polymer composite shells of revolution with a high length-to-diameter ratio is based on
a lathe-type filament winder with four DOF and a proper bath-type resin impregnation
system. This low-cost concept is predicated on the extensive use of standard aluminum and
steel profiles for the structural frames, off-the-shelf mechanical and electronic components,
3D-printed parts, obsolete personal computer and cheap software for the control system,
and manual generation of the control codes supported by analytical equations. In addition,
there are no complex adaptive tensioning systems. The pretension is provided by a simple
tensioning mechanism, such as rotating scissor bars with manual adjustment [50]. The
variation in fiber tension can be minimized by the appropriate feed-eye trajectory [31].

3.1.2. Description of the Filament Winder

The system for the filament winding comprises the main units formed by the winder,
the stationary creel, and the operator’s workplace (Figure 5). The stationary creel is a carbon
steel shelf that holds a maximum of four fiber packages on a cardboard tube. The operator’s
workplace is a desk equipped with a monitor, a keyboard, and a mouse. The winder was
installed on a carbon steel stand holding cabinets for the control system, protected from
resin leakage by a silicone layer.
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Figure 5. The devised low-cost filament winding system.

There are four fully controlled axes in the filament winder (Figure 6): X is the rotation
of the mandrel, Y is the linear translation of the carriage along the mandrel’s axis, Z is the
linear translation of the delivery eye across the mandrel’s axis and A is the eye-rotation axis.
A stepper motor with a frame size established by the National Electrical Manufacturers
Association (NEMA) is the primary source of torque for all controllable axes. The torque
from the stepper motors to the executive mechanisms is transferred through the timing belt
drive (axes Y, Z, and A).

The planetary drives with reductions of 1:10 and 1:5 are installed between the stepper
motor and the timing belt of axes X and Y, respectively.

The winder consists of two primary assembly units: a frame and a carriage. The frame
is made from a V-slot aluminum profile and holds the stepper motors of axes X and Y
(Figure 7). The tailstock is equipped with both a rotating center and drill chuck to provide
a variety of clamping methods. A pair of linear guides with slide blocks for installation of
the carriage is also included.

150



Polymers 2022, 14, 1066

 

Figure 6. Kinematic diagram of the winder: N·m—unit for torque; NEMA—motor frame size; 1:5
and 1:10—reduction ratios; z—number of teeth.
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Figure 7. Assembly components of the filament winder frame (sensors are not shown): 1—aluminum
V-slot profile; 2—stepper motor with planetary reduction drive; 3—timing belt; 4—slider block;
5—linear guide rail; 6—lathe chuck; 7—tailstock with tool set.

The carriage encompasses three subassemblies (Figure 8): the carriage frame, the
impregnator, and the delivery head. The carriage frame is made from a V-slot aluminum
profile (Figure 8a). Two braces are installed in a gantry plate between the mini wheels. The
timing belt, whose ends are fixed to the extremities of the braces, provides linear translation
Z of the braces. The middle portion of the belt is pulled over the GT2 timing pulley, which
is driven directly by the stepper motor. The impregnator (Figure 8b) is installed between
the carriage braces and consists of a heated resin bath with an impregnation drum, rotating
scissor bars with manual adjustment, a couple of guides, and a tension compensator with
a torsion spring. The tension compensator works similarly to a rotating scissor bar and
the distance between the bars can also be adjusted. The hollowed drum is made from
high density polyethylene to facilitate rotation. The guides are made from stainless steel
or polyoxymethylene (POM). The delivery head (Figure 8c) is responsible for the fourth
controllable DOF and consists of an aluminum tube supported by a set of mini wheels. The
tube holds the delivery eye with a couple of rollers made from POM.
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Figure 8. Assembly components of the carriage: (a) frame, (b) impregnator and (c) delivery head; 1—
roller; 2—hollow pulley; 3—closed timing belt; 4—stepper motor; 5—brace; 6—timing belt; 7—frame;
8—bracket; 9—gantry plate with mini wheels; 10—static bar; 11—tension compensator; 12—water
basin; 13—drain; 14—impregnation drum; 15—doctor blade; 16—rotating scissor bars; 17—guide;
18—heating element; 19—thermostat; 20—terminal for the heating element; 21—fixture of the timing
belt at the end of the brace; 22—proximity sensor Z; 23—limit switch Y.

3.1.3. Control System

The control system of the filament winder is based on commercial software ArtSoft
Mach3, a widely used solution for custom-made CNC machines [51]. The Mach3 software,
in combination with a breakout board, virtually transforms a PC into a CNC machine
controller.

The breakout board was incorporated to translate signals from the PC to the winder’s
components (drivers, switches, and sensors) and vice versa (Figure 9). The low-cost
isolating breakout board “Mach3 Interface Board,” adopted for the control system, also
functions as circuit protection. The requirement of an auxiliary 12–24 V power supply for
the switch control can be confirmed as the primary disadvantage of the board.

A low-performance PC (1 GHz processor) with an obsolete version of Microsoft Win-
dows (2000, XP, Vista) can be employed for a direct connection from the PC’s motherboard
to the “Mach3 Interface Board” through a parallel port [52]. This approach considerably
reduces the cost of the control system. The stepper motors with encoders are used to
enhance the accuracy of tow deposition. Contact-limit switches are used to prevent the
Y and Z linear axes from causing damage to the structure of the winder. The winder is
equipped with relocatable proximity sensors, whose primary function is to establish a
home position or a reference position (origin of the Y and Z coordinates). The heating
control of the impregnation bath is separated from the control system. It is equipped
with a simple thermostat that maintains a predetermined temperature of the resin in the
impregnation bath.
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Figure 9. Control system diagram.
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3.2. Trajectory of the Delivery Eye

To place the tow along the geodesic path when the distance between the delivery
eye and the mandrel surface is not zero, equations for the coordinates of the delivery-eye
trajectory are indispensable.

The tow runs over a large circle of the sphere [34], thus the trajectory of the tow
is a circle that lies in a plane. The coordinate system of the plane xyz is formed by an
elemental rotation of the mandrel’s coordinate system xyz about axis x by an angle βc
(Figure 10a). For simplicity, it is considered that the trajectory of the delivery eye is also
a circle (Figure 10b), and therefore, the distance λ between the delivery eye E and the
mandrel surface M is constant.

 
Figure 10. Delivery eye trajectory for the spherical dome: (a)—yz-plane; (b)—xz-plane; (c)—xy-plane.

The closed-line segment EM must be tangential to the surface of the dome. It is
calculated through the radius Re, defined by the operator:

λ =
√

R2
e − R2

c . (12)
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The coordinates of the delivery eye in the coordinate system xyz are defined through
the variable angle α depicted in Figure 10b:

xe = MC − MB = Rc cos α − λ sin α,
ye = 0,

ze = AB − BE = Rc sin α − λ cos α.
(13)

The coordinates of the delivery eye in the mandrel’s coordinate system xyz are defined
by the following well-known equations of linear algebra:

xe = xe,
ye = ye cos βc − ze sin βc,
ze = ye sin βc + ze cos βc.

(14)

Substituting Equations (13) into (14) provides

xe = Rc cos α − λ sin α,
ye = − rp

Rc
(Rc sin α + λ cos α),

ze =

√
Rc2−rp2

Rc
(Rc sin α + λ cos α).

(15)

The coordinates of the delivery eye are obtained through controllable DOF (i.e., in the
coordinate system of the winder), which are determined from Figure 10c in terms of the
coordinates in the mandrel’s coordinate system xyz.

X = tan−1 ye
xe

,
Y = ze,

Z =
√

xe2 + ye2.
(16)

Finally, substituting Equations (15) into (16) provides the formulas for the delivery eye
trajectory as a function of α

X = tan−1
[
− rp(Rc sin α+λ cos α)

Rc(Rc cos α−λ sin α)

]
,

Y =

√
Rc2−rp2

Rc
(Rc sin α + λ cos α),

Z = ((Rc cos α − λ sin α)2 +
(

rp
Rc

)2
(Rc sin α + λ cos α)2)

1/2
.

(17)

An involute screw surface analytically described in a Cartesian coordinate system [53]
provided the coordinates of the delivery eye trajectory for the cylindrical part of the mandrel
(Figure 11):

xi = Rc cos θ + λ sin βc sin θ,
yi = Rc sin θ − λ sin βc cos θ,

zi = Rcθ cot βc − λ cos βc.
(18)

Here, angle θ is a function of the axial coordinate z:

θ =
z tan βc

Rc
. (19)

The delivery eye trajectory is given through controllable DOF of the winder as follows:

X = z tan βc
Rc

,
Y = z,

Z = ((Rc cos θ + λ sin βc sin θ)2 + (Rc sin θ − λ sin βc cos θ)2)
1/2

(20)
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Figure 11. Delivery eye trajectory for the cylinder.

The angle of the eye rotation axis A depends on the winding angle, such that the axis
of the roller must be perpendicular to the direction of the tow:

A =
π

2
− β (21)

Here, β is calculated by Equation (3) for the hemispherical dome and by Equation (1)
for the cylinder.

3.3. Validation of the Analytical Solution for the Winding Trajectory of the FWM

The length of the cylindrical part of the mandrel Lc = 84.1 mm is chosen in such a
manner that the imprinted grooves are continuous along the geodesic path (see Figure 2)
and form a closed loop.

The winding parameters (Table 3 and Figure 12) yield the same pattern on the surface
of the mandrel for both the tow and the grooves. The trajectories of the delivery eye and
the tow calculated for the constant distance λ = 67 mm by Equations (17) and (20) are
illustrated in Figure 13. The wound pattern obtained by the calculated trajectories (the
generated G-code is given in Appendix A) corresponds to the pattern of the imprinted
grooves (Figure 14), which, in turn, substantiates the reliability and effectiveness of the
suggested equations.

Table 3. The winding parameters for the mandrel with imprinted geodesic path, in degrees.

βc Φc Φs Φ1 Φp Φf Φw

20.5 15 90 420 0 0 15
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Figure 12. Winding angle on the spherical dome.

Figure 13. Calculated trajectories of the delivery eye and the tow depicted for half of the mandrel
(λ = constant).
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Figure 14. Wound pattern on the surface of the mandrel with the imprinted geodesic path.

As the geodesic trajectory has been calculated for a filament with an infinitesimally
small width, a strip with a width of 3.5 mm partially covers the surface of the flange.
Overlap can be eliminated by decreasing the opening radius in the calculations of the
geodesic path or can be regulated with a slight displacement of the initial position of the
delivery eye out of the mandrel. However, deviations from the geodesic path are inevitable
in the latter case.

3.4. Characterization of the Casings

The winding parameters used for the manufacturing of the casings are the same for
all of the double helical plies in the layup (Table 4 and Figure 12). The winding pitch for
the 90◦ ply is 4 mm.

Table 4. The winding parameters for the mandrel with imprinted geodesic path, in degrees.

βc Φc Φs Φ1 Φp Φf Φw

20.5 57.1 90 474.2 120 2.91 4.08

Before winding the casings with carbon filament impregnated by two types of the
epoxy resin, the calculated trajectory of the delivery eye was already successfully verified
for the double angle-ply layer with use of the synthetic strip (Figure 15). The winding of one
double angle-ply layer required approximately 16 min at the maximum speed established
in the G-code, which is equal to 6000 mm/min for the linear translations (Z and Y axes)
and 6000 degrees/min for the rotational motion (X and A axes).
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Figure 15. Wound pattern of the double helical layer verified with synthetic strip (left) and the
carbon/epoxy casing LY5052 [±20.53/90] after curing (right).

The thicknesses measured along the dome wall of the wound casings with different
resin compositions and stacking sequences are in good agreement with the distribution
predicted by the flat solution, except for the portion near the flange (Figure 16), as a
result of the varying compaction performance of the composite material at the dome.
Notwithstanding the significant amount of resin drips from the casing surface before the
curing is completed, a great volume of resin is trapped inside the layer (Figure 17). At the
flange, there is a huge zone covered in resin and there are multiple pores. In the cylindrical
part, the trapped resin is between the plies and there are few pores. The most porous casing
is made from composition LY1564 (Figure 18). The size and the distribution of voids can be
attributed to the absence of an adaptive tensioner of the tow in the developed FWM and
excessive resin content inherent to the drum-type bath impregnation system. In the latter
case, the voids originate from entrapped air bubbles or from more complex local curing
effects described in the literature [54].

The evaluated fiber volume ratio is in the range of 52–55% for the casing LY5052
[±20.53/90] and in the range of 50–56% for the casing LY1564 [±20.53/90]. These data are
given for the near cylindrical parts of the casing, excluding the layer of the pure resin on
the external surface shown in Figure 17.

Although the winder can lay the fiber on the surface of the mandrel straight along the
geodesic path (Figure 14), there are compromises to be made in using the low-cost design
solutions. For the given setup, the fiber volume ratio decreases by up to 50–52% in the
cylindrical casing, depending on the resin type. According to [55], the change in the fiber
volume fraction from 50% to 65% improves the strength of the composite by at least 10%.
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Figure 16. Thickness distribution in the dome of the wound casings.

 
Figure 17. Micrographs at two opposite extremities of the dome of the casing LY5052
[±20.53/90]: voids.
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Figure 18. The selected micrographs 100× (a) of the dome near the cylindrical part of the casing
LY1564 [±20.53/90] with different content of the voids: (b) inter-ply voids in rectangular marker and
intra-ply voids in elliptical marker (200×); (c) intra-ply void between broken fibers (400×).

4. Conclusions

The presented work validates the possibility of manufacturing axisymmetric com-
posite structures, such as pressure vessels, with low-cost filament winding equipment.
The cost-effective system relies on off-the-shelf components, an obsolete computer, and an
affordable control system. The manually generated G-codes using the derived analytical
equations for the delivery eye trajectory further reduce the cost of the system. The equations
are obtained by referring only to analytic geometry and do not demand additional efforts
or specific skills from an FWM operator. The preliminary results of manufacturing trials
showed that the winder lays the fiber straight along the geodesic trajectory. Despite this
fact, there might be compromises in using low-cost design solutions. Therefore, further
works will investigate the performance of wound composite structures and the winding
accuracy of other axisymmetric and non-axisymmetric shapes. Consequently, the suggested
low-cost equipment provides small research teams with the possibility to carry out their
projects, at least in the initial development stages.
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Abbreviations

E position of the delivery eye on its trajectory;
E1 f tensile modulus of the fiber;
F1 f tensile strength of the fiber;
Lc length of the cylindrical part;
M point of tangency of the fiber to the surface of mandrel;
Rc radius of the cylindrical casing and hemispherical dome;
Re radius of the circular trajectory of the delivery eye;
rp radius of polar opening;

td(z)
thickness distribution in the dome (excluding the portion near the
opening) as a function of the z-coordinate;

tdo thickness in the dome near the opening;
zp z-coordinate of the polar opening;
α angle between axis x and radius vector to the point M in the plane xyz;
β winding angle;
βc winding angle on the cylindrical part;

βs(z)
winding angle on the hemispherical dome as a function of the
z-coordinate;

η initial viscosity, mPa·s
λ

distance between the delivery eye and point of tangency of the fiber to
the surface of mandrel;

ρ f linear mass density of the fibers;

Φ
turn-around angle (an angle of mandrel rotation to lay the tow along its
predetermined trajectory);

Φc turn-around angle for the cylindrical part;

Φs(z)
turn-around angle for the hemispherical dome as a function of the
z-coordinate;

Φ1 turn-around angle for one winding cycle;
Φ∗

p calculated angular pitch of winding;
Φp accepted angular pitch of winding;
Φ f turn-around angle per one flange;
Φw turn-around angle for the width of the tow.
CNC computer numeric control
DOF degrees of freedom
FWM filament winding machine
LVDT linear variable differential transformer
NEMA National Electrical Manufacturers Association
POM polyoxymethylene
PC personal computer
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Appendix A

 

Figure A1. G-code for the winding trajectory on the mandrel with an imprinted geodesic path
(Rc = 60 mm, rp = 21 mm, and Lc = 84.1 mm).
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Abstract: Bond length and bond interface morphology have a great influence on the performance
of metal/composite hybrid joints. In this paper, a metal/composite L-joint with groove structure
was designed, and seven groups with different bonding lengths were fabricated using the VARI
(Vacuum Assisted Resin Infusion) process to study the effect of different bonding lengths on the
performance of the joint. In the simulation analysis of the metal/composite L-joint, the stiffness
equivalence method was adopted, and the groove structure was equivalent to a 0-thickness element
layer. The applicability of the simulation method was verified by comparing the ultimate load,
displacement and failure mode of the test and simulation. Furthermore, the simulation method was
used to simulate more compression experiments of metal/composite L-joints with different bonding
lengths, and prediction diagrams of failure displacement and failure mode were produced. According
to the prediction map, when the bonding length is 100.00 mm, the metal/composite L-joint has better
compressive properties.

Keywords: metal/composite; L-joint; bonding length; failure mode; equivalent; RVE

1. Introduction

Fiber-reinforced composite materials are widely used in modern ships for their out-
standing performance in strength/weight ratio, design flexibility and electromagnetic
resistance [1–3]. Therefore, the connection between metals and composite materials is an
inevitable problem. In marine structures, L-shaped joints and similar components are very
common, for example, they are easy to find at the intersection between the board edge
and the upper deck [4,5]. The design method and performance evaluation of similar steel
structures are simple, mature and accurate for engineering. However, for metal/composite
structures, due to their many components and complex damage modes, they mostly rely
on subjective experience or direct model tests.

As one of the basic structural components of large-scale composite marine structures,
the mechanics of L-joints have been studied more in [6–8]. Feih S. and H.R. Shercliff [9,10]
predicted the failure behavior of composite L-joint structures under tensile load. The results
show that the zone criterion can predict the failure load of joints with different fillet shapes
very well, and the damage mechanics method can be used to simulate the crack propagation
prediction during failure of the adhesive. In addition, they used ABAQUS to predict the
damage and failure of the L-joint. They used a numerical model to evaluate the effects of
parameters such as curvature, thickness, stacking order and combined load on the failure
mode of the L-joints. Qin Kai and Yan Renjun [11] studied the transition of the failure
mode of the sandwich-composite L-shaped joint of the hull structure under tensile load.
They manufactured L-joints with transition zone radii (R) of 45 mm, 90 mm and 180 mm,
respectively; they then analyzed and summarized the failure modes of the L-joints. Finally,
through numerical simulation, the failure mode of L-joints with a radius from 45 mm to
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180 mm was predicted. Haiyan Zeng and Renjun Yan [12] studied the failure prediction of
sandwich-composite L-shaped joints under bending and established a numerical model to
predict the bearing capacity of the joints. The feasibility of the proposed empirical formula
was verified through experiments. Many scholars have studied the superstructure of
ship structures, focusing on the mechanical behavior of sandwich-composite L-joints. The
connection behavior of the composite structure and the hull is mainly a bolted connection
and a hybrid connection. In the current paper, a metal/composite bonded L-joint with
groove structure is proposed, and its failure behavior is studied. This study may provide a
reference for the connection between superstructure and ship structure

The purpose of this paper is to study the compressive damage behavior of metal/
composite L-joints and further investigate the effect of bond length for possible design
recommendations. In the study, a metal/composite L-joint structure design with groove
structure was proposed, and the L-joint was fabricated using the VARI co-curing process.
To study the effect of bond length on the compressive properties of metal/composite L-
joints, seven bond joints with different lengths were designed, and their failure modes
were analyzed in detail. In the simulation analysis of metal/composite L-joints, due to the
complexity of the groove structure and the multi-faceted and multi-scale problems, the
parameter study of the groove structure required lots of calculations. Therefore, the stiffness
equivalence method was adopted, and the groove structure was equivalent to a 0-thickness
cohesive layer to facilitate numerical analysis. The parameters of the 0-thickness cohesive
element layer were calculated using the RVE method. The feasibility of this method was
verified by comparison between the experiment and the simulation.

2. Specimen Manufacturing and Testing

The metal/composite L-joint consisted of a metal corner and two composite laminates.
The L- type metal crutch was a right-angled connector, and its size and schematic diagram
are shown in Figure 1 (bonding length = 55.00 mm). As shown in Figure 1, the thickness of
the corners of the metal parts was 8.00 mm. The bonding area of the metal component was
composed of four identical groove structures. The thickness of the groove structure was
3.00 mm, and the distance between adjacent ones was 2.00 mm.

 
Figure 1. Schematic diagram of L-shaped metal component.

The ±45◦ groove structure was designed in the L-shaped metal component, as shown
in Figure 2. The value of 45◦ was relative to the boundary of the groove structure. Both sides
of the bonding component had groove structure, which can eliminate the warpage caused
by the groove structure. The size of the groove was determined based on previous research.
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The depth and width of the ±45◦ groove were 0.75 mm and 1.414 mm, respectively, and
the cross-sectional shape of the groove was rectangular. The distance between adjacent
grooves was 8.00 mm.

Figure 2. ±45◦ groove structure (area size: 50 mm × 50 mm).

In addition, to explore the influence of the bonding length on the L-shaped joint,
bonding components of other lengths were also designed, as shown in Figure 3. A total of
seven metal components with different bonding lengths were designed, and the bonding
lengths were 25.00 mm, 40.00 mm, 55.00 mm, 70.00 mm, 85.00 mm, 100.00 mm, and
115.00 mm, respectively.

  

Figure 3. Groove structure with different bonding lengths.

The metal/composite L-joint was made using a vacuum-assisted resin infusion (VARI)
process, and there were three specimens for each type of L-joint. The schematic diagram
of the finished product is shown in Figure 4. The composite component was composed of
two layers of 3.00 mm and three layers of 2.00 mm composite laminates. The composite
material was glass-fiber-reinforced plastic (GFRP) (MingRen composite, Harbin, China).
The fiber fabric, with a repeating length unit of T = 7.8 mm, was a plain bi-directional woven
fabric glass fiber, with a thickness of t = 0.15 mm and a surface density of 600 g/m2 [13,14].
The performance parameters of the glass fiber reinforced plastic layer were E11 = 20 GPa,
E22 = E33 = 6.545 GPa, G12 = G23 = 3.545 GPa, G23 = 1.52 GPa, ν12 = ν13 = 0.3, ν23 = 0.45.
In addition, the resin matrix was made of Ashland Derakane™ 411 epoxy vinyl ester
resin(Ashland, Catlettsburg, KY, USA), which is used to manufacture glass-fiber-reinforced

171



Polymers 2022, 14, 1051

composite laminates, and the material parameters of the resin cast body were E = 2.9 GPa
and λ = 0.3. The adhesive layer structure was formed during the curing process of the
vinyl resin.

p

Figure 4. Disassembly schematic diagram of L-joint overall schematic and component.

To verify the ultimate compressive strength of the L-joint, a compression experiment
was designed. Experiments on the L-joints were conducted on the Instron 8001 universal
testing machine (Instron, Norwood, MA, USA) shown in Figure 5. During the experiments,
the two ends of the L-joint were clamped by premade steel fixtures. The lower end was
latched onto the test bench, and the upper end was latched onto the actuator. The applied
load was controlled through the displacement of the actuator, which was set at a speed of
2.5 mm/min.

 

Figure 5. Compression test of metal-composite L-joint and direction of force.
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3. Simulation Study

3.1. Establishment of RVE Model

The representative volume element (RVE) of the bonded part was intercepted in the
study, as shown in Figure 6. In Figure 6, the established RVE model is a rectangular
parallelepiped of 10.00 mm × 10.00 mm × 3.00 mm. The ±45◦ groove structure was
symmetrical diagonally; the depth and width of the groove were 0.75 mm and 1.414 mm,
respectively; and the thickness of the adhesive layer was 0.75 mm.

Figure 6. Definition of the RVE.

When using RVE for structural analysis, periodic boundary conditions are usually
applied to the elements to achieve deformation control of the numerical model. Periodic
boundary conditions can coordinate the deformation of the adjacent contact surfaces of
RVE so that the internal deformation of the entire material model has continuity.

The symmetry boundary surface of the RVE must have the same mesh, to ensure that
any node on the boundary surface can find its corresponding node on its symmetry surface.
Assuming that P1 is a node on a certain boundary surface of the RVE and P2 is the node
corresponding to it on the symmetry plane, the positions of the node P1 and P2 must satisfy
the relationship, as follows in Equation (1):⎧⎪⎪⎨⎪⎪⎩

xP1
i = xP2

i

xP1
j = xP2

j

xP1
k = xP2

k ± 1

(i, j, k = 1, 2, 3and i �= j �= k) (1)

where xP1
i ,xP1

j ,xP1
k and xP2

i ,xP2
j ,xP2

k are the node coordinates of P1 and P2, respectively. As-

suming finite deformation and applying arbitrary average deformation gradient tensor
¯
F

to RVE, the periodic boundary condition can be expressed as Equation (2):

x(P1)− x(P2) =
¯
F[X(P1)− X(P2)]

P(P1) = −P(P2)
(2)

where X and x represent the position vectors of the nodes on the boundary surface before and
after deformation, respectively, and P represent the load acting on the corresponding nodes.

In Abaqus, the application of periodic boundary conditions of representative volume
elements is realized by introducing reference points and establishing parameter constraints.
To express the form and application process of periodic boundary conditions more clearly,
a representative volume element was established, as illustrated in Figure 7.
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Figure 7. Meshing and components of the RVE.

X1, X2, Y1, Y2, Z1 and Z2 are used to represent the node sets of the front and rear
boundary surfaces, left and right interfaces, and upper and lower boundary surfaces of
the REV, respectively. R1, R2 and R3 are used to represent the reference points associated
with the corresponding boundary surfaces. Then the constraint equation of the periodic
boundary condition can be expressed as Equation (3):⎧⎪⎪⎨⎪⎪⎩

uX1
1 − uX2

1 = uR1
1

uX1
2 − uX2

2 = uR1
2

uX1
3 − uX2

3 = uR1
3

,

⎧⎪⎪⎨⎪⎪⎩
uY1

1 − uY2
1 = uR2

1

uY1
2 − uY2

2 = uR2
2

uY1
3 − uY2

3 = uR2
3

,

⎧⎪⎪⎨⎪⎪⎩
uZ1

1 − uZ2
1 = uR3

1

uZ1
2 − uZ2

2 = uR3
2

uZ1
3 − uZ2

3 = uR3
3

(3)

The established RVE numerical model consisted of three parts: the composite compo-
nent, the adhesive layer structure and the metal component. The whole was a rectangular
parallelepiped of 10.00 mm × 10.00 mm × 3.00 mm. These parts consisted of 394,224 C3D8R
elements (as shown in Figure 7). In addition, a 0-thickness cohesive layer was defined
between the metal component and the adhesive layer structure (red area in Figure 7); a
tie constraint was applied between the composite component and the glue layer structure,
enabling hard contact between components.

3.2. Material Parameters of the Equivalent Cohesive Layer

To facilitate the analysis of complex contact surfaces, the complex groove structure
was made equivalent to a 0-thickness cohesive element layer by a direct equivalent method.
The direct equivalent method was used to calculate the equivalent stress and strain directly,
based on the average surface or volume of the field, such as stress and strain. It was then
used to solve the macro equivalent performance based on the relationship between the
macro equivalent stress and the macro equivalent strain [15].

For simple structures, the material mechanics method or elastic mechanics method
can be used to directly solve the stress and strain of each component, then average the
macro equivalent stress σ; finally, the equivalent stiffness coefficient C of the composite
material can be solved according to the definition, as shown in Equation (4):

σ=C:ε (4)

where σ and ε represent the equivalent macroscopic stress and equivalent strain, respec-
tively, and C represents the equivalent macroscopic stiffness tensor. The direct equivalent
method is mainly suitable for solving the equivalent stiffness of composite materials with
simple structures. Therefore, in practical applications, the direct equivalent method is
mainly used for the simple estimation of equivalent stiffness.

To simulate the damage failure of laminated composites in the tensile shear test, the
cohesive zone model is considered. In addition to stiffness, the initiation criteria and
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energy-based propagation criteria for crack initiation are defined. The criterion for the
initiation of interlayer damage is the law of traction separation, as shown in Equation (5):(σn

N

)2
+

(σt

T

)2
+

(σs

S

)2
= 1 (5)

where σn,σt, are σs are, respectively, the tensile stress relative to the normal direction n and
shear directions t and s. N, T and S stand for their critical values. The law of exponential
damage evolution based on the Power Low energy criterion (Equation (6)), linear softening
and mixed-mode is selected.

Gε

GεC
=

(
GI

GIC

)am

+

(
GII

GIIC

)an

+

(
GIII

GII IC

)ao

(6)

where Gε = GI + GII + GIII refers to the total energy release rate, and the value of exponent
am, an and ao are usually selected to be either 1 or 2. The areas under the traction-relative
displacement curves for modes I, II or III are the relative critical energies released at failure
GIC, GIIC and GIIIC, as shown in Equations (7) and (8):

GIC =
NδF

I
2

(7)

GIIC = GIIIC =
TδF

II
2

(8)

where δF
I and δF

II are the ultimate opening and tangential displacements, respectively [16].
When the value of the degradation criterion parameter SDEG = Gε

GεC
= 1, the 0-thickness

cohesive layer completely fails.
In this study, shear and pull-out simulations of the ±45◦ groove structure was carried

out, and the load–displacement curve obtained is shown in Figure 8. According to the
obtained data and Equations (7) and (8) above, the equivalent zero-layer viscous unit layer
parameters are calculated, as shown in Table 1.

 
Figure 8. Load–displacement curve of the shear and pull-out tests.

Table 1. Initial stiffness of the interface, damage initiation and propagation parameters.

Initial Stiffness (MPa/mm) Interlaminar Strength (MPa) Fracture Toughness (J/mm2)

Kn Kt Ks N T S GIC GIIC GIIIC

5811 5811 5811 2.05 26.53 26.53 0.085 2.65 2.65
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3.3. Simulation of Equivalent Metal/GFRP Joints

In this paper, the ABAQUS finite element software was used to numerically analyze
the compression experiment of the metal-composite L-joint, and an equal-scale numerical
model was established. The loading condition was the same as the experimental condition,
which was 2.50 mm/min, as shown in Figure 9. In Figure 9, the boundary conditions of
the fixed end were U1 = U2 = U3 = 0, UR1 = UR2 = 0. The boundary conditions of the
compressive load loading end were U3 = 0, UR1 = UR2 = 0. The metal-composite L-joint
model consisted of metal parts (Figure 9a), GFRP parts (Figure 9b,c) and interfacial cohesive
element layers (Figure 9d–f). Metal parts and GFRP parts were divided into 24,675 meshes
with element type C3D8R. The metal part (Figure 9a) is composed of two metal groove
plates with a thickness of 3.00 mm and a 90◦ corner with a thickness of 8.00 mm. The
failure of the metal structure adopted the ductile damage criterion, and the criterion for
the onset of damage, the equivalent plastic strain (εpl

D ), η, was a function of the stress
triaxiality, η = −p/q. Stress triaxiality is a parameter that describes the triaxial stress state
of a material, such as in pure shear, uniaxial tension (compression), equi-biaxial tension
(compression), and equi-triaxial tension (compression) stress states. The values of η were
0, ± 1

3 , ± 2
3 and ±∞, respectively. The GFRP parts consisted of three layers of 2.00 mm

composite board (Figure 9c) and two layers of 3.00 mm composite board (Figure 9b). To
predict the progressive damage of GFRP, the 3DHashin failure [17,18] criterion model
(used by Puck for matrix failure) was considered. In the process of loading, when some
damage was produced, the material properties were adjusted by the corresponding material
performance degradation criteria to realize the failure procedure [19,20]. The continuous
damage-mechanics constitutive model of GFRP structure was realized by the VUMAT
(Vectorized user-material) subroutine in Abaqus. The expression of the 3D Hashin failure
criterion is shown in Equations (9)–(14), and the degradation criterion is shown in Table 2.

 
Figure 9. Metal-composite L-joint model mesh and loading conditions: (a) L-type metal component;
(b) GFRP with thickness of 3.00 mm; (c) GFRP with thickness of 2.00 mm; (d) Cohesive element layer
between metal plane and GFRP; (e) Equivalent 0-thickness cohesive element layer; (f) The interfacial
cohesive element layer of GFRP.
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Table 2. Degradation rules for the material properties used in the study.

Failure Mode Failure Criterion Material Degradation Criterion

Fiber tensile failure σ11 ≥ 0 E′
11 = 0.07E11; G′

12 = 0.07G12; G′
13 = 0.07G13

ν′12 = 0.07ν12; ν′13 = 0.07ν13

Fiber compression failure σ11 < 0 E′
11 = 0.07E11; G′

12 = 0.07G12; G′
13 = 0.07G13

ν′12 = 0.07ν12; ν′13 = 0.07ν13

Matrix tensile failure σ22 + σ33 ≥ 0 E′
22 = 0.2E22; G′

12 = 0.2G12; G′
23 = 0.2G23

ν′12 = 0.2ν12; ν′23 = 0.2ν23
Matrix compression

failure σ22 + σ33 < 0 E′
22 = 0.4E22; G′

12 = 0.4G12; G′
23 = 0.4G23

ν′12 = 0.4ν12; ν′23 = 0.4ν23
Tensile delamination

failure σ33 ≥ 0 E′
33 = 0.2E33; G′

13 = 0.2G13; G′
23 = 0.2G23

ν′13 = 0.2ν13; ν′23 = 0.2ν23
Compression

delamination failure σ33 < 0 E′
33 = 0.2E33; G′

13 = 0.2G13; G′
23 = 0.2G23

ν′13 = 0.2ν13; ν′23 = 0.2ν23

Fiber tensile failure (σ11 � 0):(
σ11

Xt

)2
+

(
τ12

S12

)2
+

(
τ13

S13

)2
= 1 (9)

Fiber compression failure (σ11 < 0):

−
(

σ11

Xc

)
= 1 (10)

Matrix tensile failure (σ22 + σ33 � 0):(
σ22 + σ33

Yt

)2
+

(
1

S2
23

)(
τ2

23 − σ22σ33

)
+

(
τ12

S12

)2
+

(
τ13

S13

)2
= 1 (11)

Matrix compression failure (σ22 + σ33 < 0):

1
Yc

[(
Yc

2Sc

)2
− 1

]
(σ22 + σ33) +

(
σ22 + σ33

2S12

)2
+

(
1

S2
23

)
(τ2

23 − σ22σ33) +

(
τ12

S12

)2
+

(
τ13

S13

)2
= 1 (12)

Tensile delamination failure (σ33 � 0):(
σ33

Zt

)2
+

(
τ12

S13

)2
+

(
τ13

S23

)2
= 1 (13)

Compression delamination failure (σ33 < 0):(
τ12

S13

)2
+

(
τ13

S23

)2
= 1 (14)

where, σ11,σ22,σ33,τ12,τ13 and τ23 are the principal direction stress of the composite, 1 represents
the fiber direction, 2 represents the direction perpendicular to the fiber, and 3 represents
perpendicularity to the 1 and 2 planes; Xt, Yt and Zt are the tensile strength in the main
direction of the composite; Xc, Yc and Zc are the compressive strengths in the principal
direction of the composite; and S13, S23 and S12 are the shear strengths of the composite.

The interfacial cohesive element layer structure was mainly composed of three differ-
ent cohesive layers, namely: the interfacial cohesive layer between the metal plane and
GFRP (Figure 9d), the equivalent 0-thickness cohesive element layer (Figure 9e), and the
interfacial cohesive elemental layer of GFRP (Figure 9f). The purpose of the interfacial
cohesive layer between the metal plane and GFRP was to simulate the viscous behavior
between the untreated metal surface and GFRP (Figure 9d); and the equivalent 0-thickness
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cohesive element layer was to simulate the fracture of the cured adhesive layer resin in
the groove structure (Figure 9e); and the interfacial cohesive element layer of GFRP was to
simulate the delamination failure of GFRP (Figure 9f). The COH3D8 element format was
adopted for the cohesive elements. The bilinear shape law was generally used owing to the
analysis time and convergence problem [21–23].

4. Results and Discussion

To facilitate the elaboration and analysis of the failure mode of the metal-composite
L-joints, the structure of the L-joint is disassembled and named, respectively, as shown in
Figure 10. The composition of the metallic and GFRP components is marked in Figure 10,
and the Cohesive structure consists of three different Cohesive elements (refer to Figure 9),
defined as C-1, C-2, and C-3. Taking C-1 as an example, it consists of four independent
layers of Cohesive elements, defined as C-1-1, C-1-2, C-1-3 and C-1-4, respectively.

 
Figure 10. Schematic diagram of disassembly of metal-composite L-joint structure.

4.1. Analysis of Experimental and Simulation Results of L-Joints with Different Bonding Lengths

When the L-joints were damaged and failed, neither the metal structure nor the
GFRP structure was significantly damaged, so the failure mode analysis was based on
the equivalent 0-thickness cohesion element layer. According to different failure modes,
L-joints with different bonding lengths are divided into three groups for discussion.

4.1.1. L-Joint with Bonding Length of 25.00 mm

Figure 11 shows the load–displacement curve for an L-joint with a bond length of
25.00 mm. In Figure 11, the simulated and experimental ultimate loads are approximately
1652.02 N and 1613.74 N, a difference of 2.37%. However, the overall stiffness in the finite
element model is higher than in the experiment, and there are two main reasons for the
stiffness error. First, due to the unique geometry of the L-joint, after the initial compressive
load was applied, small defects were created in the bond area, which can cause a significant
drop in stiffness. Second, since the in-plane shear was nonlinear, it mainly existed in the
complex ±45◦ groove structure of the bonding interface, and the nonlinearity became more
significant as the load increased. As a combined effect, the displacement results in the
experiment are larger than the simulation results. The displacements when the simulation
and experiment reach the ultimate load are 4.83 mm and 5.34 mm, respectively, with a
difference of 9.6%.
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Figure 11. Load–displacement curves for L-joints with a bond length of 25.00 mm.

In Figure 11, the first load dump is due to the complete failure of C-1-1 and C-1-2,
resulting in complete separation of the adhesive interface between Metal (3.00 mm)-1,
GFRP (2.00 mm)-1 and GFRP (2.00 mm)-2. Obvious separation phenomena can be observed
on both the experimental and simulated specimens. With the increase in compressive
displacement, C-1-4 partially failed, resulting in incomplete separation of the bonding
interface of Metal (3.00 mm)-2 and GFRP (2.00 mm)-3, thus forming the second load
mutation. The third load dump was due to the complete failure of C-1-3 and the complete
separation of the bonding interface of Metal (3.00 mm)-2 and GFRP (2.00 mm)-2. Obvious
cracks were observed on both the experimental and simulated specimens. In the final stage
of the experiment and simulation, C-1-4 was still under shear load, and C-3-1 was under
peel load, resulting in the plasticity of Metal (3.00 mm)-1 and Metal (3.00 mm)-2; however,
the displacement increased and the compressive load remained stable. The simulations
agree with the experimental failure modes.

Figure 12 shows the load–displacement curve and its first-order differential curve
of the L-joint compression simulation. Observing Figure 11, no matter the experimental
or simulated compressive load, there is an obvious plateau before the sudden change.
Therefore, the load–displacement curve of the compressive simulation is derived, and its
first-order differential curve is obtained. A, B, and C in Figure 12, respectively, frame the
stable load region. On the first-order differential curve, at their corresponding displace-
ments, their derivatives are significantly reduced and greater than 0. We analyzed the entire
process of the simulation and found that a small plastic deformation occurred in Metal
(3.00 mm) before C-1 failed, and we believe that this was the cause of this phenomenon.

4.1.2. L-Joint with Bonding Length of 40.00 mm, 55.00 mm and 70.00 mm

Table 3 shows the comparison of the ultimate loads and corresponding displacements
of different L-joint experiments and simulation curves. In Table 3, the deviation ratio be-
tween the experimental and simulated ultimate loads and their compressive displacements
is within an acceptable range, indicating that the simulation can reflect the experimental
results to a certain extent.
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Figure 12. The load–displacement curve and its first derivative curve of the compression simulation
of the L-joint, and (A) The first load stabilization stage; (B) The second load stabilization stage;
(C) The third load stabilization stage.

Table 3. The comparison of the ultimate loads and corresponding displacements of different L-joint
experiments and simulation curves.

Bonding
Length

Ultimate Load/N
Displacement Corresponding

to Ultimate Load/mm

Experiment Simulation
Deviation
Ratio/%

Experiment Simulation
Deviation
Ratio/%

40.00 mm 2166.25 2308.64 6.57 6.95 6.34 8.78
55.00 mm 2075.22 2255.98 8.71 6.41 5.38 16.06
70.00 mm 2071.91 2206.83 6.51 6.42 6.10 4.95

Figure 13 shows load–displacement curves for L-joints with different bonding lengths.
In Figure 13, there is a relatively obvious slow growth phase before the first load dump, and
the reason for the dump is more complicated than that of the L-joint with a bond length of
25 mm. When the load is abruptly changed, C-1-1, C-1-2 and C-1-3 all partially failed, and
the SDEG value of C-1-1 was lower, although the compressive load decreased significantly;
however, there was no complete separation of the bonded interface. In Figure 13, C-1-1 has
less damage failure in the first load change, and peeling can be observed at the bonding
edge of GFRP (2.00 mm)-2 and Metal (3.00 mm)-1. As the failures of C-1-2 and C-1-3 were
extended, a second load mutation occurred, at which time, the bonding interface of GFRP
(2.00 mm)-2 and Metal (3.00 mm) was completely separated; this can be observed in both
experiments and simulations on obvious cracks. When the curve stabilizes, the L-joint
enters a stable failure phase. Overall, the experimental and simulated failure modes are
about the same.
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Figure 13. Load–displacement curves for L-joints with different bonding lengths: (a) 40.00 mm,
(b) 55.00 mm and (c) 70.00 mm.

Figure 14 shows the load–displacement curve and its first derivative curve of the
compression simulation of the L-joint with different bonding lengths. Observing Figure 13,
the loads of the experimental and simulated curves have a relatively gentle change stage,
and we analyze the failure mode of the L-joint. In Figure 14, the load changes from A
to B, and C-1-1, C-1-2 and C-1-3 both fail; furthermore, the plastic deformation of the
metal part is also transferred from the two sides of the Metal (8.00 mm) to the outside
and the inside of the Metal (8.00 mm), and finally transferred to the connection area with
the metal (3.00 mm). This shows that when C-1-1 does not fail, Metal (8.00 mm) will bear
the compressive load; when the load suddenly changes, C-1-1 gradually fails until it is
completely deleted, and the plastic deformation of metal parts is also transferred from
Metal (8.00 mm) to its connection area. From this, it can be inferred that the stress form
of C-1-1 changes from interfacial peeling to interfacial shearing due to the change in the
bonding length. Since the interfacial shear strength of C-1 is greater than the interfacial
peel strength, C-1-1 is not easy to damage or destroy; conversely, C-1-2 is still in a state of
interfacial peeling, so it is easier for it to fail.

4.1.3. L-Joint with Bonding Length of 85.00 mm, 100.00 mm and 115.00 mm

Table 4 shows the comparison of the ultimate loads and corresponding displacements
of different L-joint experiments and simulation curves. In Table 4, the difference rate is also
suitable, and the ultimate load and compression displacements are larger than those in
Table 3, indicating that the mechanical properties of metal-composite L-joints improve with
an increase in bonding length.
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Figure 14. The load–displacement curve and its first derivative curve of the compression simulation
of the L-joint with different bonding lengths: (a) 40.00 mm, (b) 55.00 mm and (c) 70.00 mm and
(A) The first load stabilization stage; (B) The second load stabilization stage; (C) The third load
stabilization stage.

Table 4. The comparison of the ultimate loads and corresponding displacements of different L-joint
experiments and simulation curves.

Bonding
Length

Ultimate Load/N
Displacement Corresponding

to Ultimate Load/mm

Experiment Simulation
Deviation
Ratio/%

Experiment Simulation
Deviation
Ratio/%

85.00 mm 2050.47 2232.69 9.89 7.35 6.76 8.03
100.00 mm 2615.07 2677.64 2.39 11.56 10.83 6.31
115.00 mm 2422.13 2547.18 5.16 16.57 14.82 10.56

Figure 15 shows load–displacement curves for L-joints with different bonding lengths.
In Figure 15a,b, the load variations of L-joints were mainly caused by the failure of C-1-2
and C-1-3. From the initial partial failure of C-1-1, C-1-2 and C-1-3 to the complete failure
of C-1-2 and C-1-3, the damage of the overall structure occurred from partial debonding of
GFRP (2.00 mm)-1 with Metal (3.00 mm)-1 to complete failure of GFRP (2.00 mm)-2 with
Metal (3.00 mm). Clear cracks can be seen in Figure 15a,b. In Figure 15, partial failure
of C-1-1 also occurred in the initial stage, and a clear small-scale peeling phenomenon
was found in both experiments and simulations. The incomplete failure of C-1-1 caused
the continuous bearing of Metal (8.00 mm); thus, the final stage of the load–displacement
curve no longer fluctuates wildly. When the experiments and simulations were over, the
metal-composite L-joint had higher residual strength and larger compressive displacement,
which were maintained for a longer time.
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Figure 15. Load–displacement curves for L-joints with different bonding lengths: (a) 85.00 mm,
(b) 100.00 mm and (c) 115.00 mm.

Figure 16 shows the load–displacement curve and its first derivative curve of the
compression simulation of the L-joint with different bonding lengths. In Figure 16a,b, since
C-1-1 did not fail completely, Metal (8.00 mm) was continuously subjected to bending
loads and its plastic deformation continued to increase. With the failure of C-1-2 and
C-1-3, the plastic deformation at the junction of Metal (3.00 mm) and Metal (8.00 mm) also
increased. In Figure 16, the plastic deformation of the metal part continues until the end
of the experiment and simulation. This means that in the experiments and simulations,
the metal parts undergo severe bending deformation, and the L-joint specimens undergo
significant overall inward bending. Therefore, although the metal-composite L-joint did
not experience a sudden change in load, we stopped the experiments and simulations and
considered the L-joint to have failed.

4.2. Relationship between Failure Mode and Compressive Load for L-Joints

Table 5 shows the different structural failure conditions in the joint, and its correspond-
ing compressive load before the L-joint reaches the ultimate load. In Table 5, when the
bonding length is 40.00–100.00 mm, both C-1-1, C-1-2 and C-1-3 have initial failure; when
the bonding length is greater than 85.00 mm, the Metal (8.00 mm) has initial failure. The
Metal (3.00 mm) did not fail until all L-joints reached their ultimate load.
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Figure 16. The load–displacement curve and its first derivative curve of the compression simulation
of the L-joint with different bonding lengths: (a) 85.00 mm, (b) 100.00 mm and (c) 115.00 mm, and
(A) The first load stabilization stage; (B) The second load stabilization stage.

Table 5. Simulated failure mode versus compressive load.

Failure
Structure

C-1-1 C-1-2 C-1-3 C-1-4
Metal

(8.00 mm)
Ultimate

Load

Bonding
length

25.00 mm
1058.38 N 1409.94 N 1652.02 N

Bonding
length

40.00 mm
1588.23 N 2290.35 N 2300.11 N 2190.23 N 2308.61 N

Bonding
length

55.00 mm
1746.51 N 2169.06 N 2224.84 N 2255.95 N

Bonding
length

70.00 mm
1796.48 N 2101.12 N 2172.15 N 2206.80 N

Bonding
length

85.00 mm
1525.68 N 1725.89 N 1868.06 N 1770.53 N 2232.63 N

Bonding
length

100.00 mm
1075.14 N 1444.15 N 1581.67 N 2647.89 N 2679.46 N

Bonding
length

115.00 mm
2188.98 N 2548.96 N
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The damage and failure processes of metal-composite L-joints with different bond
lengths are still questionable. When the bonding length is from 25.00 mm to 115.00 mm,
there must be a critical point, which can determine the bonding length when different
failure modes are converted. To find the critical point, more bond lengths were designed in
the paper; the compression simulation of the L-joint was performed, and the corresponding
loads of damage initiation and final failure were recorded, as shown in Figure 17. Figure 17
shows a damage and failure prediction diagram for the metal-composite L-joints. In
Figure 17, when the bond length is 40.00 mm and 95.00 mm, the ultimate load of the L-joint
changes greatly, and the main failure mode also shifts accordingly. When the bonding
length is from 40.00 to 80.00 mm, the initial failure of C-1-3 occurs, and the ultimate load of
the L-joint increases and remains stable. When the bond length is from 85.00 to 120.00 mm,
the Metal (8.00 mm) has an initial failure; the ultimate load further increases, and finally
reaches the maximum at the bond length of 100.00 mm, then remains stable.

Figure 17. Damage and failure prediction diagram for metal-composite L-joints.

4.3. Relationship between Failure Mode and Compressive Displacement for L-Joints

Combined with the analysis in Section 3.1, it is concluded that different failure modes
are closely related to compression displacement, as shown in Table 6. In Table 6, light
green indicates partial failure, dark green indicates larger failure, and yellow indicates
complete failure. When the metal-composite L-joint is subjected to a compressive load, C-1-
1 bears both the interfacial shear load and the peeling load generated by the compressive
load moment. However, as the bonding length increases, the moment of the compressive
load gradually decreases, and the shear load that C-1-1 can withstand gradually increases.
Therefore, when the bonding length increases to a certain extent, C-1-1 does not fail.
The failure of C-1-2 and C-1-3 usually occurs after the damage to C-1-1, when the shear
component of the compressive load is not on the same plane as the interface of C-1-2 and
C-1-3. As a result, C-1-2 and C-1-3 are more prone to peeling. When C-1-2 and C-1-3 failed,
Metal (3.00 mm) continued to carry compressive loads, resulting in deformation. When C-1
did not completely fail, the compressive load was transferred to Metal (8.00 mm), which
deformed the overall structure.
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Table 6. Simulated failure mode versus displacement.

Failure Structure C-1-1 C-1-2 C-1-3 C-1-4
Metal

(3.00 mm)
Metal

(8.00 mm)

Bonding length
25.00 mm

2.89 mm 4.04 mm
8.03 mm 6.12 mm 8.03 mm

4.48 mm 4.48 mm

Bonding length
40.00 mm

6.40 mm 6.40 mm 6.40 mm
6.40 mm 9.16 mm

8.61 mm 8.61 mm 9.16 mm

Bonding length
55.00 mm

5.79 mm
5.79 mm 5.79 mm

7.00 mm
7.00 mm 7.00 mm

Bonding length
70.00 mm

6.32 mm
6.32 mm 6.32 mm 6.32 mm

10.21 mm

Bonding length
85.00 mm

7.35 mm
7.35 mm 7.35 mm

9.07 mm
9.07 mm 9.07 mm

Bonding length
100.00 mm 12.00 mm 12.00 mm 12.00 mm 14.14 mm

Bonding length
115.00 mm 12.45 mm

Figure 17 can only predict failure modes under compressive loading of metal-composite
L-joints of different bond lengths before the ultimate load. The metal-composite L-joint
designed in the paper has a large residual strength after reaching the ultimate load. In
order to be able to clearly analyze the entire failure process of the L-joint, a prediction
diagram between compression displacement and failure mode was also made, as shown in
Figure 18.

 
Figure 18. Damage and failure prediction diagram for metal-composite L-joints and Metal (3.00 mm)
initial failure displacement fluctuating increasing stage (A), stable stage (B) and stable increasing
stage (C).

The solid line in Figure 18 represents the compressive displacement connection line
between C-1 and the onset of failure of the metal part. It can be seen from Figure 18 that the
initial failure displacement of C-1-1 is relatively stable, and the value is small. After C-1-1
was damaged, C-1-2 and C-1-4 suffered shear damage. Overall, their damage initiation
displacement was smaller than that of C-1-3. The initial damage of C-1-2, C-1-3, and C-1-4
in Figure 18 are mixed, and this phenomenon is caused by the different locations of stress
concentrations due to different bond lengths.
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In Figure 18, Metal (3.00 mm) had an initial failure, indicating that C-1-2 and C-1-3
had completely failed. Metal (3.00 mm) undergoes plastic deformation (plastic deformation
exceeding 0.01 is the beginning of damage), and the plastic deformation of Metal (3.00 mm)
can be divided into three stages, as shown in A, B and C in Figure 18. The initial damage
displacement of Metal (3.00 mm) in stage A was small, and the bearing capacity of the
metal-composite L-joint was weak. The initial damage displacement of Metal (3.00 mm)
in stage B was relatively stable, and the maximum displacement and residual strength of
the metal-composite L-joint were higher. In stage C, the initial damage displacement of
Metal (3.00 mm) increased with the increase in the bonding length. The damage in this
part was the mixed damage of Metal (3.00 mm) and Metal (8.00 mm). Both the maximum
displacement and the residual strength of the metal-composite L-joint were improved due
to the involvement of Metal (8.00 mm) in the bearing load.

In Figure 18, Metal (8.00 mm) begins to deform plastically, which indicates that C-1-1
has not completely failed. When Metal (8.00 mm) fails, the overall structure of the metal-
composite L-joint is bent, and its included angle is less than 90◦. When the bonding length
is less than 100.00 mm, the main failure mode of the L-joint changes from Metal (8.00 mm),
bending to Metal (3.00 mm), due to the failure of C-1-1; when the bonding length is greater
than 100.00 mm (as C-1-1 did not fail) the main failure mode of the L-joint would be the
continuous bending of Metal (8.00 mm). The initial displacement of the damage was small,
which would result in a large bending of the joint.

Based on the above analysis, we can conclude that the bonding length of 100.00 mm
is a better choice. It not only has a larger ultimate load and residual strength, but can
also undergo a larger compression displacement. However, if the metal-composite L-joint
requires no sudden change in load, the bonding length can be designed to be more than
105.00 mm. If the metal-composite L-joint requires freedom from bending deformation of
the structural main body, a bonding length between 40.00 and 90.00 mm can be selected.

5. Conclusions

In the paper, a metal/composite L-joint with a groove structure was designed and
seven groups of specimens with different bonding lengths were fabricated, to study the
effect of different bonding lengths on the performance of the joint.

(1) In the simulation analysis of metal/composite L-joints, the groove structure is equiv-
alent to a 0-thickness element layer. The applicability of the simulation method is
verified by comparing the ultimate load, displacement and failure mode of the test
and simulation.

(2) The failure modes of L-joints with different bond lengths are analyzed, and the follow-
ing conclusions are drawn: When the bonding length is 25.00 mm and 40.00 mm, C-1-1
firstly fails completely, then C-1-2 and C-1-3 fail completely, and most of thestructures
of metal components and composite components are de-bonded; when the bonding
length is 55.00 mm, 70.00 mm and 85.00 mm, C-1-1 fails first but not completely,
while C-1-2 and C-1-3 fail completely, and Metal (3.00 mm) continues to carry the
compressive load; when the bonding length is 100.00 mm and 115.00 mm, C-1 does
not fail completely. At this time, the metal component bears a large bending load, and
the overall structure of the metal/composite L-joint is greatly bent.

(3) When the bond length is 25.00–40.00 mm, after the metal/composite L-joint fails, the
metal and composite components warp due to excessive compressive displacement.
When the bonding length is greater than 100.00 mm, there is no obvious separation of
the metal and composite components, and the metal/composite L-joint has obvious
overall bending.

(4) Finally, the simulation method is used to simulate the compression of more metal/
composite L-joints with different bond lengths, and the prediction graphs of failure
displacement and failure mode are produced. According to the failure prediction dia-
gram, designers can select the corresponding bonding length according to their own
needs; this provides a reference for the design of metal/composite hybrid L-joints.
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Abstract: Voids are comment defects generated during the manufacturing process and highly sensi-
tive to moisture in the hygrothermal environment, which has deleterious effects on the mechanical
performances. However, the combined impact of void content and water-absorbed content on me-
chanical properties is not clear. Based on the random sequential adsorption algorithm, a microscale
unit cell with random distribution of fibers, interfaces and voids was established. The quantitative ef-
fects of voids content on strength and modulus under the loading of transverse tension, compression
and shear were investigated by introducing a degradation factor dependent on water content into
the constitutive model, and the different failure mechanisms before and after hygrothermal aging
were revealed. Conclusively, before hygrothermal aging, voids induce the decrease in mechanical
properties due to stress concentration, and every 1% increase in the void content results in a 6.4%
decrease in transverse tensile strength. However, matrix degradation due to the absorbed water
content after hygrothermal aging is the dominant factor, and the corresponding rate is 3.86%.

Keywords: void content; hygrothermal aging; micromechanics; failure mechanism

1. Introduction

Voids are the most common type of defects induced by the residual air during the
manufacturing process of composites [1], which significantly affect the hygrothermal aging
performances of composites by altering the stress field and moisture field [2,3]. Particularly,
void defects are highly sensitive to the moisture under the hygrothermal environment, and
they can further decrease the matrix-dominated properties, which can ultimately reduce
the service life of composite structures [4,5]. Thus, it is crucial to understand the effect of
voids on hygrothermal aging performances and reveal their failure mechanism.

Various characterization techniques were reported for identifying the microscopic
void structures and voids content, including densities measurement method [6], optical
image analysis [7], infrared thermography [8] and micro X-ray computed tomography [9].
However, these techniques are either unreliable due to inherent testing errors or complex
operations at high costs. Thus, many researchers employed the finite element method
(FEM) to study the behavior of composites with voids [10–12]. Based on the FEM model
and analytical model, a parametric study was conducted by Huang et al. [13] to reveal the
effects of voids geometry and distribution on the elastic constants. Nikopour et al. [14]
developed a representative volume element (RVE) with the order voids’ arrangement to
investigate the effect of voids on an estimation of effective transverse properties of compos-
ites. Vajari et al. [15] further developed the RVE model with random distribution of fibers
and voids, and revealed that the presence of voids significantly reduces the strength of
composites. A regression model was presented by Chen et al. [16] to predict the effects
of voids on the strength and modulus, based on FEM results. RVE models with differ-
ent distribution patterns and shapes for voids were established by Wang et al. [17], and
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the effects of voids on the transverse tensile strength considering thermal residual stress
were analyzed. A combined micro-scale and meso-scale methodology were proposed by
Mehdikhani et al. [18] to examine the effect of intra-laminar voids on the evolution of
cracks. Hyde et al. [19] vastly discussed the RVE model with a single void and a stress
concentration factor was introduced to quantify the effect of void volume fraction, void
orientation, shape density and associated void defects to illustrate mechanical properties of
the composites. Though voids are highly sensitive to moisture in the hygrothermal envi-
ronment, only several literatures reported the effects on moisture absorption performances.
Gueribiz et al. [20] proposed analytical solutions by solving unit cell problems on RVE to
determine the effective diffusivities of composites, including the Porous Matrix model,
Four-phase model and Self-consistent model, and investigated the effects of voids on the
moisture diffusivities of composites. Bourennane et al. [21] developed an RVE model with
an elliptical-shaped void, considering two types of closed and open voids, and investigated
the effects of geometric configuration and volume fraction on the moisture diffusion process
in the damage polymer matrix.

PA6 matrix can absorb about 10 wt% water [22], and the absorbed water has deleterious
effects on the mechanical performances of PA6-based composites [23–25]. It is necessary to
understand the combined impact of hygrothermal aging and voids defects on the water
absorption properties and mechanical performances for PA6-based composites. Although
extensive studies involved the effects of voids on mechanical properties, these studies
focused on composite laminates without hygrothermal aging. In fact, the failure mechanism
of composite induced by the presence of voids before and after hygrothermal aging is totally
different. Thus, to reveal the failure mechanism, the degradation of mechanical properties
dependent on the absorbed water content should be introduced into the constitutive model.

2. Computational Model Considering Hygrothermal Aging

2.1. RVE Model with Voids

The presence of void defects has deleterious effects on the service performance of
composites. Several manufacturing parameters including molding pressure, curing temper-
ature and resin viscosity can induce the formation of void defects in the matrix, as shown in
Figure 1a. In composites, voids are found in different volume fractions, shapes and sizes. In
this study, the main purpose is to reveal the effect of voids content on the water absorption
behavior and mechanical performances. Thus, the void generation algorithm fulfil the
following terms: (1) voids only exist in the matrix, and voids are approximately circular
in shape; (2) the void distribution is random, the positions of voids are automatically
generated using the random sequential adsorption (RSA)-based algorithm programmed in
MATLAB (2018a) [26,27]; (3) as shown in Figure 1b, void size distribution is in accordance
with the Weibull distribution, and the values of scale and shape are 15 and 1.5, respectively;
(4) there is no intersection between voids and fibers, and void contents of 0%, 1%, 2%, 3%,
4% and 5% are considered in this work, as shown in Figure 1c.
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Figure 1. RVE model with different contents of voids. (a) metallographic diagram of voids distribu-
tion, (b) distribution of void size, (c) geometric model.

2.2. Constitutive Models in Water Diffusion Process

Moisture absorption testing is conducted to measure the masses of PA6 resin and
CF/PA6 composites, according to the standard of ASTM D5229. Water absorption curves
are plotted by recording the masses of samples over time. Based on Fick law, the max-
imum moisture content (Mi) and the diffusivity coefficient (Di) of component materi-
als can be obtained except for voids. Based on the thermodynamic laws for air, the
water content absorbed by voids can be determined by the following equation [21]:
Mv = 0.622PV/(Patm − PV), and PV , Patm are the saturation vapor pressure and the at-
mospheric pressure, respectively. In this work, it is assumed that the diffusivity of voids is
one order of magnitude higher than that of the matrix, due to its faster water absorption
rate. More details of water absorption parameters are listed in Table 1.

Table 1. Water absorption parameters for component materials in the CF/PA6 composites immersed
at 50 ◦C water bath.

Matrix Carbon Fiber Voids Composite

Diffusivity
(
10−6mm2/s ) Dm Df Dv De f f

4.64 0 46.4 2.16
Water content (%) Mm Mf Mv Me f f

9.4 0 23.5 5.26
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The mechanical properties of the matrix and the interface decrease significantly with
the water content increasing under the hygrothermal environment. Thus, an improved
traction-separation cohesive law is developed to study the debonding failure under differ-
ent load conditions, by introducing degradation factors for strength, modulus, and fracture
energy. Carbon fibers are modeled as transversally isotropic and linear elastic. The yielding
of the PA6 matrix is described by the extended linear Drucker-Prager criterion [28], which
considers different yielding strengths in tensile, compression and shear behaviors:⎧⎨⎩ F = t − p tan β − d = 0

t = 1
2 q

[
1 + 1

k −
(

1 − 1
k

)(
r
q

)3
]

(1)

where p is the hydrostatic stress, q is the Mises equivalent stress, r is the third invariant of
deviatoric stress, β is the slope of the linear yield surface in the p–t stress plane, d is the
cohesion of the material and k is the ratio of the yield stress in triaxial tension to the yield
stress in triaxial compression.

Moreover, the ductile criterion is employed to predict damage onset of the PA6 matrix
by assuming the equivalent plastic strain as a function of stress triaxially η(η = −p/q).
Here, η takes the value of 1/3, −1/3, 0 under the uniaxial tension, uniaxial compression
and pure shear, respectively. Besides the yield criterion, the effect of water content on
the mechanical properties is also considered in this work. Experimental hygrothermal
aging has quantified the degradation rate of PA6 mechanical properties with respect to the
absorbed water content [23], and the retention percentage of strength and modulus can be
described as follows: {

σt = 37 + 100−37
1+exp[1.08 × (Mt−2.76)]

Et = 15.51 + 100−15.51
1+exp[1.66 × (Mt−2.81)]

(2)

where σt and Et are the retention percentage of tensile strength and elastic modulus after
hygrothermal aging, Mt is the water-absorbed content.

The interface behavior is described with the cohesive element model defined in terms
of bi-linear traction-separation law. Similarly, the relationship between the mechanical
properties and the water content is assumed to be the same as that of PA6 matrix. The
cohesive elements between the neighboring matrix and fiber elements are automatically
inserted in the Abaqus. All mechanical parameters used in this work are listed in Table 2.

Table 2. Mechanical properties for CF/PA6.

Fiber E f
2 (GPa) μ

f
23 α f (10−6/◦C) β f ρ f (kg/m3)

16.54 0.25 −0.83 0 1810
Matrix Em(GPa) μm σyt(MPa) σyc(MPa) αm(10−6/◦C)

2.19 0.34 25 50 4
βm ρm(kg/m3)
0.1 1080

Interface K0
n(N/mm3) K0

s (N/mm3) K0
t (N/mm3) t0

n(MPa) t0
s (MPa)

3.13 × 104 5.0 × 104 5.0 × 104 17.11 40.67
t0
t (MPa) Gc

n(N/mm) Gc
s (N/mm) Gc

t (N/mm)
40.67 0.22 0.23 0.23

3. Experimental Verification

To validate the accuracy of the FEM model, macro-mechanical testing is conducted by
comparing the strength, modulus and failure model. Firstly, CF/PA6 prepregs are prepared
by a melt impregnation technique, and CF/PA6 composite laminates are fabricated using
a high temperature compressing molding technique. The average fiber volume fraction
is 30 vol% determined by the ablation method according to ASTM D2584, and the voids
content is about 0.13% determined by optical image analysis. Then, the transvers tensile,
compression and shear test are also conducted according to the ASTM D3039, D6641 and
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D5379, respectively. Five replicated samples are used for mechanical testing, and the
corresponding strength and modulus are the average of the five tests. The strength and
modulus with standard deviation in the transvers tensile, compression and shear test are
listed in Table 3.

Table 3. Mechanical properties of CF/PA6 composites in the transvers tensile, compression and shear
test.

Transverse Tension
Transverse

Compression
Transverse Shear

Strength (MPa) 18.10 ± 1.87 52.69 ± 3.25 14.75 ± 1.28
Modulus (GPa) 3.50 ± 0.38 3.59 ± 0.16 7.60 ± 0.23

The stress–strain curves of the RVE model without voids under the transverse tension,
transverse compression and transverse shear are shown in Table 2. The blue images
in the first row are the equivalent plastic strain (PEEQ) nephogram of the whole RVE
model, which indicates the plastic deformation under the three loading modes. The white
images in the second row are the stiffness degradation (SDEG) nephogram of cohesive
elements, which indicates the damage revolution of the interface during the different
load process. The three columns of the images are corresponding to the onset of interface
failure (“1”), the peak load (”2”) and the end of loading (”3”), respectively. The mechanical
performances, including strength and modulus determined by FEM, are also compared
with the experimental data to verify the accuracy of numerical simulation.

Under transverse tension, the fiber/matrix is the main reason for the failure process.
Figure 2a shows that the initial damage occurs at the fiber poles along the loading direction
and gradually evolved to the fiber/matrix debonding. Remarkably, the stress concentration
arises in the regions where the clustering degree of fibers is relatively higher, and these
regions are susceptible to the interfacial debonding. Then, the matrix at the vicinity of
interfacial debonding undergoes plastic deformation and accumulation damaged until
ultimate failure. Final interfacial debonding at different locations are linked by matrix
cracks, and the final damage cracks of RVE are formed perpendicular to the loading
direction. Under transverse compression, the final failure is primarily through the shear
bonds of the matrix. As shown in Figure 2b, the initial failure is induced by the interfacial
debonding and then a plastic shear band is formed oriented at about 56◦ with respect to
compression direction. The shear bonds further develop along this direction, accompanied
by interfacial debonding to jointly final failure of composites. Under transverse shear, the
failure mechanism is dominated by interfacial debonding and matrix yielding. The initial
fracture is triggered by interfacial debonding, similarly to the transverse compression case.
As the matrix holds progressively shear loads, an obvious plastic band is formed and cracks
grow until the final failure, as shown in Figure 2c.

The strength and modulus determined from this work agree well with the experimen-
tal results, and the relative errors are less than 10% except for the transverse shear modulus.
The ultimate damage mode is quite similar to the experimentally observed results [29–31].

Thus, the present computational framework is effective in predicting mechanical
properties and failure modes of composites, as well as composites with void defects.
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Figure 2. Failure progression in an RVE model under the loading of (a) transverse tension,
(b) transverse compression, (c) transverse shearing.

4. Results and Discussion

4.1. Water Absorption Behavior

Several numerical approaches are available for estimating the effective moisture
diffusion coefficient of composites with voids defects by solving a unit cell problem on
the RVE model. The existing theoretical models are listed in Table 4. The diffusivity ratio
between composites and matrix (De f f /Dm) is employed to validate the accuracy of the
predicting models. Compared with the experimental value (0.47), the results of the FEM
model range from 0.52 to 0.57, which is closer to the experimental data. Thus, the FEM
model is accurate and effective, which can be selected as the benchmark to evaluate the
accuracy of the other theoretical models. As shown in Figure 3, De f f /Dm calculated from
the Four-phase model and the Self-consistent model have apparent discrepancies with
the result of FEM. In contrast, the Porous-matrix model agrees well with FEM when the
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void content is less than 1%, but the difference increases significantly with the increasing
void content.

Table 4. Several theoretical models for calculating the effective diffusion coefficient of composites
containing voids [20].

Model Expression

Porous-matrix model
De f f
Dm

=
[
1 + 2αmvVv

(Dv/Dm)−1
(Dv/Dm)+1

]
1−Vf
1+Vf

with αmv =
ρwater

Mmρm(1−vvoid)

Four-phase model
De f f
Dm

=
(1−kVf )(1+k)+Φ(1+kVf )(k−1)
(1+kVf )(1+k)+Φ(1−kVf )(k−1)

with k = (Vv + Vf )/Vf , Φ = αmv(Dv/Dm)

Self-consistent model
De f f
Dm

= 1
2(1+k)

(
λ +

√
4 Dv

Dm
(k2 − 1) + λ2

)
with λ = Dv

Dm
(1 + k(2Vv − 1)) + (1 + k(1 − 2Vv))

 
Figure 3. Comparison of prediction models and numerical simulation results.

In this study, a more accurate theoretical model based on the Halpin–Tsai equation is
developed to predict the diffusion coefficient of three-component composites containing
the carbon fiber, the PA6 matrix and the voids. The classical Halpin–Tsai equation ignores
the presence of voids, and it is widely used to predict the transverse water diffusivity of
two-component composites [32].

D′
e f f

Dm
=

1 − Vf + ψ′
(

1 + Vf

)
1 + Vf + ψ′

(
1 − Vf

) (3)

with

ψ′ = α′ Df

Dm
(4)

where Df, Dm and D′
e f f are the diffusivity of the fiber, matrix, and composite, respectively,

Vf is volume fraction of fibers, α′ and ψ′ is the moisture concentration and diffusion
coefficient gap between the fiber and the matrix, respectively, and α′ is defined as follows:
a′ = m f r f /mmrm
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To introduce the water absorption parameters of voids to the Halpin–Tsai equation,
the three-phase composite model can be divided into two two-phase composite models
(submodel-1 and submodel-2). Submodel-1 comprises the matrix and voids, and voids are
embedded in the matrix to form the porous matrix phase. In Submodel-2, the porous matrix
phase and the fiber consist of the composite. By substituting the parameters of component
materials in submodel-1 and submodel-2 into Equation (3), the transverse diffusivity of
three-component composites can be expressed as:

De f f

Dm
=

1 − Vf

1 + Vf
· 1 − Vv + α(1 + Vv)Dv/Dm

1 + Vv + α(1 − Vv)Dv/Dm
(5)

where Dv and Vv are the diffusivity and volume fraction of voids, respectively, α is diffusion
coefficient gap between voids and the matrix.

As shown in Figure 3, De f f /Dm determined by the Halpin–Tsai model based on
Equation (5) agree well with FEM results. Therefore, the Halpin–Tsai model is accurate and
effective, which can rapidly predict the transverse diffusivity of composite with different
volume fractions of voids.

As shown in Figure 4, the water absorption curves obey the Fick law, and the moisture
absorption ability can be obviously enhanced due to the presence of voids. Water absorption
parameters increase linearly as the void content increases, and every 1% increase in the
void content results in a 1.76% and 3.1% increase in the water diffusion coefficient and
water-absorbed content, respectively. The trend of curve for the water-absorbed content
versus void content agrees well with that of carbon/epoxy composites [33].

 

Figure 4. Effect of void content on the water absorption performance, (a) water content, (b) ratio
of diffusivity.

4.2. Residual Stress Evolution

Residual stresses occur in composite structures during the curing process and subse-
quence service in the hygrothermal environment, which play an important role in composite
deformation and mechanical properties. However, the experimental measurement of the
residual stresses is often costly and complicated. Alternatively, a numerical simulation
method is employed to predict the residual stresses during the process of cooling contrac-
tion and hygroscopic expansion, respectively.

As shown in Figure 5a, in the preparation of CF/PA6 laminates by the molding process,
the CF/PA6 prepreg is heated to a processing temperature, and subsequently solidified
upon cooling from 160 ◦C to the ambient temperature (about 25 ◦C). The mismatch in the
coefficients of thermal expansion (CET) between the CFs (−0.83 × 10−6/◦C) and the PA6
matrix (4 × 10−6/◦C) results in a significant difference in deformation behaviors. Figure 5d
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describes the changing revolution of residual stress for the matrix and the fiber with the
temperature, in the curing process. Through the stress nephogram and the corresponding
legend, under the deformation coordination constraint, tensile stress arises in the PA6
matrix, and compressive stress occurs in the CFs. Stress components (S11/S22, S12, Mises
stress) increase linearly with the decreasing temperature for the reference points in the CFs
and matrix (Figure 5b). In contrast, the average value of stress components for the CFs and
matrix is shown in Figure 5c. The average stresses for the CFs and matrix are relatively
small after the temperature cooling to 25 ◦C, with average Mises stress of 1.70 MPa and
1.44 MPa, respectively, which indicates the thermal residual stress is not the main reason
for the mechanical damage.

The PA6 matrix is highly sensitive to the moisture under the hygrothermal environ-
ment due to the presence of amide groups -CO-NH-, and the absorbed water content
can reach 10%. Moreover, the retention rate of mechanical properties for the PA6 matrix
decreases exponentially as the water content increases. Thus, water content has deleterious
effects on the dimensional stability and mechanical properties in the service environment.
The residual stress of hygroscopic expansion in the water absorption process can accelerate
mechanical aging.

As shown in Figure 6a, and after CF/PA6 composites’ immersion in the distilled water,
the volume of the PA6 matrix expands, while the CFs are not affected by the water. Figure 6d
describes the changing revolution of residual stress for the matrix and the fiber with the
temperature under the hygrothermal environment. Through the stress nephogram and the
corresponding legend, under the deformation constraint, compressive stress arises in the
PA6 matrix and tensile stress occurs in the CFs. Figure 6b shows the evolution of stress
components for the reference points in the CFs and matrix in the water absorption process.
The magnitude of residual stress depends on two factors: water content difference and
moisture expansion coefficients. The PA6 matrix exhibits tensile stress before hygrothermal
aging, and it is the thermal residual stress in the manufacturing process. In the initial water
absorption process, the tensile stress increases from 0.58 MPa to 1.65 MPa. It is explained as
follows: the reference point is located in the middle area of the RVE model, and the water
diffusion front has not arrived. Tensile stress arises in the middle area due to the water
content difference between the internal and external area, resulting in an increase in the
stress value. As the water diffuses into the middle area and the water content increases,
compressive stress occurs in this area, which can reduce the value of the tensile stress
and change the stress from the tension (1.65 MPa) to compression (−1.52 MPa). On the
contrary, the tension stress arises in the CFs and the stress value increases from −0.46 MPa
to 1.15 MPa, though a small fluctuation occurs in the initial process. The average value of
stress components for the CFs and matrix in the water absorption is shown in Figure 6c. The
shear stress (S12) is almost unchanged, but the normal stress (S22) of the matrix decreases
from 0.43 MPa to −1.19 MPa and that of CFs increases from −0.56 MPa to 1.63 MPa. It is
worth noting that the transverse tensile strength of CF/PA6 composites is about 9.5 MPa.
Compared with the thermal residual stress, the hygrothermal residual stress is closer to the
interfacial strength, which can promote initiation and propagation of cracks in the matrix
and interfacial debonding.
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Figure 5. Residual stress of cooling contraction in the molding process, (a) schematic diagram,
(b,c) residual stress of component material, (d) colored stress patterns.
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Figure 6. Residual stress of hygroscopic expansion in water absorption process, (a) schematic digram,
(b,c) residual stress of component material, (d) colored stress patterns.

201



Polymers 2022, 14, 901

To study the effects of voids content on the residual stress in the cooling contraction
and hygroscopic expansion process, the same material properties and boundary conditions
are applied into the RVE models with the different volume fractions of voids.

Moreover, to avoid duplication and redundancy, only the evolution of Mises stress
is selected to quantize the effects of voids content. As shown in Figure 7, the Mises stress
decreases significantly from 1.5 MPa to 0.47 MPa in the cooling contraction process, and
decreases from 3.77 MPa to 2.88 MPa in the hygroscopic expansion process. It is worth
noting that the decrease rate is evident with voids content of 1%, but the reduction trend
gradually slows down. This indicates that the stress distribution can be obviously changed,
and the presence of voids can greatly weaken the residual stress. The increase in the
voids content has slight effects on the decrease of residual stress. However, voids have
beneficial effects on the relief or decrease the residual stress to some extent. Before and after
hygrothermal aging, the effects of voids on the mechanical properties under the different
loading conditions will be discussed in the next section.

 

Figure 7. Effect of voids content on the residual stress, (a) Mises stress of cooling contraction,
(b) Mises stress of hygroscopic expansion.

4.3. Mechanical Performance and Failure Analysis
4.3.1. Voids Effects on Mechanical Performances

Figure 8 plots the strength and elastic modulus as a function of voids content without
hygrothermal aging for three loading cases, including transverse tension, compression and
shear. The voids content has more deleterious effects on the strength than the modulus
under different loading, and the reduction of strength is about two times that of modulus.
Quantitatively, voids with a volume fraction of 5% decrease the tensile strength by 32.0%
and about 16.1% for tensile modulus. In general, the strength in the transverse direction
is dominated by the performance of the matrix and the interface. However, the modulus
is depended on the modulus and volume fractions of component materials, and it can be
estimated using a rule-of-mixture law. It is important to note that the modulus of CFs
(16.54 GPa) is one order of magnitude higher than that of the matrix (2.19 GPa). Voids
change the stress distribution and lead to the stress concentration in the matrix, but has a
slight influence on CFs. Therefore, the strength is more sensitive than the modulus with
different voids contents.
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Figure 8. Effect of voids content on the mechanical performance for unaged samples, (a) strength,
(b) elastic modulus.

For the models with 5% voids content before hygrothermal aging, the transverse
tensile strength (σt) suffers the greatest reduction (32.0%), followed by that of the transverse
tensile strength (σc) with a reduction (29.8%). In contrast, the reduction of transverse
shear strength (σs) is minimum (14.15%). The reduction of modulus follows the same
order: Et (16.1%) > Ec (15.5%) > Es (9.24%). Quantitatively, every 1% increase in the void
content results in a 6.4%, 5.96% and 2.83% decrease in σt, σc and σs respectively. Similarly,
every 1% increase in voids content results in a 3.22%, 3.1% and 1.85% decrease in Et,
Ec and Es respectively. This phenomenon can be explained by the angle between crack
propagation and loading direction. The angle of crack propagation in the transverse tension,
compression and shear is about 90◦, 56◦ and 45◦, respectively. This angle is a positive
correlation with the reduction rate of mechanical performance.

There is a distinct inflection point in the evolution of strength as shown Figure 9.
When voids content is less than 1%, the reduction rate is significantly higher than from
1% to 5%. With the voids content ranging from 1% to 5%, every 1% increase in the void
content results in a 3.86%, 2.91% and 2.19% decrease in σ

′
t , σ

′
c and σ

′
s respectively. These

reductions for the models after hygrothermal aging are lower than those of corresponding
unaged models, and the failure mechanism is different. For unaged models, the voids
content is the main reason for the mechanical degradation. In contrast, the voids and the
water content combined determine the mechanical degradation after the hygrothermal
aging. However, the contribution of voids content and water content to the reduction of
mechanical performances are different. The decrease in the tensile strength induced by
voids content (32.0%) is lower than that of water content (63%), and the negative effects
of voids content are diminished. However, the variation trend of modulus is consistent
with that of unaged models. After hygrothermal aging, every 1% increase in voids content
results in a 3.16%, 2.73% and 2.13% decrease in E′

t , E′
c and E′

s respectively.

 

Figure 9. Effect of voids content on the mechanical performance for hygroscopic saturated samples,
(a) strength, (b) elastic modulus.
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4.3.2. Progressive Failure Analysis

Figure 10 shows the final damage of RVE models with three different voids content
under the transverse tension, compression and shear. It is noted that RVE models have
different final damage paths with different voids content. Voids significantly change the
stress distribution and cause stress concentration of RVE models. The initial damage is
induced around voids and the interface simultaneously, leading to the matrix damage and
interfacial debonding, respectively. Then, the cracks propagate to neighbor areas to jointly
create the final damage crack.

The final damage patterns of RVE models after hygrothermal aging and mechanical
loading are presented in Figure 11. The mechanical properties decrease significantly after
hygroscopic saturation, especially for the matrix. The presence of voids can accelerate the
matrix damage and interfacial debonding. Therefore, the number and density of cracks
increase after hygrothermal aging, compared with unaged RVE models.

 

Figure 10. Colored failure patterns of unaged samples in the (a) transverse tension, (b) transverse
compression, (c) transverse shear simulation.
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Figure 11. Colored failure patterns of hygroscopic saturated samples in the (a) transverse tension,
(b) transverse compression, (c) transverse shear simulation.

5. Conclusions

To reveal the effects of voids content on the moisture absorption performances and
mechanical properties under the loading of transverse tension, compression and shear,
RVE models with different voids contents are established and analyzed. The following
conclusions can be drawn:

(1) Water diffusion is significantly affected by the presence of voids, which significantly ac-
celerate the water absorption rate and increase the water saturation content. Moreover,
the modified Halpin–Tsai equation can effectively predict the transverse diffusivity of
composite with different volume fractions of voids.

(2) Tensile stress arises for the matrix in the cooling contraction of the molding process,
and the stress change from tension to compression after hygrothermal aging. The
stress state in CFs is just the opposite of the matrix. Stress distribution can be changed,
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and the residual stress can be greatly weakened by the presence of voids. Voids have
beneficial effects on the relief or decrease the residual stress to some extent.

(3) For the unaged composites, voids induce the decrease of mechanical properties
due to stress concentration, and every 1% increase in the voids content results in a
6.4% decrease of transverse tensile strength. However, matrix degradation due to
the absorbed water content after hygrothermal aging is the dominant factor, and
the corresponding rate is 3.86%. This indicates that the negative effects of voids
content are diminished, and hygrothermal aging is the dominant reason for the failure
mechanism.

(4) Compared with the failure images of unaged composites, the number and density of
cracks increase after hygrothermal aging, which indicates the presence of voids can
accelerate the matrix damage and interfacial debonding.
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Abstract: Pultrusion of thermoplastic composites has been the hotspot of manufacturing high-
performance thermoplastic composites in recent years. The optimization of process parameters in
the pultrusion usually needed repeated attempts, which wasted lots of manpower and material
resources. A numerical simulation method can accelerate the optimization of process parameters. In
this work, the impregnation process of reactive injection pultrusion for glass fiber reinforced nylon
6 (GF/PA6) composites was modeled and numerically simulated by a finite element/controlled
volume (Fe/CV) method. Based on Darcy’s law, the impregnation process can be regarded as the
two-phase flow (liquid resin and air) in porous media (undirectional glass fibers). The distribution of
resin flow during the impregnation was explored. The effects of pulling rate and injection pressure
on the impregnation time and resin reflux distance were analyzed, and the appropriate range of
relevant process parameters was determined. The results showed that increasing the pulling rate
can significantly control the reflux distance of resin in the impregnation mold and shorten the
impregnation time, but too high a pulling rate would increase the impregnation time. Increasing the
injection pressure can greatly shorten the resin impregnation time, but it would significantly increase
the resin reflux distance. This work can effectively guide the subsequent optimization of process
parameters of reactive injection pultrusion for GF/PA6 composites.

Keywords: thermoplastic composites; reactive injection pultrusion; impregnation; numerical
simulation

1. Introduction

Pultrusion is a continuous process of manufacturing composite profiles by impreg-
nating continuous reinforcement fibers or fabrics guided into a die to attain the desired
cross-sectional profile followed by heating to achieve curing of the material [1,2]. It has the
advantages of controllable fiber content, high raw material utilization, and high produc-
tion efficiency. The process allows the manufacture of pultruded profiles with virtually
unlimited length and higher flexibility and tensile strength compared to those prepared
with any other reactive polymer process [3,4]. Pultruded products have the advantages of
light weight, high strength, and high corrosion resistance and are widely used in construc-
tion, transportation, automotive manufacturing, aircraft, power transmission, and other
fields [5–7]. For example, the windshield bracket of the latest BMW I3 is the pultruded
continuous carbon fiber reinforced PA6 composites product, which can reduce the mass of
the whole vehicle.

209



Polymers 2022, 14, 666

During the pultrusion, the impregnation of resin to fiber reinforcement is the key to de-
termine the properties of the final product. The traditional open-bath impregnation method
can achieve good impregnation, but the volatile organic compounds (VOC) produced
may involve health risks [8]. Closed-injection impregnation was an efficient impregnation
strategy in recent years. Once launched, it was favored by many pultrusion manufacturers
and was used in the pultrusion of epoxy-based, polyurethane-based composites [9,10].
With closed-injection impregnation technology, high-speed pultrusion can be achieved by
optimizing the pulling speed, injection pressure, and structural parameters of the impreg-
nation box, and the maximum production speed can reach 3 m/min by KraussMaffei’s iPul
technology at K2019 exhibition [11]. Pultrusion involves numerous variables that affect
the quality and mechanical properties of the final products [12]. Improper pulling rate
or excessive low die temperature would lead to the decline of product performance and
even the failure of production. Traditional “trial and error” method consumed too much
manpower and material costs, when optimizing the pultrusion process parameters. In
recent years, with the rapid development of computer technology, modeling of pultrusion
has attracted more and more researchers’ interest [13–15]. Numerical simulation can ef-
fectively shorten the time of identifying appropriate process parameter. Especially for the
impregnation process of closed injection impregnation, it is the most significant target of
pultrusion modeling.

Kim et al. [16] were the first to carry out research about impregnation modeling
and established a one-dimensional permeability model based on Darcy’s law. Kommu
et al. [17] used the finite element/control volume (Fe/CV) method to solve the resin flow
equation in the two-dimensional calculation domain. Then, Rahatekar et al. [18] also
established a two-dimensional resin flow model in the impregnation box. It was found that,
in order to ensure the complete impregnation of fiber reinforcement, the injection pressure
should be increased when increasing the pultrusion speed, raising fiber volume fraction,
or reducing the compression ratio. Srinivasagupta et al. [19] found that the structure
parameters of impregnation box had significant influence on the injection pressure required
to penetrate the fiber. Liu et al. [20,21] reached the same conclusion when using the finite
element/nodal volume (Fe/NV) method to simulate the transient modeling of resin flow
front. Jeswani et al. [22] used Fe/CV method to establish a three-dimensional model of
resin flow impregnated fiber reinforcement during injection pultrusion, and predicted the
flow front of resin in the impregnation box. Masuram et al. [23,24] and Roux et al. [25,26]
further considered the influence of compression of fiber reinforcement on resin flow and
impregnation effect, so that the numerical simulation of impregnation process of injection
pultrusion molding was closer to the reality. These works mainly focused on thermosetting
composite systems.

This current work focused on the modeling and numerical simulation of impregnation
3D flow process during thermoplastic injection pultrusion of glass fiber reinforced nylon 6
(GF/PA6) composites. This technology combined PA6 anionic polymerization and injection
pultrusion. The infiltration flow of resin to continuous reinforcement during impregnation
was numerically simulated by ANSYS CFX 15.0 software. The effects of process parameters
such as pultrusion speed and injection pressure on the distribution of resin flow front and
backflow distance were analyzed, which provided a theoretical basis for optimizing process
parameters of pultrusion.

2. Materials and Methods

2.1. Materials

The pultruded profile with section size of 20 × 4 mm2 was investigated in this work.
The undirectional reinforcements were E-glass roving (ECT 4301R, 2400 tex, Df = 17 μm),
provided by Chongqing International Composite Materials Co., Ltd., Chongqing, China.
Caprolactam (PA6 monomer) was the resin for impregnating reinforcements, which was
purchased from BASF Co., Ltd., Shanghai, China. The initiators C10 (2 mol/kg) and
activators C20 (2 mol/kg) were kindly provided by Sinopharm Chemical Reagent Co., Ltd.,
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Shanghai, China. A C20 concentration of 1.0 mol% and a C10 concentration of 2.0 mol% in
caprolactam were optimized by our previous work [27,28] to be optimal formulations for
pultrusion.

2.2. Impregnation of Thermoplastic Injection Pultrusion

During the injection pultrusion, the impregnation of unidirectional reinforcement
took place in the impregnation box, as showed in Figure 1a. Continuous unidirectional
fiber bundles can be regarded as the moving porous media during the pultrusion process.
At the initial stage, the pores of the porous media were filled with hot air. The mixed
two-component resins were injected into the closed impregnation box, and penetration of
the fiber bundles was implemented by the metering pumps of reaction injection molding
(RIM) device. This physical process can be regarded as the two-phase transient flow of hot
air and liquid resin in moving porous media.

Figure 1. (a) Schematic diagram of injection impregnation process; (b) geometric parameters of
impregnation box cavity.

If the impregnation box was taken as the research object, the coordinate axis was
set at the center of the fiber entrance, as shown in Figure 1b. According to the different
cone angles, the calculation domain is divided into Region 1 and Region 2. The specific
geometric parameters are shown in Table 1.
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Table 1. Geometric parameters of impregnation box.

Geometric Parameters Value

Total length of impregnation box (L) 200 mm
Height (W) 4 mm

Region 1 length (L1) 50 mm
Region 2 length (L2) 150 mm
Entrance width (Hi) 60 mm

Region junction width (Hm) 32 mm
Exit width (Ho) 20 mm

Length from injection center to Entrance (X) 40 mm
Region 1 cone angle (tanσ) 0.28
Region 2 cone angle (tanη) 0.05

The heating temperature of the impregnation box was set as 100 °C; under this condi-
tion, the physical parameters of air and liquid resin are present in Table 2.

Table 2. Physical parameters of air and liquid resin.

Materials
Density
(kg/m3)

Viscosity
(mPa·s)

Surface Tension Coefficient
(N/m)

Contact Angle

Resin (liquid) 950 50 0.034 34◦
Air (gas) 0.946 0.0218 — —

2.3. Modeling of Injection Pultrusion

In order to establish a mathematical model of the pultrusion impregnation process,
the following assumptions are made:

(1) Low viscosity resin is incompressible Newtonian fluid;
(2) The flow of resin through the fiber reinforcement (porous medium) complied with

Darcy’s law [13];
(3) The impregnation process was isothermal, and the viscosity of the resin system was

constant;
(4) The initial pressure was atmospheric pressure (101.325 kPa);
(5) The influence of capillary force was neglected.

Darcy formula porous medium model was used to calculate the flow process of resin
system in fiber reinforcement. There were gas-liquid two-phase flows (hot air and resin)
in porous media; the two continuous phases were completely layered, and the interface
was clear. Therefore, it can be assumed that the two continuous phases shared the same
velocity field [29]. During the impregnation process, the gas–liquid two-phase flows
maintained mass conservation and momentum conservation, so the continuity equation
and momentum equation were as follows:

∂(ρ)

∂t
+∇ · (ρU

)
= 0 (1)

∂
(
ρU

)
∂t

+∇ · (ρ · U ⊗ U
)
= −∇P · δ +∇ ·

(
η ·

(
∇U + (∇U)

T
))

− η

K
U + S (2)

where ρ was the volume fraction weighted average density of liquid resin and air, t was the
time, U was the apparent velocity, the physical velocity U = ϕU, δ was the unit vector, P
was the impregnation pressure, η was the weighted average viscosity of volume fraction of
liquid resin and air, and K was the permeability (for unidirectional fiber, the permeability
takes different values in different directions). S was the momentum source term generated
by gravity. In this model, it can be expressed as:

S = (ρ − ρref) · g (3)
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where ρref was the reference density.
The gas–liquid two-phase seepage flow between fiber bundle was laminar flow, and

the volume fraction method was used to track the interface. The mass conservation equation
of liquid resin phase was:

∂(αrρr)

∂t
+∇ · (αrρr · U) = 0 (4)

αr + αair = 1 (5)

where the volume fraction of liquid resin was αr, the volume fraction of air was αair, ρr was
the density of the liquid resin, ρair was the density of air, ηr was the viscosity of the liquid
resin, and ηair was the viscosity of air. Then,

ρ = αrρr + (1 − αr)ρair (6)

αr + αair = 1 (7)

The sum of the porosity ϕ of the porous medium and the fiber volume fraction Vf was
1; thus,

ϕ = 1 − Vf (8)

For the conical impregnation box, the fiber volume fraction was not constant, but
would gradually increase in the X direction according to the gradual reduction in the
internal section of the box until the volume fraction Vf0 of the final product was reached at
the outlet of the impregnation box. So, the fiber volume fraction Vf(x) in the X direction
can be expressed as:

Vf(x) = Vf0
Ho

2H(x)
(9)

In Equation (9), H(x) was a piecewise function, which was represented in Region 1
and Region 2 of the impregnation box, respectively:

H(x) =
(Hm − Hi)

2L1
x +

Hi

2
, 0 ≤ x ≤ L1 (10)

H(x) =
H0 − Hm

2(L − L1)
(x − L1) +

Hm

2
, L1 < x ≤ L (11)

In the pultrusion process of fiber-reinforced composites, permeability was considered
to be the indicator of the difficulty of liquid resin flowing through fiber reinforcement.
Pultruded products usually had high fiber content, and the permeability K was related to
the structure of the fiber itself. This model adopts the permeability model proposed by
Gebart [30]:

K⊥ = C1

(√
Vfmax

Vf
− 1

)2.5

Rf
2 (12)

K‖ =
8R2

f
c

(1 − Vf)
3

V2
f

(13)

where K‖ was the permeability along the fiber axial direction (X direction), and K⊥ was
the permeability along the fiber transverse direction (y direction and z direction). The
parameters are shown in Table 3.

Table 3. Permeability model parameters.

Fiber Arrangement Df C1 Vfmax c

Hexagonal Arrangement 17 μm 0.231 0.907 53
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According to Equations (12) and (13) and the parameters in Table 3, when the volume
fraction of fiber reinforcement in the final product was 50%, the relationship between the
permeability (along the fiber axis and the fiber transverse direction) and the x coordinate is
shown in Figure 2.

Figure 2. Relationship between fiber permeability, porosity, and X-axis coordinate: (a) permeability
along fiber axis (X-axis direction); (b) permeability along the fiber radial (Y-axis direction); (c) porosity
along the X-axis coordinate.

3. Simulation

3.1. Software Settings

The geometric model of the simulation was drawn in Solidworks 2013 and meshed in
ICEM CFD. The maximum size of the grid was set to 0.8 mm. The automatic volume mesh
generation method was used to divide geometric model into more than 40,000 meshes
dominated by hexahedral mesh, check the mesh quality, and delete the negative mass mesh,
as shown in Figure 3.

Figure 3. Mesh division of impregnation domain.

The commercial finite element software ANSYS CFX 15.0 was used to simulate the
process of resin infiltration into fiber in impregnation box, and the transient solution was
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carried out by the finite volume (FV) method. The time step was 0.05 s, and the total
simulation time was 10.0 s. The unidirectional fiber area was set as the porous media area,
and the buoyancy model was set according to the die inclination of 5◦. The fluid phase
adopted the homogeneous model, the flow was set as laminar flow, and there was no
material transfer between the two continuous phases. The permeability of porous media
domain was different along each direction, so it was set as an anisotropic model.

The solution mode adopted a high-order solution mode, which was accurate and
reliable, and the transient solutions were set as implicit second-order backward Euler
mode. The maximum number of iteration steps was set to 20 times, and the root mean
square residual was 10−4, and the accuracy can meet the calculation requirements of this
model [31]. Multiphase control adopted a volume fraction coupling method, and the
flow front of resin in unidirectional reinforced fiber was tracked by volume fraction (VOF)
method. This method defined a fluid volume function that was the ratio of the volume of
the target fluid to the grid volume. As long as the value of this function on each grid was
known in the flow field, the moving interface could be tracked.

3.2. Boundary Conditions

The impregnation box had axisymmetric geometric structure, and the resin injection
port was located on the central axis. Therefore, in order to reduce the simulation computa-
tion work, analyzing half of the impregnation box can reflect the process of resin infiltration
into the pores between the fiber in the entire impregnation box, and the schematic diagram
is shown in Figure 4.

Figure 4. Initial and boundary conditions of impregnation process.

In the initial state, the reference pressure in the computational domain was atmospheric
pressure Patm, the porous media were completely filled with air, the liquid phase volume
fraction of resin αr = 0, and the initial velocity of the air was 0. In this model, the
impregnation box was convergent flow channel, the velocity in the x-axis direction of the
porous media domain was u0, that was, the pultrusion velocity of the composite. The
velocity V0 along the y-axis direction can be simplified by the cone angle and the pultrusion
velocity in the x-axis direction, which is expressed as:

v0 = −u0

(
y

H(x)

)
tanθ (14)

where 0 ≤ X ≤ L1, tan θ = tan σ, and L1 ≤ X ≤ L2, tan σ = tan η.
The boundary conditions were as follows:

(1) Injection port: the injection port was the pressure inlet, the injection pressure was Pi,
and the volume fraction of resin was αr = 1;
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(2) Front and rear outlet of impregnation box: at the front and rear channels of the
impregnation box, both air and resin may enter and exit, so it was set as an open
pressure boundary, and the pressure was atmospheric pressure Patm;

(3) Impregnation box wall: the fluid velocity perpendicular to the inner wall of the
impregnation box was 0, and the wall was a no-slip wall.

4. Results and Discussion

4.1. Resin Flow and Impregnation Time in Impregnation Box

The complete impregnation of the resin to the fiber reinforcement in the injection
box was the premise of preparing pultruded products with qualified performance. The
viscosity of the resin used in this work was as low as 50 mPa·s at 100 ◦C and can maintain
more than 25 min [27], which fully met the residence time requirements of the resin in the
impregnation box. Therefore, the injection pressure (Pi) was set to 0.5 bar, and pulling rate
was set to 0 cm/min preliminarily to explore the resin flow. The cross section of calculation
domain z = 0 is intercepted, and the flow distribution state of resin is shown in Figure 5.

Figure 5. Resin flow distribution in the impregnation box at different times.

It can be obtained from figure that the penetration rate along the x-axis direction
(fiber axial direction) was obviously faster than that along the y-axis direction (fiber radial
direction). At the same time, the permeation rate of the resin reflux in the negative direction
of the x-axis was faster than that in the positive direction of the x-axis. This was because the
permeability resistance along the y-axis was large, as shown in Figure 2b. In the positive
x-axis direction, due to the compression of the cross-section size, the fiber volume fraction
gradually increased, the porosity decreased, and the permeability resistance increased
greatly. This can also be illustrated from the variation of porosity along the x-axis in
Figure 2c.

When t = 8.0 s, the resin had overflowed from the entrance of the impregnation box,
which would lead to material waste or oxidative deactivation of the reaction mixture. In
the process of injection pultrusion, the fiber would move forward along the x-axis under
the action of the puller. When the pulling speed matched the resin injection flow, the resin
reflux can be effectively controlled, but an excessively high pulling rate would shorten
the residence time of the reinforcement in the impregnation box, so even the fiber bundle
cannot be fully penetrated. Therefore, optimization of process parameters and effective
control of resin reflow were also the aims of this work.

Since the impregnation box had only one injection port, the time for the resin to
completely penetrate the fiber bundle was the time for the resin to contact the wall of the
impregnation box. After that, the complete filling of the resin can be ensured under the
compression structure of the box cavity. When t = 5.60 s, the resin flow front (αr = 0.5)
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reaches the wall of the impregnation box, and the resin flow state distribution is shown in
Figure 6.

Figure 6. Flow front distribution of resin at t = 5.60 s.

4.2. Effect of the Pulling Rate

Pulling rate was not only an important but also the most easily modified parameter
in the pultrusion process [32]. Low pulling rate made it easier to control the forming of
composite materials, but it would reduce production efficiency. Although productivity was
improved at high pulling rate, the impregnation of fiber bundles was difficult to guarantee.
It was necessary to explore a suitable range of pulling rate. The effect of different pulling
rates on resin flow was studied when the injection pressure was maintained at 0.5 bar. The
distribution of the resin flow at different moments of the z = 0 section is shown in Figure 7.

Figure 7. The resin flow front with time under different pulling rates: (a) u0 = 20 cm/min;
(b) u0 = 40 cm/min; (c) u0 = 60 cm/min; (d) u0 = 80 cm/min.

As can be seen from the figure, the ultra-low viscosity resin had strong permeability
and could fully impregnate the fiber bundle within 8 s. The pulling rate and impregnation
time were not completely positively correlated, and the relationship between them is shown
in Table 4. In the range of pulling rate 0–20 cm/min, due to the high permeability along
the radial direction of the fiber in Region 1, the resin penetrated rapidly, thus shortening
the impregnation time. When the pulling rate was further increased, the penetration
rate of the resin along the positive x-axis would increase, but the permeability along the
radial direction of the fiber would be significantly reduced due to the compression of
the box structure, resulting in a severe drop in the resin flow, which required a longer
impregnation time.
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Table 4. The relationship between pultrusion speed and impregnation time.

Pulling Rate
(cm/min) 0 20 40 60 80

Impregnation Time
(s) 5.60 5.15 6.25 6.90 7.20

It can also be seen that it was difficult to control the resin reflux at low pultrusion
speed. When the pultrusion speed was 20 cm/min, the resin had almost overflowed to
the inlet of the impregnation box at 8 s. Pultrusion cannot run stably for long time under
this condition. The resin reflux phenomenon was most serious on the line of y = 0. The
relationship between the reflux distance (xf) and time under different pulling rates on y = 0
line is studied, as shown in Figure 8. When xf reached 40 mm, it meant that the resin would
overflow from the inlet of the impregnation box.

Figure 8. The relationship between resin reflux distance and time at different pulling rates.

Increasing the pulling rate can significantly reduce the reflux distance of resin. When
the pulling rate exceeded 60 cm/min, the resin reflux distance increased to a certain value
and remained basically unchanged. This was because increasing the pulling rate made
the fiber movement and resin reflux reached a dynamic balance so as to maintain the
resin flow in a stable state. The resin reflux was effectively controlled. Further increasing
the pulling rate would shorten the reflux distance of resin. When the pulling rate was
80 cm/min, the resin reflux distance was only 15.1 mm. It did not mean that the faster the
pulling rate, the better. However, when the pulling rate exceeded a certain range, the resin
moved too fast along the positive direction of the x-axis, resulting in the resin flowing out
of the impregnation box before contacting the wall, resulting in defects at the corners of the
composite products.

4.3. Effect of the Injection Pressure

Injection pressure was another key process parameter during injection pultrusion
process. Figure 9 shows the comparison of resin flow with time at various injection
pressures in the section z = 0 of the box when the pulling rate was 60 cm/min.

218



Polymers 2022, 14, 666

Figure 9. Flow front distribution of resin at different time with different injection pressures:
(a) Pi = 0.25 bar; (b) Pi = 0.5 bar; (c) Pi = 0.75 bar; (d) Pi = 1.0 bar.

It can be seen from the figure that when the injection pressure was 0.25 bar, the resin
failed to flow to the wall of the impregnation box within 8.0 s. With the increase in injection
pressure, the resin permeation rate along the fiber radial direction gradually increased
and the impregnation time was greatly shortened. The impregnation time under different
injection pressures is shown in Table 5.

Table 5. The relationship between injection pressure and impregnation time.

Injection Pressure
(bar) 0.25 0.50 0.75 1.00

Impregnation Time
(s) >8.0 5.60 4.05 2.60

With the increase in injection pressure, the reflux distance along the negative direction
of x-axis also increased, resulting in more serious resin reflux. The relationship between
resin reflux distance and time on the line y = 0 at different injection pressures is shown in
Figure 10.

Figure 10. The relationship between resin reflux distance and time at different injection pressures.
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The lower the injection pressure, the shorter the reflux distance and the easier it was to
control the resin reflux. When the injection pressure was 0.25 bar, the resin reflux distance
was only 10.7 mm, which was effectively controlled. When the injection pressure was
0.75 bar or more, the reflux distance was difficult to be controlled within 40 mm. A faster
pulling rate was required to match the high injection pressure. Although providing a higher
injection pressure can improve production efficiency, the high injection pressure was not
recommended. In this study, the porous media model was used to simulate the resistance
of fiber reinforcement to resin flow. In fact, the fiber reinforcement was flexible. Under
high injection pressure, the resin flow would impact the fiber reinforcement, resulting in
fiber compression, resulting in the defect of uneven fiber dispersion in the product [33],
which seriously affected the performance of the product. Therefore, the injection pressure
should be as low as possible when the impregnation requirements were met. It was more
appropriate to set the injection pressure in the range of 0.25–0.5 bar.

5. Conclusions

In this work, modeling and numerical simulation of impregnation in reactive injection
pultrusion of GF/PA6 composites were carried out. The process within the impregnation
box was regarded as a gas–liquid two-phase seepage flow in a moving porous medium.
Considering the influence of air in the reinforcing fibers, the impregnation process was
simulated and analyzed by ANSYS CFX 15.0 software. The following conclusions can
be obtained:

(1) The caprolactam resin had great permeability; even the injection pressure was only
0.5 bar, and the complete penetration of reinforced fiber can be realized in 0.56 s;

(2) When the injection pressure was 0.5 bar, increasing the pulling rate could shorten the
impregnation time in the range of 0–20 cm/min; when the pulling rate was further
increased, the impregnation time would increase; increasing the pulling rate can
significantly control the reflux distance of resin in the impregnation box. The reflux
distance of resin can be controlled to 15.1 mm when the pulling rate was increased to
80 cm/min;

(3) Increasing the injection pressure can greatly shorten the resin impregnation time, but
it would significantly increase the resin reflux distance and cause the resin to overflow
from the entrance of the impregnation box; a high pulling rate was required to match
the high injection pressure; it was more appropriate to set the injection pressure in the
range of 0.25–0.5 bar when the impregnation requirements were met.
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Abstract: Although dental prosthesis materials such as metal alloys, ceramics, and cured resin
composite have long been utilized to restore teeth, their bond strength and hardness values are
not well matched to human enamel. Prosthesis detachment and opposing enamel wear are major
concerns in restorative dentistry. An experimental biopolymer, hybridized enamel, was synthesized
and utilized as a dental prosthesis to compare hardness and tensile bond strength (TBS) with those of
commercial materials. Vickers hardness (VHN) with a 100 g loading for 15 s at eight indentations on
each specimen (n = 20) was measured. TBSs between prostheses and two types of resin luting agents
(n = 10), Super-Bond C&B and All-Bond2 + Duo-Link, were tested. Fractured surfaces and the luting
resin-prosthesis interface were examined under a stereomicroscope or a scanning electron microscope
(SEM). Statistically significant differences in the TBS and hardness were revealed (p < 0.05). The
experimental biopolymer provided a hardness value comparable with human enamel and the highest
TBS for both luting agent types. The SEM micrograph demonstrated a honeycomb-like pattern
interface between the experimental biopolymer and luting resin. These results suggest that this
experimental biopolymer may be a better restorative material to protect from natural enamel loss
from tooth reduction or attrition and prevent prosthesis detachment during mastication.

Keywords: dental prosthesis biopolymer; hardness; tensile bond strength

1. Introduction

There are four main types of materials used for fabricating dental prostheses—ceramics,
metal alloys, polymers, and composites. These materials are continually being developed
to obtain ideal properties for dental restorative materials. The expected requirements
include biological compatibility and permanent attachment to tooth structure with physico-
mechanical properties and color esthetics comparable with human enamel. Up until now,
none of these materials have achieved these ideal properties [1]. Tooth-colored materials
such as ceramics, porcelain fused to metal, and resin composite are widely used to make
dental prostheses because of their esthetics. The major problems that contemporary ma-
terials encounter are their hardness and reduced ability to adhere to bonding or luting
adhesives compared with natural human enamel. These factors affect tooth wear, abrasion
or attrition, and prosthesis detachment during function which are still major factors in
causing clinical failures and the short-term replacement of dental restorations [2,3].

Abrasion resistance for restorative materials should be similar to the rate of wear
of tooth enamel [4]. Vickers hardness values (HV) of base metal alloys (200–395), dental
porcelain (380), Lava zirconia (1250), light-cured resin composite (70–124), and human
enamel (274.8 ± 18.1) have been reported [1,5–8]. Materials with a higher surface hardness
than enamel tend to increase tooth wear while those with lower values are worn more
easily than occluding enamel. Even though hybrid resin composites with a high content of
high hardness fillers have a lower overall hardness value, they can also lead to antagonist
tooth wear as well as the materials themselves [1]. However, it has been proven that wear
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resistance relates to hardness which is the most commonly examined mechanical property
for prosthetic tooth materials [9,10].

Another important property for dental restorative or prosthesis materials is adhesion
to tooth structure via bonding or luting adhesives. Complete hybridization of resin into acid-
etched enamel creates a hybrid layer with cohesive failure in resin after tensile testing [11].
The hybrid layer composed of hydroxyl apatite and resin suggests mechanical adhesion is
at the monomer molecular level. This high adhesion to dental enamel and less solubility
in water makes resin adhesives more popularly used than acid-based cements. However,
their intimate attachment, either used as the luting or bonding agent for dental prostheses
or intraorally repairing restorations, respectively, mostly fail in adhesion with much less
tensile bond strength (TBS) than that of tooth structure [12–16], which can lead to the high
failure rates or short-term failure from prosthesis detachment [3]. Because of the low tensile
bond strength between resin adhesive and prosthesis, more inner surface area for bonding
is needed to provide the prosthesis retention against the masticatory load. Thus, more
invasive tooth reduction may be required to increase the prosthesis bonding interface,
which reduces the tooth strength itself.

Airborne-particle abrasion with 50 μm aluminum oxide, hydrofluoric acid etching,
or chemical primer application are routinely used on the prosthesis surface to improve
the bond strength to resin adhesives [13,15–18]. Hydrofluoric acid, a common conditioner
to decompose glass ceramics to increase surface roughness and area for higher retention
of cemented prosthesis or intraoral ceramic repairing with resin composite, can injure
soft tissues after exposure. Incidents of acute and chronic symptoms after hydrofluoric
acid exposure such as skin or nail burns, eye injuries, inhalation and ingestion-related
symptoms, or fatality have been reviewed [19]. Therefore, it is safer for both patients and
clinicians if hydrofluoric acid can be eliminated in dental restorative procedures. Exposure
to bisphenol A (BPA), the main molecule of Bis-GMA which is a core for resin matrix in
restorative materials or luting adhesives, has an association with the adverse effects in
reproductive and developmental, metabolic disease, and other health outcomes of perinatal
patients, children, and adults [20]. Thus, materials or products that are BPA-free have been
developed to prevent this risk.

There are two main types of resin matrix used to fix the indirect restoration or prosthe-
sis to tooth structure, MMA-based resin or 4-methacryloyloxyethyl trimellitate anhydride
in methylmethacrylate initiated by tri-n-butylborane (4-META/MMA-TBB) resin with
polymethyl methacrylate (PMMA) powder (Super-Bond C&B, Sun Medical, Shiga, Japan,
C&B Metabond, Parkell Inc., Brentwood, NY, USA) and bisphenol A-glycidyl methacrylate
(Bis-GMA) based resin. Tensile bond strength is the common indicator used to compare
the adhesion between restorative materials and resin luting agents. Although its value
depends on the surface treatments and material types, different testing methods also pro-
vide different TBS values for the same restorative material or luting resin. Direct tensile
testing using mini-dumbbell shaped specimens suggests that dentin bonding via hybrid
layer using 4-META/MMA-TBB resin has a significantly higher TBS than those of bonding
to prosthetic materials, i.e., base metal alloy, all-ceramic, and light-cured resin composite,
which have the with an average of 9–12 MPa [13]. While 4-META/MMA-TBB resin with
PMMA powder can provide a very high TBS of 30–40 MPa with the PMMA resin [21].

The hypothesis of this study was that the restorative material for an indirect restoration
or a prosthesis developed from biopolymer, which has a human enamel-like composition,
could provide the high adhesion to resin adhesives and the proper surface hardness to
reduce the tooth loss from occlusal wear or reduction to gain more retention of a prosthesis
that is harmless to human health. The study objectives were to compare the microhardness
and tensile bond strength of an experimental biopolymer material and the commercial
products, either metal alloy, ceramics, or light-cured resin composite, when two different
resin luting agents were utilized.
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2. Materials and Methods

The research protocol was approved by the Faculty Board Committee, Faculty of
Dentistry, Chulalongkorn University, Bangkok, Thailand.

2.1. Prosthesis Fabrication

Four types of materials were selected for testing: three commercial products, metal-
based alloy (WILLIAMS, New York, NY, USA), lithium disilicate-based ceramics (IPS
Empress 2, Ivoclar, Schaan, Liechtenstein), resin composite (Filtek Z250, 3M ESPE, St. Paul,
MN, USA), and one experimental biopolymer. The main composition of these materials is
described in Table 1. Each commercial material type, metal alloy or ceramics, was prepared
using a lost wax technique in accordance with the manufacturers’ recommendations to
make a 1 mm thickness inlay-like specimen with 4 mm × 5 mm inner and 5 mm × 6 mm
outer surfaces using a standardized silicone mold. Experimental biopolymer specimens
were shaped by a single operator. Resin composite was fully filled in the standardized
silicone mold and light-cured for 40 s using Elipar Trilight (3M ESPE, USA) and finally
polymerized in Labolight LVIII (GC Accord, Tokyo, Japan) for 5 min.

Table 1. Main composition of the tested materials.

Type of Materials Main Composition

Metal alloy Ni-Cr-Be-based alloy
Ceramics Lithium disilicate in glass matrix core ingot, Veneering Layer, Glaze liquid

Resin composite
Bis-GMA (Bisphenol A diglycidyl ether dimethacrylate), UDMA (urethane

dimethacrylate), Bis-EMA (Bisphenol A polyethylene glycol diether
dimethacrylate), 0.01–3.5 μm silica/zirconia fillers (60% by volume)

Experimental
Biopolymer Etched bovine enamel infiltrated with methylmethacrylate resin

2.2. Microhardness Test

The outer surfaces of resin composite and experimental specimens were abraded
with silicon carbide abrasive discs (grit #400, #600, #1000, and #1200) and polished with
0.05 μm alumina paste in wet conditions and then ultrasonically cleaned in water. Hardness
measurements (n = 20) were conducted on glazed veneering layer of ceramics, polished
outer surfaces of resin composite and experimental specimens, using a microhardness tester
(Series FM-700e type D, Future-Tech, Kanagawa, Japan). The specimens were embedded
in auto-polymerizing acrylic resin (Unifast, GC Dental Products Corp., Tokyo, Japan)
and PMMA tubes to form a base for evaluation of the Vickers hardness number. Eight
indentations (located at 4 corners with two indentations each and 0.5 mm apart) were
measured on each specimen using a Vickers diamond pyramid at a 100 g indentation load
for 15 s. For each specimen eight different measurements were recorded, and the results
were averaged. The Vickers microhardness measurements of human enamel were made on
the lingual inclined plane of lingual cusps of lower molars for a control group.

2.3. Tensile Bond Strength Test

After hardness testing, the ceramic, resin composite, and experimental specimens
were removed from the acrylic base to expose the inner surface for tensile testing. All
inlay blocks including metal alloy, ceramic, resin composite, and experimental biopolymer
were embedded in the self-cured acrylic resin in PMMA tubes with the exposed inner
surface. Specimens were randomly divided into two groups of 10 specimens for each type
of material to bond with two different luting agents. Top surfaces were wet abraded on
silicon carbide abrasive papers (grit #400, #600) to form horizontally parallel flat surfaces.
A total of 80 specimens of all groups were air-abraded with 50 μm alumina at 240 kPa
pressure for 15 s at 10 mm distance and cleaned in an ultrasonic water bath for 20 min. A
circular area of 3.25 mm in diameter was outlined on the prosthesis surface using one-sided
adhesive tape and bonded using either 4-META/MMA-TBB or All-Bond2 + DuoLink (Bisco
Inc., Schaumburg, IL, USA). resin adhesives with 5 mm diameter PMMA rod vertically
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aligned and loaded (10 N) using a surveyor (Figure 1). Surface treatment and bonding
procedures for each material were described in Table 2. All specimens were soaked in
37 ◦C water for 24 h before tensile loading at a crosshead speed of 1 mm/min using a
universal testing machine (Instron, Model 8872, Norwood, MA, USA) (Figure 2) following
the ISO/TS 11,405 guidance [22]. The maximum forces used to pull the rods off were
recorded and calculated into MPa for each group. The mode of failure was examined
using a stereomicroscope (Model ML 9300, Canon, Tokyo, Japan) at 20× magnification and
scanning electron microscope (SEM) at 500×, 2000× magnifications.

Figure 1. A prosthesis bonded to PMMA rod vertically aligned and loaded using a surveyor.

Table 2. Manipulation of prosthesis surface conditioning and adhesive resin.

Procedures Materials Type Super Bond C&B All-Bond2 + Duo-Link

Surface
treatment Experimental biopolymer Conditioned with 65% H3PO4 for 30 s,

rinsed off for 10 s, air-dried for 10 s
Conditioned with 32% H3PO4 for
15 s, rinsed off for 15 s, air-dried,

Bonding
Procedure

Experimental
biopolymer,

Ceramic,
Resin composite

Applied Porcelain liner M with a
sponge, air-dried 5 s

Applied 4-META/MMA-TBB and
PMMA powder using
brush-dip technique

Applied primer 5 times, gently
air-dried 5 s, applied thin layer of
D&E resin, and DuoLink cement,

light-cured for 40 s

Metal alloy
Applied 4-META/MMA-TBB and

PMMA powder using
brush-dip technique

Applied primer twice, gently
air-dried 5 s, applied pre-bond

resin, gently air-dried, and applied
DuoLink cement, light-cured

for 40 s

Figure 2. Tensile loading using a universal testing machine.
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2.4. Examination of Prosthesis-Luting Resin Interface

After tensile testing, three fractured specimens from each group were randomly se-
lected. Each experimental biopolymer specimen was vertically sectioned into two 5 mm
thick specimens using a sectioning machine (IsoMet Isomet 1000 series 15, Buechler, Lake
Bluff, IL, USA) for the polished and chemical challenge (soaking in 6 mol/L HCl for 30 s)
specimens. The prosthesis-luting resin interface of experimental biopolymer sectioned spec-
imens and the fractured specimens in the other groups were wet abraded with #400, #600,
#1000, #1200, and #2000 grit abrasive papers and polished with 0.05 μm alumina paste. Af-
ter water cleaning in an ultrasonic bath, all specimens were prepared for SEM examination
from 35× to 7500× magnifications to visualize the characteristics of the interface.

3. Results

Means and standard deviations (SD) of microhardness values for all materials are
shown in Table 3. Levene’s test disclosed inhomogeneity of variances among microhardness
groups (p < 0.05). Brown-Forsythe and Tamhane’s multiple comparisons statistics found
significant differences between groups (p < 0.05). The experimental biopolymer had a
microhardness value close to that of enamel when compared with the other materials. A
difference in microhardness value of approximately 50 VHN and 226 VHN less than that
of human enamel was found in experimental and resin composite groups, respectively.
While IPS Empress2 veneering ceramic provided a difference in microhardness value of
approximately 214 VHN higher than that of human enamel.

Table 3. Mean ± SD of microhardness value (Vickers hardness number; VHN) for all groups.

Group (n = 20) Vickers Hardness Number

Ceramic 550.02 ± 7.90
Resin composite 109.79 ± 3.31

Experimental biopolymer 287.16 ± 6.42
Enamel 336.12 ± 11.65

Significant differences were found between each group at p < 0.05.

The means ± SD tensile bond strength and mode of failure of the resin-prosthesis
interface for all groups are summarized in Table 4. Two-way analysis of variance found
significant differences in TBS values among different materials and resin adhesives as well
as their interactions. Super-Bond C&B provided a significantly higher TBS than All-Bond2
+ DuoLink. Brown-Forsythe and Tamhane tests revealed significant differences between
groups (p < 0.05). The experimental biopolymer provided the highest TBS for both luting
agents similar to that of resin composite. Ceramic material had the lowest TBS compared
with the others when bonded with the same luting agent.

Table 4. Mean ± SD of tensile bond strength (MPa) and failure modes for all groups (n = 10).

Tensile Bond Strength (Failure Modes)

Materials Super-Bond C&B All-Bond2 + Duo-Link

Experimental biopolymer 20.45 ± 5.21 a (R, R/PMMA) 11.95 ± 2.85 b (R, A)
Metal alloy 22.00 ± 2.93 a (R, R/PMMA) 2.12 ± 0.77 c (A)

Ceramic 10.49 ± 1.40 b (R, A) 1.38 ± 0.41 c (A)
Resin composite 20.38 ± 3.66 a (R, R/PMMA) 9.67 ± 2.27 b (A)

a,b,c Statistically significant differences between groups shown with different superscripts (p < 0.05). A = Adhesive
failure at prosthesis side interface, R = Cohesive failure in the cured resin, R/PMMA = Adhesive failure at PMMA
rod side interface.

The mixed failure of cohesive failure in resin and adhesive failure at PMMA rod side
interface (R, R/PMMA) was examined in fractured specimens of experimental biopolymer,
metal alloy, and resin composite using Super-Bond C&B groups (Figure 3) with the highest
TBS. Adhesive failure on the prosthesis side surface (A) was found in all materials (except
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experimental biopolymer) using All-Bond2 + DuoLink (Figure 4) with the lower and least
TBS. Mixed failure of cohesive failure in resin and adhesive failure on the prosthesis side
interface (R, A) was found in the experimental biopolymer bonded with All-Bond2 +
DuoLink and ceramic bonded with Super-Bond groups (Figure 5).

Figure 3. Mixed failure of cohesive in resin (R) and adhesive at resin-PMMA rod interface (R/PMMA)
on fractured specimens of (a) experimental biopolymer, (b) resin composite, and (c) metal alloy, using
Super-Bond C&B (original 20×).

Figure 4. Adhesive failure on the prosthesis side interface (A) on fractured specimens of (a) ceramic,
(b) metal alloy, and (c) resin composite using All-Bond2 + DuoLink (original 20×).

Figure 5. Mixed failure of cohesive failure in resin (R) and adhesive failure on the prosthesis side
interface (A) on fractured specimens of (a) experimental biopolymer bonded with All-Bond2 +
DuoLink and (b) ceramic bonded with Super-Bond (original 20×).

The SEM micrographs of experimental biopolymer and Super-Bond interfaces demon-
strated the consistent thickness of the hybrid layer in the prosthesis material both before
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and after chemical immersion producing a honeycomb-like pattern (Figures 6 and 7).
The degradation of the hybrid layer after HCl immersion was found in the experimental
biopolymer bonded with All-Bond2 + DuoLink (Figure 8). The interface of metal alloy and
resin composite using Super Bond showed well-impregnated resin in the irregular pits
and fissures formed by air-abrading with 50 μm alumina (Figure 9), whereas the bonded
resin-ceramic interface using Super-Bond showed less irregularity of the ceramic surface
with some area of resin detachment (Figure 10).

  
(a) (b) 

Figure 6. SEM micrographs of fractured experimental biopolymer bonded with Super-Bond demon-
strating the consistent thickness of the hybrid layer (arrowed) at the prosthesis-luting resin interface in
(a) polished and (b) chemically challenged specimens (original 5000×, E = experimental biopolymer,
R = resin, ME = modified experimental biopolymer).

Figure 7. An SEM micrograph of fractured experimental biopolymer bonded with Super-Bond
specimen after chemical challenge demonstrating the honeycomb-like pattern at the interfacial area
(original 7500×).
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Figure 8. SEM micrographs of fractured ceramic bonded with Super-Bond demonstrating: (a) the
hybrid layer (arrowed) in a polished specimen and (b) the thinner and degradation layer after chemi-
cal challenge (original 5000×, E = experimental biopolymer, R = resin, ME = modified experimental
biopolymer).

Figure 9. SEM micrographs demonstrating well-impregnated Super-Bond resin into the irregular
pits and fissures (arrowed) of the fractured specimens in (a) metal alloy and (b) resin composite
specimens (original 2000×, R = luting resin).

 

Figure 10. An SEM micrograph of the resin-ceramic interface using Super-Bond demonstrating the
shallow irregularity on the ceramic surface of the fractured specimen (original 2000 ×, R = luting resin).
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4. Discussion

Vickers hardness is widely used to assess the mechanical properties of dental restora-
tive materials such as resin-based composites and ceramics because it is easier to use
compared with other hardness tests. The hardness value has strong correlations with elastic
modulus and fracture toughness values [23], which can predict the durability and wear
resistance of restorations. In Table 3, the mean VHN of experimental biopolymer (287) is
less than the VHN of human enamel (336); this suggests that it is rarely possible for this
material to wear the human enamel. The lithium disilicate-based veneering glass ceramic
provided the highest VHN (550) suggesting its greatest ability to wear opposing enamel as
it has been reported in clinical studies [24,25]. The light-cured microhybrid Z250 resin com-
posite revealed the lowest VHN (110) with 226 VHN lower than that of enamel and hence
the higher wear rate reported earlier [26,27]. This may result in shorter-term replacement
when occluding with ceramics or based metal alloy. The experimental biopolymer which is
composed mainly of bovine enamel, and has 50 VHN less than that of human enamel could
be best in terms of preventing antagonist tooth wear, wear resistance, and durability under
masticatory load. The least enamel loss occurred when natural enamel occludes against
natural enamel [28].

The tensile bond strength test is widely used to compare the adhesive properties
of dental restorative materials as well as between tooth and materials. The TBS values
between dental restorative materials and luting resin or bonding agents depend on the
test methods [29], thus the TBS values can only be reliably compared when using the same
standardized method. The results in Table 4 show the statistically significant highest values
(20–22 MPa) of metal alloy, resin composite, and experimental biopolymer when bonded
with Super-Bond resin. The mode of failure (R, R/PMMA) in these highest TBS groups
(Figure 3) suggests that 4-META/MMA-TBB resin can penetrate well and adhere to the
micro-roughened prosthesis surface created by being air-abraded with 50 μm alumina
either with or without phosphoric acid conditioning better than the tensile strength of
cured Super-Bond. The least TBS values (1–2 MPa) were found in metal alloy and ceramic
bonded with All-Bond2 + DuoLink resin with adhesive failure (A) (Figure 4a,b). This
suggests that there is the least content of Bis-GMA-based resin attached to the air-abraded
surface of metal alloy and ceramics after polymerization is initiated. However, this resin
could partially infiltrate more into the roughened resin composite surface and micro-
porosity surface of alumina-blasted and acid-etched experimental biopolymer resulting
in the higher TBS values of 9–11 MPa with adhesive failure (A) (Figure 4c) and mixed
failure (R, A) (Figure 5a), respectively. The roughened surface of IPS Empress 2 ingot after
air-abrasion with 50 μm alumina and bonding with Super-Bond provided an average TBS
of 10 MPa with mixed failure (R, A) (Figure 5b) lower than the other materials, but higher
than that bonded with All-Bond2 + DuoLink (1 MPa) with adhesive failure (A) (Figure 4a).
These results suggest that type of prosthesis materials and the ability of resin monomers to
penetrate micro-spaces are the main factors contributing to the high TBS.

Super-Bond C&B is the MMA-based resin that contains 4-META for a higher penetra-
tion rate of MMA and TBB which can initiate a polymerization reaction in the presence of
oxygen and water. The molecular weight and viscosity of 4-META/MMA-TBB are much
less than those of All-Bond2 + DuoLink, which is mainly composed of Bis-GMA, biphenyl
dimethacrylate, and urethane dimethacrylate, therefore, it can effectively penetrate the
micro space easier and faster before the polymerization starts. SEM micrographs of the
prothesis-luting resin interface of the experimental polymer (Figure 6) demonstrated the
consistent thickness of the hybrid layer (2–3 μm) after immersion in HCl solution. This acid-
resistant layer with a honeycomb-like pattern at the interfacial area (Figure 7) suggests high
permeability of acid-etched biopolymer for the impregnation of 4-META/MMA-TBB resin.
In contrast, the degradation of the hybrid layer after soaking in HCl solution (Figure 8)
suggests the partial impregnation of All-Bond2 + DuoLink, which leads to the mixed failure
(R, A) with a lower TBS (Figure 5a, Table 4).
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The prothesis-luting resin interface of fractured metal alloy and resin composite
bonded with Super-Bond specimens (Figure 9) suggests the better ability of 4-META/MMA-
TBB to penetrate in the deep pits and fissures (4–5 μm) created using air-abrasion with
50 μm alumina resulting in a higher bond strength against the polymerization contraction
forces as well as higher tensile strength than that of cured Super-Bond. The interface of
ceramic bonded with Super-Bond specimens after tensile loading (Figure 10) demonstrated
the shallow irregular surface of ceramic resulting in the lower TBS with mixed failure
(R, A) (Table 4, Figure 5b). This result implies that the IPS Empress 2 ingot surface has
the highest abrasive resistance against 50 μm alumina blasting compared with the other
materials. Therefore, to gain more TBS, the hydrofluoric acid application was recommended
to provide micro-undercut spaces on the glass matrix for resin adhesive infiltration [30,31].
For the health concern, experimental biopolymer is composed mainly of natural bovine
enamel (90%) and PMMA resin, which is BPA-free and has no need for hydrofluoric acid
treatment. The results of this study support the study hypothesis.

5. Conclusions

A dental prosthesis fabricated using a biopolymer provided a microhardness value
similar to that of human enamel and the highest TBS for both 4-MATA/MMA-TBB and
All-Bond2 + DuoLink resin. With the simple and safe surface treatment, 50 μm alumina
blasting and phosphoric acid etching, the experimental biopolymer surface could gain
a TBS higher than the tensile strength of cured Super-Bond C&B. According to the best
properties compared with the other tooth-colored tested materials, this enamel-based
biopolymer may be the first choice for a dental prosthesis fabricated using CAD/CAM
(Computer-aided design/Computer-aided manufacturing) technology.
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Abstract: The increasingly widespread use of vacuum assisted technologies in the manufacture of
polymer-composite structures does not always provide the required product quality and repeatability.
Deterioration of quality most often appears itself in the form of incomplete filling of the preform
with resin as a result of the inner and outer dry spot formation, as well as due to premature gelation
of the resin and blockage of the vacuum port. As experience shows, these undesirable phenomena
are significantly dependent on the location of the resin and vacuum ports. This article presents
a method for making a decision on the rational design of a process layout. It is based on early
forecasting of its objectives in terms of quality and reliability when simulating its finite element
model, on the correlation analysis of the preliminary and final quality assessments, as well as on
the study of the cross-correlation of a group of early calculated sub-criteria. The effectiveness of the
proposed method is demonstrated by the example of vacuum infusion of a 3D thin-walled structure
of complex geometry.

Keywords: polymeric composites; composite technology; vacuum infusion; process modeling and
optimization; multi-criteria decision; Pareto frontier

1. Introduction

The processes of vacuum infusion in the production of polymer composite structures
have gained significant popularity, especially in the last decade, due to their relative
ease of implementation and inexpensive equipment [1–6]. They are increasingly used
in aircraft, aerospace, shipbuilding and automotive industries. The implementation of
vacuum assisted resin infusion technologies, as a rule, includes the following sequence of
actions: laying-up of preform—dry fabric or glass or carbon fiber reinforcement on the mold
surface; then covering of the whole preform by the flexible vacuum bag and sealing. The
vacuum line connects to the preform through a vent (outlet), while atmospheric pressure
acts on the resin inside the vessel, drawing it into the preform through the resin gate (inlet)
and onto the vacuum bag, compacting the porous preform. A pressure gradient, which
arises in the porous preform, causes the liquid resin to spread and fill the volume of the dry
fabric. This process is accompanied by a group of related phenomena that are inherent to
the vacuum infusion process. As the preform fills with resin, the average pressure gradient
causing it to flow decreases. In addition, gradual resin curing, resulting in an increase in
resin viscosity, also slows down the filling rate of the preform, the porosity of which is
reduced due to compressive atmospheric pressure [7–9]. When several simultaneously
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moving streams occur, which is typical for infused structures of even relatively small
complexity or in the presence of accelerating highly permeable (HPM) tissues or tapes,
situations are possible when resin streams block empty areas, forming the inner or outer dry
spots. Such streams can also block air access to the vacuum vent, stopping the movement of
the resin [10–13]. The listed phenomena are extremely undesirable; their consequences are
heterogeneity, deterioration of the mechanical properties of the composite in the body of
the molded structure, which often leads to the impossibility of its correction and complete
unsuitability. In addition, the complexity and high interdependence of the phenomena
occurring in the infused structure, their high sensitivity to the process conditions, lead
to instability of the achieved quality and bad repeatability of the final results. All most
important problems of the vacuum infusion process implementation are discussed in detail
in [14–17].

The significant labor intensity and cost of expensive components required to improve
the quality indicators of the process by trial and error, gave rise to a large number of
works oriented to the development of the computer modeling of the vacuum assisted
resin infusion technologies. Most of these works [18–22] use the so-called FE / CV (Finite
Element/Control volume) approach, which made it possible to overcome the fundamental
difficulty of modeling processes with moving boundaries on which conditions change at
each time step. Subsequently, some authors have proposed other approaches. Among
them, the approach [23], which is based on the use of a lumped model that considers the
vacuum infusion process as a dynamic system and significantly reduces the computational
complexity, as well as approaches aimed at increasing the accuracy of reconstruction of the
moving resin front using the level set [24] and the phase field equations [25,26]. Due to the
fact that the process of vacuum infusion includes several interacting phenomena of different
nature, all the numerical modeling methods require many experimental data obtained
by independent, rather sophisticated methods, and empirical dependences between the
process parameters built on the basis of these data. These are the dependences of the
compaction and porosity of the preform on external pressure, its permeability on porosity,
the dependence of the degree of cure and resin viscosity on time and temperature, and the
dependence of the thermal properties of the preform at various stages of its filling with
resin. The experimental technique and the results described in [8,9,27–36] are used in the
modified empirical models of this work, whose construction is described in detail in [26,37].

The goal of most of the developed models of the vacuum infusion process is to
understand the evolving dynamics of the formation of a resin flow pattern in a porous
preform. Only a small part of the developed models was used in algorithms for inverse
problems of optimization of quality [38–41] and (or) process productivity [42,43], and also
to accept the tradeoff between quality and cost [44,45]. Two classes of parameters are most
often used as the design variables: parameters of the process layout (number and location
of injection gates and vacuum vents, their throughput) and process modes (temperatures
of injected resin and preform heating, pressure in the vacuum line and in the resin injection
gate). It depends on the computational complexity of the forward problem simulating the
filling the preform with resin and on the number of numerical experiments that need to be
carried out to find the region of the global or local optimum, taking into account the existing
constraints. Therefore, in the studies on optimization of vacuum infusion processes, very
simple geometries of composite preforms are considered.

The aim of the presented work is to significantly reduce the computational costs for
solving the inverse problem of optimizing vacuum infusion of a rather complex composite
part when varying the parameters of the process layout to obtain their values that provide
the best attainable criteria for the quality and reliability. As the quality criterion of infusion
is taken the unfilled volume of the preform at the time of the cessation of the resin spreading.
To determine the auxiliary criteria that make it possible to predict the results of the process
at the early stages of its simulation, an analysis of their correlation with the final values of
the quality and reliability criteria is carried out, as well as an analysis of cross-correlation
of these sub-criteria. The used approach follows predictive modeling technique, which is
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defined as the process of applying a model or mining algorithm to data in order to predict
new or future observations [46]. This definition includes temporal prediction, in which
observations up to time t are used to predict future values at time t1 > t. A simple statistical
analysis of numerous observations to establish a relationship between the current and
future state of the system is most relevant when it is impossible to analytically express such
a relationship [47,48].

The remainder of this article is organized as follows. The second section contains a
brief description of the forward modeling problem formulation with the most important
modifications of the empirical dependences of the system parameters. In the third section,
an example of computer modeling of a transient process of vacuum infusion of a 3D
composite structure is considered, whose geometry is imported from a revised CAD model.
As a result of the analysis of the time history of the predictive sub-criteria and the analysis
of their correlation with the main quality objective—the relative voids volume Vv in the
preform when the resin stops, the combined predictive criterion is determined. The fourth
section is focused on an analysis of optimum regions in criteria and design spaces in respect
that the studied optimization problem is multi-objective with constraints. The final section
is devoted to a discussion of the capabilities of the developed method and software tools, as
well as the prospects for its perfectioning to improve the quality and productivity indicators
achieved at the post-infusion stage due to controlled exposure to temperature and external
pressure.

2. The Forward Modeling Problem Statement

The model under consideration describes the processes in a porous composite preform,
which is a relatively thin-walled extended structure with a possible variation in the wall
thickness, laid on an open mold. The example presented in the article does not take into
account the layered structure, anisotropy of porosity and permeability of the preform. The
developed software tool for modeling the forward problem is able to take into account
the tensorial nature of the preform permeability, as well as its layered structure. However,
the vacuum infusion process is almost never used when molding high loaded composite
structures with orthotropic symmetry of the material. In such cases, transversal isotropy is
ensured by the corresponding stacking sequence of the unidirectional or fabric layers. As
shown in experimental studies [9,11], with a small and almost unchanged wall thickness of
the molded composite structure, in-plane permeability plays a decisive role in the infusion
process. These considerations justify the assumptions made in the presented work.

An arbitrary number of resin gates and vacuum vents can be attached to any location
on the infused preform. The spreading of a liquid resin under the action of the gradient of
internal propulsive pressure occurs during its continuous curing and changes in viscosity,
while the pressure distribution in the preform depends on its local filling with resin. A
local compressive strain of the preform under the action of the difference between external
and internal pressure and, as a consequence, its porosity and permeability depend on its
state (dry or wet). The evolution of the moving resin state is described by the equation of
convection/thermal kinetics/diffusion of the degree of cure. All free surfaces of vacuum
bag, which covers the preform, and open mold are exposed to convective action of ambient
air at a controlled temperature. The system of the governing equations describes the entire
complex of the listed phenomena in the overall system “filling a porous preform-mold”
before the start of resin gelation, which prevents its spread. All the assumptions made are
described below in the text of the section.
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The system of the governing equations of the forward modeling problem is presented
in Equations (1a)–(1d).⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∂ϕ/∂t + u · ∇ϕ = ∇ · γ∇G; (1a)(
1 − Vf

)
· 2

π
ζ

1+(ζ pm)2
∂pm
∂t −∇

(
[K]
μ ∇pm

)
= 0; (1b)

∂α/∂t − ([K]/μ) · ∇p · ∇α −∇ · (cα∇α) = F(α, t, T); (1c)

ρprCpr∂T/∂T +∇ · (−kpr∇T
)
= Qexo; (1d)

The dependent variable ϕ ∈ [−1; 1] in the Cahn-Hilliard phase field Equation (1a) [49],
which describes the motion of the boundary between void and filled preform areas defines
a local resin filling Vr in accordance with Vr = (ϕ + 1)/2 ∈ [0; 1]. In this equation G is a
chemical potential, γ is the phase’s mobility, and u is the superficial resin velocity.

The second Equation (1b) of the coupled problem describing the dynamics of the
viscous resin in unsaturated porous medium under pressure pm is the Richards equation
modified by van Genuchten [50], where Vf is a fiber volume fraction, [K] is a permeability
tensor, μ is resin viscosity, ζ is the reciprocal of a certain reference pressure, taken equal to
atmospheric one ζ = 1/patm.

The convection/diffusion/kinetic Equation (1c) for the time-space evolution of degree
of cure α combines three most important phenomena in the moving epoxy resin—diffusion
of α, which depends on the kinetic and rheological state of the resin [51] and its displace-
ment during resin spreading [11]. In this equation cα is the diffusion coefficient, whereas
source term F(α,t,T) describing the time dependence of the evolved α obeys the autocat-
alytic equation, which solution α(t) allows to determine an intensity of the exothermal heat
source Qexo

Qexo = Qtotρr

(
1 − Vf

)
· Vr · ∂α/∂t, (2)

where Qtot is the total amount of heat released during the curing of the unit mass of the
resin and ρr is its mass density. The thermal properties of the preform: mass density ρpr,
specific heat capacity Cpr and thermal conductivity kpr are determined using mixing rule
by using the same thermal properties of resin, dry preform and a local distribution of
the resin filling Vr [52]. All the initial and boundary conditions for Equations (1a)–(1d),
as well as the dependencies of the fiber volume fraction Vf on the compression pressure
pcomp(r, t) = patm − pm(r, t), the permeability K (adopted as isotropic) of the preform on
the porosity Vϕ, thermal properties of resin and air on the temperature T and pressure pm,
in detail are described in our work [26]. Note, however, that there have been significant
changes to some of the system property dependencies.

For the dependence of the viscosity of the resin μ(T, α, t) on the degree of cure, instead
of the Castro-Makosko model [16,29], the model

μ(T, α, t) = μ0(Tin) · exp
(

υ1 · (T(t)− Tin) + υ2 · α(T, Tin, t)
)

(3)

was proposed. It is devoid of discontinuity at the resin gelation, it contains a directly
measurable parameter—the viscosity μ0(Tin) at the initial temperature and only two
coefficients υ1, υ2 that are simply determined in the experiment. We use the refined semi-
empirical dependence for the diffusion coefficient in Equation (1c), taking into account its
decrease with increasing resin viscosity and dependence on the resin filling Vr:

cα = c0
α ·

(1 + tanh((α − 1)/σα))

max(log 10(μ), 2)− 1
Vr, (4)

where the values c0
α = 0.001 and σα = 0.15 were determined on the basis of the compared

results of experiments and numerical simulations carried out using a simple 1D system
for molding a liquid epoxy resin. The global problem of prediction the dependence of the
macroscopic properties of polymers on their properties at the molecular level (variations
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in inter- and intramolecular chemical reactivity, diffusivity, segmental compositions, etc.)
was studied in [53] on the base of combined kinetic Monte Carlo and molecular dynam-
ics simulations. This work presents a detailed analysis of the difficulties and restrictions
encountered by even the sophisticated experimental methods, as well as theoretical method-
ologies, in particular, the limitations of their adequate description of the time evolution
of the concentrations of reagents, intermediates and product concentrations before the
onset of gelation. The approach implemented in the presented article is, by definition,
phenomenological, i.e., excluding processes at the molecular level from consideration.
Therefore, relation (4) should be considered as an empirical one, giving a correct qualitative
description, substantiated experimentally, but the quantitative values of its parameters
should be refined for each epoxy resin used.

The approach to solving the forward modeling problem formulated here is used in
the next section in relation to the process of vacuum infusion of a 3D composite structure
in order to identify the most important features of the process and find particular pre-
calculated criteria that allow predicting its final indicators. All numerical values of the
modeled system parameters are used from the manufacturer, from the reliable results of
the referenced studies and own experiments, whose data are published in [25,26,37].

3. Modeled Vacuum Infusion System, Some Simulation Results and
Predictive Criteria

The numerical experiments described below were carried out with a model of a
composite preform laid on an open mold made of polymerized CFRP (Carbon Fibers
Reinforced Plastic) with a thickness of about 5 mm. After eliminating the joints between
the patches of the CAD (Computer Aided Design) model surface and attaching an open
form to it (see Figure 1), the assembly geometry was imported into the CAE (Computer
Aided Engineering) system Comsol Multiphysics 5.5 (Comsol LLC, Burlington, MA, USA)
and subjected to finite element (FE) meshing.

(a) (b)

(c) (d)

Figure 1. From the CAD model of the molded composite structure to the finite element (FE) model of
the system of its vacuum infusion: (a) The initial CAD model; (b) CAD model of the structure after
correction of its surface topology; (c) CAD model of assembled open mold with preform laid on it;
(d) CAE model of the assembly after FE meshing.
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A high-permeability (HPM) tape is laid along the perimeter of the preform, which has
a gap at the location of the vacuum vent (see Figure 2). Its shift relative to a certain axis of
the part and the gap between the edges of the HPM tape can vary.

(a) (b)

Figure 2. Layout of the vacuum infusion of the composite part: (a) HPM, resin injection gates and
vacuum vent location on the preform; (b) The location of the vacuum vent relative to the axis divides
the part into two approximately equal parts, and the distance from the vent to the edges of the
HPM tape.

The location of the resin injection gates did not change in the present study. It was
accepted on the basis of the results of [26] as the most efficient for the spreading the two
resin streams outgoing from them. Toray ER450 resin is introduced into the preform at an
initial temperature of 70 ◦C, then the system is gradually heated for 15 min by convective
heat flows and then maintained at an isothermal temperature. Numerical experiments
were carried out at holding temperatures Thold of 80, 82 and 84 ◦C. Numerous simulations
were performed at the varying temperatures, vacuum vent offset and vent-HPM gap. The
simulated process took 4 h and was always longer than the time until the resin stopped
completely. The aim of the study was to understand the patterns of the process, to determine
its parameters that can be used to predict at the early stages of modeling its final results—
quality, reliability and productivity. Some examples of the evolutions of these process
parameters at the fixed vacuum vent offset and gap for three temperatures Thold studied
are shown in Figure 3. In these plots the <. . .> symbol indicates the averaging of a certain
value over the preform volume filled with resin by more than 10%.

In addition to the acceleration of processes with an increase in the temperature of
isothermal holding, the following important regularities should be noted, which are un-
desirable for achieving the quality of the process. The graphs in Figure 3c show a sharp
increase in viscosity near the vacuum port long before the moment the viscosity is equalized
in the entire volume of the preform, which can lead to a slowdown in the resin flow (see
Figure 3d) and even to blockage of the outlet. The initial increase in fiber content, caused
by the action of the compressive pressure, gradually stabilizes and then decreases below
the value before the start of the infusion, which is caused by the increase in the internal
pressure in the preform when it is filled with resin (see Figure 3d). This phenomenon is
highly undesirable for the strength of the molded structure, which was thoroughly studied
in [54], where an improvement of the process using additional external pressure is pro-
posed. However, the modification of the presented modeling method in accordance with
this improvement is a task for future research.

Solving the problem of reducing the computation time to the moment when the results
of the process can be predicted reliably is very important for using the described process
simulation method for this process optimization. This task includes two components:
finding the particular criteria that strongly correlate with the final quality indicator and
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determining the earliest possible moment in time for such a prediction. Such time instants
must satisfy the requirement of being able to be clearly identified in the simulation. As a
result of the research, it was found that the requirements for reliability and identification
accuracy are satisfied when the maximum relative void volume of the preform becomes
less than 0.1, i.e., when the filling level of 0.9 leaves the preform through the vacuum port
(see Figure 4). Everywhere below, this time instant is denoted as t09.

(a) (b)

(c) (d)

Figure 3. Superimposed time dependences of some process parameters: (a) Average temperatures
<T> and resin cure rate <dα/dt>; (b) Average pressures <pm> and degree of cure <α>; (c) Average
viscosity <μ> and maximum resin viscosity max(μout) in the vicinity of the vacuum outlet; (d) Average
fiber volume fraction <Vf> and relative void volume Vv.

Figure 4. The position of the resin front with the 0.9 filling level just before leaving the outlet at the
moment used for the most reliable prediction of the final results of the vacuum infusion process.

It was noted above that some works [42,43] solve the problem of increasing the
productivity of the process, i.e., reduce its duration to full completion, which is achieved
after the resin is solidified throughout the entire volume of the preform. In this regard, it is
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of interest to compare the duration of the process until the moment t09 with its duration
until the moment of stopping of the resin propagation, denoted hereinafter as tstop. The
corresponding dependences of these durations on the parameters of the process layout
are shown in Figure 5 in the form of stems diagrams. These dependences show that the
duration tstop is less susceptible to the parameters of the process layout than t09. This result
confirms the conclusion of the authors of [19,32,55] that believe that the post-infusion stage,
which corresponds to the time interval after tstop and up to complete consolidation of the
preform and determines the total process duration, should be considered separately for
optimization of the process performance.

Figure 5. Dependencies of the process duration up to moments t09 (left) and tstop (right) at isothermal
holding temperatures Thold of 80, 82, and 84 ◦C on the location of the vacuum vent.
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This conclusion, taking into account the capabilities of the formulated forward mod-
eling problem, forces us to restrict ourselves to optimizing the quality criterion Vv(tstop)
of the process. To identify particular criteria, the values of which at the moment t09 will
make it possible to predict the final value of the main quality criterion with the required
accuracy and reliability, a comparative analysis of the response functions of these particular
sub-criteria and the main criterion was carried out, as well as a correlation analysis of
their interdependencies. The values of the main quality criterion and sub-criteria for each
investigated temperature were obtained by simulating the process when changing the
vacuum port shift and HPM gap with a step of 5 mm. Some of the results of such an
analysis for the holding temperature Thold of 84 ◦C are presented in Figures 6 and 7.

(a) (b)

Figure 6. The response functions of the residual void volume Vv in the preform on the parameters
of the vacuum vent location: (a) at the time instant when motion of the resin stopped; (b) at the
moment t09.

It is important to note that for all three investigated temperatures Thold of isothermal
holding, the dependences presented in these figures have the same character, slightly
differing in the values of the correlation coefficients. Therefore, here the dependences are
given only for a single temperature of 84 ◦C. The response surfaces in Figure 6 for the
residual void volume of the preform have a very similar relief with a clearly manifested
minimum, which confirms the necessary sensitivity of the process quality criteria Vv(tstop)
and Vv(t09) to its layout. In addition, the graph in Figure 7a shows a very strong correlation
between the Vv(tstop) and Vv(t09) values. However, Figure 7b–d show a weak correlation
between Vv(tstop) and such preliminary calculated parameters as < α(t09) >, < μ(t09) >
and < pm(t09) >. Meanwhile, the smaller values of each of these parameters facilitate
a more intensive resin flow at the final phase of vacuum infusion, that is, increase the
reliability of the process. This conclusion suggests the advisability of using one or more of
the listed parameters together with the Vv(t09) criterion for more reliable achievement of
the better results of the process.

243



Polymers 2022, 14, 313

(a) (b)

(c) (d)

Figure 7. 2D scatter plots showing the correlation between the main quality criterion at the end of the
resin infusion and the sub-criteria, which are calculated at time instant t09: (a) relative void volume
Vv(t09); (b) averaged degree of cure <α(t09)>; (c) averaged viscosity <μ(t09)> and (d) averaged
pressure <Pm(t09)> in partially filled domain.

This joint use of the two sub-criteria is possible in two ways. The first one involves
the formulation of a single objective functional, which includes all sub-criteria with some
weights, and the subsequent determination of the global or local optimum of the resulting
scalarized functional. Its visualization, especially in the case of two sub-criteria, is very
convenient in the coordinates of the design variables. In cases where there is a single
optimum of such a combined functional (which, unfortunately, is not often encountered in
practice), it is taken as the optimal solution. This approach allows for the constraints on
all sub-criteria and design variables to be taken into account. However, this approach is
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characterized by arbitrariness in the choice of weights for each sub-criterion, which can
distort the real evolution of the optimized process.

The second approach considers two or more sub-criteria as independent, but each
in its own way characterizes the efficiency and quality of the developing process. For
a non-trivial optimization problem with multiple goals, there is no single solution that
simultaneously optimizes each objective. In this situation, it is necessary to make optimal
decisions when there are trade-offs between two or more conflicting objectives. Such
a compromise decision can be made on the basis of a set of Pareto-optimal solutions,
each of which is characterized by the fact that none of the objective functions can be
improved in value without degrading some of the other objectives. In the case of bi-
objective problems, their solution is visualized by the Pareto frontier, often named the
tradeoff curve, which can be drawn at the objective plane. This approach to solving
problems of multi-objective optimization, as well as fuzzy logic, simulated annealing
and genetic algorithms, is extremely effective in solving problems of optimal synthesis of
layouts and parameters of chemical reactions processes, when there are sets of objective
criteria and controlled variables of relatively large dimension [56,57]. So, to ensure the
minimum curing time and polymeric chain length dispersity in the reversible deactivation
radical polymerization process, a variation of the parameters of the temperature cycle and
molar amounts of reacting monomer is used [58].

In the presented work, both complementary approaches are used: optimization of the
combined scalarized functional and reconstruction of the Pareto frontier.

In the absence of the required experimental information on the relative role of auxiliary
sub-criteria in achieving the optimum of the main quality objective Vv(tstop), the resin
viscosity < μ(t09) >, determined by averaging over the preform volume at time t09, was
chosen as the second candidate for its use in the combined quality-reliability criterion. This
choice is due to the close cross-correlation of three predictive sub-criteria (see Figure 8),
whose correlation dependences with the main quality criterion Vv(tstop) are presented in
Figure 7b–d. The combined quality-reliability criterion is proposed in the form of a product
of the normalized partial predictive criteria Vv(t09) and < μ(t09) >:

CObj(t09) =
Vv(t09)

mean(Vv(t09))
· < μ(t09) >

mean(< μ(t09) >)
, (5)

where the mean(. . .) operation is a simple averaging over a set of performed test numerical
experiments.

Based on the analysis, some of the results of which are presented above, the following
conclusions can be drawn. The layout of the process (localization of the vacuum port) and
the temperature of isothermal holding Thold significantly affect the filling, the preform with
resin, changing the relief of the response function of the main quality criterion Vv(tstop),
the location and value of its optimum. The strong correlation of the criterion Vv(t09) with
the main criterion Vv(tstop) allows it to be used together with the < μ(t09) > criterion for
predictive process optimization. As follows from the analysis of the properties of the used
resin, studied in detail in [26], its viscosity during isothermal heating begins to increase
sharply when it reaches a value of 2 Pa*s, which may be the reason for stopping the advance
of the resin along the preform. This fact can be used as a constraint when choosing options
for rational process design. Multiple numerical experiments have shown that the use of
predictive criteria of a process to obtain reliable estimates of its final results reduces the
computation time from 25% to 45%, which makes the use of predictive criteria preferable
in the process optimization system.
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(a) (b)

Figure 8. 2D scatter plots showing the cross-correlation between the predictive sub-criteria:
(a) <μ(t09)> and <α(t09)>; (b) <Pm(t09)> and <μ(t09)>.

In the next section, a combined procedure for improving the vacuum infusion process
is considered at the stage of modeling the spread of resin in a preform before its gelation.
This procedure includes bi-objective optimization using a combined criterion (5) and
making the decision on the rational design of the process layout based on the analysis of
the Pareto set.

4. Finding a Quasi-Optimal Design for the Vacuum Infusion Process Layout

To present in the most demonstrative form the method and results of solving this multi-
objective problem, the localization and throughputs of the resin injection gates are taken
to be fixed, found in our previous work [26]. The variable design parameters will be the
position of the vacuum port relative to the preform and the gap between it and the edges of
the HPM tape. All illustrative materials are given for isothermal holding at a temperature of
82 ◦C. For each variant of the variable design parameters, upon completion of the forward
problem solution, the values of the predictive criteria Vv(t09), < μ(t09) >, CObj(t09) were
generated, as well as the maximum resin viscosity in the vicinity of the vacuum vent
max

(
μout(t09)

)
. To implement automatic simulation stop, a stop condition min(Vr)

Ω
< 0.1

is defined in the Component Couplings of the FE model, and this stop condition has
been added to the Time Dependent Solver setting. The sequential loading of the specified
parameter combinations included in the list of the model input parameters is carried out by
the solver in the Parametric Sweep mode with the input data and results being saved in a
text file for further processing. With such a multiple sequential call of the forward modeling
problem, it is very important to achieve the experimental objectives in the simplest manner
with the minimum number of measurements and the least expense. The chosen strategy
consists in carrying out the first numerical experiments at the extreme values (maximum
and minimum setting) of the range of controlled variables with subsequent narrowing and
displacement of the center of the numerical experiment plan (see Figure 9). The values
mean(Vv(t09)) and mean(< μ(t09) >) obtained as a result of averaging the sub-criteria,
calculated at 9 points of the first plan, are used in the future when calculating the combined
criterion CObj(t09) for all the following results of numerical experiments.
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Figure 9. A sequence of plans for the performed numerical experiments to optimize the vacuum
infusion process layout.

To obtain the results of bi-objective optimization in the most understandable form and
to make a decision on the choice of a process layout, the simulation results of a limited
number of variants were smoothed by third-order splines and presented in the form of 3D
response surfaces and level line maps (see Figures 10 and 11). Dependences of predictive
criteria Vv(t09) and < μ(t09) >, shown in Figures 10 and 11, after normalization were used to
build the dependence of the combined quality-reliability criterion CObj(t09) (see Figure 12).

As noted above, when the local viscosity reaches 2 Pa*s, a sharp increase in viscosity
begins in the adjacent area. Such a situation near the vacuum port is likely to lead to its
blockage, which is unacceptable and must be prevented by introducing an appropriate
constraint. For the calculated variants, the smoothed response function max

(
μout(t09)

)
is

shown in Figure 13.
Outwardly the response functions < μ(t09) > and max

(
μout(t09)

)
shown in

Figures 11 and 13 are similar, but the ranges of their variation are not comparable. The rela-
tionship between these sub-criteria, plotted using the tabulated values of their smoothed
response functions, is shown in Figure 14. It shows that critical vacuum port blocking
situations can occur even with a relatively low average resin viscosity, which is denoted
as < μ(t09) >block in the plot. The sharp influence of sub-criterion max

(
μout(t09)

)
on the

dynamics of the vacuum infusion process forces to use this parameter as a constraint.
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(a) (b)

Figure 10. Results of simulation of the predictive sub-criterion Vv(t09) response in the form of:
(a) map of level lines; (b) smoothed 3D function.

(a) (b)

Figure 11. Results of simulation of the predictive sub-criterion <μ(t09)> response in the form of:
(a) map of level lines; (b) smoothed 3D function.
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(a) (b)

Figure 12. The response function of the predictive combined quality-reliability criterion CObj(t09) in
the form of: (a) map of level lines; (b) smoothed 3D function.

(a) (b)

Figure 13. The response function of the predicted maximum resin viscosity in the vicinity of the
vacuum vent max(μout(t09)) in the form of: (a) map of level lines; (b) smoothed 3D function.
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Figure 14. Interdependence between the averaged within the preform and maximum in the vicinity
of the vacuum vent resin viscosities.

The results of the problem solved are represented in the decision space and in the
quality-reliability criteria space in Figures 15 and 16, respectively.

Figure 15. Map of the level lines of the combined quality-reliability criterion CObj(t09) (solid lines),
superimposed with the lines of the constraint levels max(μout(t09)) (dashed lines). The area of rational
choice of the process layout parameters is highlighted by shading.
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(a) (b)

Figure 16. The scatter plots of the evaluating predictive criteria Vv(t09) and <μ(t09)>: (a) The results of
numerical experiments carried out according to the plans shown in Figure 9; (b) Results of tabulation
of the smoothed response functions of each criterion with a step of 1 mm in both directions for the
reconstruction of the Pareto front (solid red line).

5. Discussion

The results of solving the problem, presented in two forms (see Figures 15 and 16),
show that such a problem cannot be an ideal optimization problem with a single optimal
solution that is the best for all criteria without exception. The designer always has the
freedom to make decisions. At the same time, the nature of the considered restrictions can
be very different, and their composition is quite wide. Even in a simple problem statement
presented in this article, when the objective sets include only two parameters, and only two
design variables are taken into account, solving the problem of making the optimal decision
is rather laborious. To reduce the computational complexity, it required the use of predictive
criteria, whose effectiveness must be proven in a series of preliminary numerical and real
experiments. The scope of the presented model is limited to the stage of infusion of the
liquid resin, before its gelation, solidification and the achievement of the final mechanical
properties. However, this stage is very important, since it is during its course that such
quality indicators as the absence of dry spots and the minimum void volume of the porous
preform are achieved. A useful feature of the developed modeling/optimization technology
is the ability to analyze and reasonably select one of several Pareto-optimal solutions,
which is illustrated in Figure 17, where screenshots of the distributions of viscosity and
fiber volume fraction at times t09 and tstop of the solution corresponding to vacuum vent
offset = 15 mm, HPM gap = 75 mm and Thold = 82 ◦C are shown. At these time instants the
relative void volumes in the preform are Vv(t09) = 0.0107 and Vv(tstop) = 0.0044, that is very
satisfactory result. Reducing the volume of voids by more than 2 times became possible
due to the low viscosity, which provided the necessary flowing of the resin. However, it can
be seen that the resin front at the stopping of the flow has shifted relative to the vacuum
port surrounded by the high viscosity resin, which prevents a removing of the remaining
air from the preform. This was due to the earlier arrival of the resin flow moving from the
right to the vacuum vent. The deficiency can be eliminated by shifting the vent a short
distance to the left.
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(a) (b)

Figure 17. Screenshots of the spatial distributions for the logarithm of local resin viscosity (a) and
fiber volume fraction (b) in partially filled domain at the time instants t09 and tstop. Red solid
lines indicate the resin front positions with filling Vr = 0.9 (upper pictures) and Vr = 0.99 (lower
pictures), respectively.

A significant decrease in the fiber volume fraction, which is shown in Figure 17b, can
also be eliminated only at the stage preceding the second stage of resin cure. Apparently, the
best solution to this problem is the external controlled pressure technology proposed in [54].
Another important problem is related to the provision of the required thermal schedule
during the implementation of the process by the out-autoclave method, when infrared
irradiation of the preform can be effectively used [59]. The method requires thorough
development for use in the technology of manufacturing composite structures of complex
shape.

The above considerations substantiate the place and role of the proposed methods and
approaches in the development of promising areas of modeling and practical implementa-
tion of varieties of vacuum infusion processes in the production of responsible polymeric
composite structures. However, effective application of this technology is impossible in
the absence of a large number of reliable experimental data on the properties of the used
reinforcements and resins.

6. Conclusions

The article presents the formulation, methodology and results of solving the problem
of making a reasonable decision about the parameters of the layout of vacuum infusion
of a composite structure of complex shape. The proposed method for solving the forward
modeling problem is based on the use of coupled equations of the phase field, Richards,
convection/diffusion of the degree of cure of a moving liquid resin in a porous preform,
heat transfer, taking into account the refined relations for the evolution of the rheological
state of the resin and all system’s thermophysical properties during entire stage of filling
the preform. The inherent accuracy of the model description of the front of a moving and
continuously curing resin in a preform with varying porosity and permeability provides
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an effective reconstruction of the process dynamics and identification of such defects
as non-impregnated dry spots, possible blockage of the vacuum vent, which result in a
violation of the quality of the produced composite parts. These abilities are illustrated
in the article using a simplified example of a homogeneous preform with quasi-isotropic
permeability, depending on its local porosity, compressibility and resin filling. In order to
use the developed method for solving the forward problem in process optimization systems
by reducing the computation time, a group of predictive sub-criteria is proposed that are
assessed long before the resin stops moving and provide a reasonable prediction of the final
quality (residual unfilled volume of the preform) and process reliability at the end of the
infusion stage. The result of solving the inverse problem is presented in two forms: in the
decision space, allowing identifying the area of rational change in the design parameters of
the process layout, considering the constraints, and as the Pareto set in the objectives space,
identifying the best achievable results for each of the objectives. The strategy used to search
for the region of the best of acceptable constrained decisions, which involves carrying out
the first numerical experiments at the extreme values (maximum and minimum) of the
range of controlled design variables, followed by narrowing and shifting the center of the
numerical experiments plan, made it possible to obtain effective results after about 30 calls
of the forward problem.
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Abstract: In order to improve the electromagnetic wave absorbing performance of carbon fiber cloth
at low frequency and reduce the secondary pollution caused by the shielding mechanism, a flexible
sandwich composite was designed by a physical mixing coating process. This was composed of a
graphene layer that absorbed waves, a carbon fiber cloth layer that reflected waves, and a graphite
layer that absorbed transmitted waves. The influence of the content of graphene was studied by
a control variable method on the electromatic and mechanical properties. The structures of defect
polarization relaxation and dipole polarization relaxation of graphene, the interfacial polarization
and electron polarization of graphite, the conductive network formed in the carbon fiber cloth, and
the interfacial polarization of each part, combined together to improve the impedance matching and
wave multiple reflections of the material. The study found that the sample with 40% graphene had
the most outstanding absorbing performance. The minimum reflection loss value was −18.62 dB,
while the frequency was 2.15 GHz and the minimum reflection loss value compared to the sample
with no graphene increased 76%. The composites can be mainly applied in the field of flexible
electromagnetic protection, such as the preparation of stealth tent, protective covers of electronic
boxes, helmet materials for high-speed train drivers, etc.

Keywords: resins; carbon fiber cloth; sandwich structure; graphene; absorbing performance; mechan-
ical property

1. Introduction

With the wide application of various types of electronic equipment and with the com-
munication facilities in many aspects of industrial production and daily life, the problem
of electromagnetic pollution is of wide public concern [1,2]. Harmful electromagnetic
waves can cause information leakage, interfere with the operation of electronic equipment,
threaten human health, and shorten the survivability of weapons on the battlefield [3–5].
Preparation of electromagnetic protective materials has become a research focus. Compared
with the wave absorbing materials, the shielding materials can cause secondary pollution,
thus researchers need to prepare materials with a more absorbing mechanism [6,7]. In the
past few decades, a lot of research has focused on wave absorbing materials but has been
mainly concentrated in the Super High Frequency, the studies of wave absorbing materials
below the Super High Frequency have been fewer or not ideal. However, a large number of
electronic devices have been used in these lower frequency bands [8], so that the research
at the lower frequency bands of wave absorption materials has become very significant.

In recent years, researchers have studied many absorbing materials. Magnetic loss
type metal materials belong to the major categories. They are characterized by high density,
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unstable chemical properties, small specific surface areas, and a weak absorbing perfor-
mance at low frequency [9]. Magnetic metal materials often need to be compounded with
other materials to improve the absorbing performance. For example, Liu et al. [10] pre-
pared TiO2/Ti3C2Tx/Fe3O4 composites in different proportions by a simple hydrothermal
reaction route. By adjusting the ratio, the two-dimensional materials showed a good mi-
crowave absorbing performance in terms of maximum RL value and absorber thickness.
Carbon-based absorbing materials have the advantages of variety, thin thickness, low cost,
light weight, good corrosion resistance, and wide use, while having a certain absorbing
performance in the low frequency band [9,11]. Carbon fiber has the characteristics of low
density, good flexibility, high hardness, high temperature resistance, corrosion resistance,
good electrical conductivity, etc. [12]. For example, Jin et al. [13] proposed a multi-plate
composite radar absorption structure, in which short carbon fiber layers with controllable
dielectric constants are evenly and randomly dispersed and inserted between glass fabrics.
By measuring the complex dielectric constant, the area density of the short carbon fiber
layer is controlled, which can absorb electromagnetic waves in the target frequency band.
Carbon fiber cloth made by a textile process is widely used in the aerospace, industry,
construction, medical and other fields with the requirement of wave absorption [14]. Due
to the overlap between carbon fibers in the carbon fiber cloth, the formed three dimensional
continuous conductive network gives carbon fiber cloth an excellent shielding performance,
and a weak absorbing property [15]. Preparation of the absorbing layer can effectively
improve the absorbing performance of the carbon fiber cloth. Graphene and graphite are
widely used as two kinds of absorbing functional particles, with the electromagnetic waves
then being attenuated by dielectric loss [16]. Graphene has the advantages of a high specific
surface area, thin thickness, light weight, and stable chemical properties [17]. For example,
Liu et al. [18] prepared a series of cobalt-doped ferrite/graphene nanocomposites with
different graphene contents by a simple one-pot method. The cobalt-doped ferrite particles
are uniformly loaded on the surface of graphene nanosheets, which gives the composite
good absorbing properties. By adjusting the content of graphene, the dielectric properties
and magnetic properties of the nanocomposites can be improved and optimized at the
same time, further enhancing the impedance matching and attenuation ability. Graphite
was one of the earliest applied wave-absorbing materials, and has many advantages, such
as the wide source of raw materials, light weight, and low price.

To improve the absorbing performance of carbon fiber cloth, this paper designed a
kind of flexible sandwich structure carbon fiber composite by a coating process with a
physical mixing method, composed of a graphene layer, a carbon fiber cloth layer, and a
graphite layer. The graphene layer improves the impedance matching and absorbs the wave,
the carbon fiber cloth as the support structure reflects the electromagnetic wave into the
graphene layer to be re-absorbed, and the graphite layer can re-absorb the electromagnetic
wave that is transmitted through the carbon fiber layer, as the transmitted wave is less; the
use of graphite reduces the cost significantly. Each layer is bonded by a scraper coating
process which has the advantages of a simple process, a controllable process, low cost, and
mass production, etc. The adhesive used was PU2540 type polyurethane which is flexible,
environmentally friendly, non-toxic, and cheap [19,20]. In the previous study, we found
that the composites prepared with 30% (weight percentage) graphite in polyurethane on the
surface of carbon fiber cloth had the best absorbing effect. In this paper, the control variable
method was used to study the influence of the content of graphene particles in the graphene
layer, which play a major role in absorbing the wave, on the shielding performance, and
the absorbing performance at a frequency of 0.02–3.00 GHz, the dielectric properties at
a frequency of 0.02–1.00 GHz, the electrical conductivity, and mechanical properties of
the composites.
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2. Materials and Methods

2.1. Materials

The main experimental material was plain carbon fiber cloth, provided by Weiduowei
Technology Co., Ltd., Tianjin, China. Other chemicals included graphite powders, graphene,
polyurethane, thickener, and defoaming agent. The graphite powders (≥98.0%, Q/HG3991-
88) were purchased from Tianjin Fengchuan Chemical Reagent Technology Co., Ltd, Tianjin,
China. Graphene (of fineness 5–15 μm, and purity larger than 95%) from Tianjin Kairuisi
Fine Chemical Co., Ltd, Tianjin, China. Polyurethane (PU-2540) from Guangzhou Yuheng
Environmental Protection Materials Co., Ltd, Guangzhou, China. Thickener (7011) from
Guangzhou Dian Wood Composite Material Business Department, Guangzhou, China.
And defoaming agent (1502) from Wuxi Redwood New Material Technology Co., Ltd.,
Wuxi, China.

2.2. Preparation of Materials

Preparation of the carbon fiber cloth: The plain carbon fiber cloth was cut into samples
of 50 × 25 cm and fixed on the needle plate of a blade coating machine (produced by
Werner Mathis, a Swiss company, LTE-S87609 type), requiring that the base cloth be in a
state of tension and with a smooth surface without wrinkles; a uniform tension should be
applied on the carbon fiber each time.

Preparation of the coatings: The schematic preparation of the coating is included in
Figure 1. First, the polyurethane and the functional particle materials (graphene or graphite)
were weighed; next the weighed polyurethane was placed in an agitator, and one of the
functional particle materials was added to the polyurethane at a low speed of 600 RPM,
after all functional material particles had been added to the polyurethane, the speed of the
agitator was uniformly raised to 2000 RPM, and the solution was stirred for 5 min. Next
thickener (1–2% of the total weight) and defoaming agent (1–3% of the total weight) were
added and the solution was stirred for 35 min, and a well-mixed coating was obtained;
The viscosity of the dope was measured with the No. 4 rotor of the Digital Viscometer
(produced by Shanghai Hengping Instrument Factory, SNB-2 type) with a rotating speed of
6 RPM and a viscosity range between 30,000 and 40,000 mPa·s.

Figure 1. The simple methods for preparing the flexible sandwich structure of carbon fiber cloth.

Preparation of the graphene and graphite layers: The preparation of the sandwich
structure can be seen in Figure 1. First, the prepared carbon fiber cloth was placed on the
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blade coating machine, and its scraper was fixed, then the thickness (thickness = graphite
layer thickness + thickness of the base cloth) was adjusted; Next the speed and coating
distance of the blade coating machine were adjusted, and an appropriate coating was made
on the surface of the carbon fiber cloth. The scraper was removed after the coating process
and then the obtained coated fabric was placed in an oven and dried at 80 ◦C under vacuum
for 10 min. After drying, the preparation of the graphite layer was finished, the thickness
of the coated material obtained was measured, and the material was reversed. Finally, the
scraper was re-fixed and the thickness (thickness = thickness of the graphite layer + the
thickness of graphene layer) was adjusted, and the graphene layer was prepared in the
same way. Each layer area needed to be no less than 30 × 22 cm.

2.3. Test Indicators and Methods

Test for the viscosity: An SNB-2 digital viscometer (made by Shanghai Hengping
Instrument Factory, Shanghai, China) was used to measure the viscosity of prepared
coatings, and the appropriate rotors and rotation speed were selected according to the
range table.

Test for the thickness: A YG141D digital fabric thickness meter (made by Laizhou
Electronic Instrument Co., Ltd., Laizhou, China) was used to measure the coating thick-
ness. Multiple measurements were made at different locations on the coating materials,
the measured data was recorded, and the mean thickness was calculated to reduce the
measurement error.

Test for the shielding effectiveness: A ZNB40 vector network analyzer (made by
Rohde & Schwarz, Munich, Germany) was used to measure the shielding effectiveness
of the samples. According to the standard of GJB 6190-2008—“measuring methods for
shielding effectiveness of electromagnetic shielding materials”—the test frequency range
was 0.01–3.00 GHz and the sizes of the samples were 13 cm in diameter [19–22].

Test for the reflection loss: A ZNB40 vector network analyzer (made by Rohde &
Schwarz, Munich, Germany) was used to measure the reflection loss of samples. The test
frequency range was 0.02–3.00 GHz, the sample size was a circle with an outer diameter of
7.6 cm and an inner diameter of 3.35 cm [19–22].

Test for the dielectric properties: The dielectric properties of materials were measured
with a BDS50 dielectric spectrometer (made by Novocontrol Gmbh, Frankfurt, Germany)
according to the standard of SJ20512-1995—“Test methods for permitivity and permeability
of microwave high loss solid materials”.The size of the sample was 2 × 2 cm and the test
range was 0.02–1.00 GHz [19–22].

Test for the surface resistance: The ohmic range of a F8808A desktop digital multimeter
(made by Fluke Testing Instrument Co., Ltd., Everett, WA, USA) was used to measure
the surface resistance of each sample. The surface resistance of samples per unit length
(1 cm) on the samples’ surface was measured, and 20 different locations were continuously
selected to carry out the test after the maximum and minimum data had been removed.
The average value was taken to reduce the error [19–22].

Test for the tensile strength: A 3369 INSTRON universal strength machine (made by
the American INSTRON Company, Boston, MA, USA) was used to measure the tensile
strength of the samples according to the testing method for the tensile properties of the
GB1447283 standard, and the size of the samples was 15 × 5 cm.

3. Results and Discussion

To improve the wave absorbing performance of carbon fiber cloth at low frequency, a
flexible sandwich structure of carbon fiber cloth composite was designed with a physical
mixing coating method; the structure is shown in Figure 2d. The composite was composed
of a graphene layer absorbing the wave on the surface, a carbon fiber cloth layer reflecting
the wave in the middle and a graphite layer re-absorbing the transmitting wave at the
bottom. To meet the requirement of a thin absorbing material, the thickness of the graphene
and graphite layer was set at 1 mm in the experiment. In the previous experiment, we found
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that only when the graphite absorbing layer was prepared on the surface of the carbon
fiber cloth, had the composite with 30% graphite in polyurethane a better electromagnetic
absorbing effect, while the content of the graphene in the layer had a great influence on the
absorbing performance of the composite. Therefore, five kinds of composites with different
graphene contents were prepared by the control variable method for the experiment. The
specific technological parameters are shown in Table 1. First, the influence of the content
of graphene on shielding and absorbing performance was investigated at a frequency
of 0.02–3.00 GHz, and the conductivity performance was observed. The experiments
showed that graphene content has a little influence on the shielding properties between the
frequency of 0–1 GHz, and the wave absorbing performance was enhanced significantly.
To study the absorbing mechanism of this frequency, the dielectric properties of composites
in the frequency range of 0.02–1.00 GHz were studied. With the excellent mechanical
properties of the carbon fiber cloth, the effects of the content of graphene on the mechanical
properties were investigated.

 

Figure 2. (a) The shielding properties of the composites. (b) The absorbing properties of the compos-
ites. (c) The conductive properties of the composites, (d) The structure model.

Table 1. Table for technological parameters.

Sample
Content of

Graphene on Wave
Absorbing Layer (%)

Content of Graphite on
Re-Absorbing

Transmitted Wave Layer (%)

Thickness of Each
Absorbing Layer

(mm)

1 0 30 1.0
2 10 30 1.0
3 20 30 1.0
4 30 30 1.0
5 40 30 1.0

Note: the content of functional particles refers to a percentage of the weight content of functional particles relative
to that of polyurethane; the viscosity of each layer of coating was 37,000 mPa·s.
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3.1. The Influence of the Content of Graphene on the Shielding, Absorbing, and Conductive
Properties of the Composites

There are two main parameters of electromagnetic properties of electromagnetic
protection materials, namely shielding efficiency (SE) and reflection loss (RL) value. The
former represents the shielding performance of the composite to electromagnetic waves
and its value is positive; the larger the value, the better the shielding performance will be.
The latter represents the absorbing performance to electromagnetic waves and its value is
negative; the smaller the value, the better the absorbing performance will be. Both are very
important for the sandwich structure carbon fiber cloth composite that was designed to
improve the absorbing performance in this paper. The conductive property has a certain
auxiliary role in the study of the electromagnetic properties of the material.

3.1.1. The Shielding Performance

As can be seen from Figure 2a, within a frequency range of 0.05–3.00 GHz, the values
of the shielding effectiveness of samples 1, 2, 3, 4, and 5 showed first decreasing, next
increasing, and then a decreasing trend. It may be the result of carbon fibers overlapping
with each other to form a conductive network for the flow of carriers, the flowing carriers
then interacting with the electromagnetic field to shield electromagnetic waves [23]. The
absorbing performances of graphite and graphene were limited at this frequency wave band
and the shielding performance of the materials was excellent. As the frequency increased,
the shielding ability of the material to electromagnetic waves was gradually enhanced, the
frequency continued to increase, the amount of incident electromagnetic waves gradually
increased, and the amount of electromagnetic waves that could be shielded was gradually
saturated until the maximum was reached. However, with further increasing frequencies,
the electromagnetic waves that could not be shielded transmitted the composite, and thus
the shielding ability showed a gradually weakening trend. The growth of the content of
graphene led to an increase of the amounts of electrons, ions, and inherent dipoles, and the
probability of graphene particles contacting with each other became larger, the conductive
network inside the material was denser, and the conductivity was better. Thus, with the
increase of electromagnetic wave frequency, samples with more graphene content tended
to have a peak earlier and a higher peak. The shielding efficiency peak of sample 5 with
the highest graphene content was 69.89 dB when the wave frequency was 1.53 GHz. In a
word, compared with control sample 1, samples 2, 3, 4, and 5 showed improved shielding
efficiency in the narrow band range, but it was decreased in others.

3.1.2. Absorbing Performance

As can be seen from Figure 2b, the reflection loss values of all samples fluctuated with
the increase of electromagnetic wave frequency in the range of 0.02–1.25 GHz. Compared
with sample 1, the absorbing ability of the other samples in this frequency range improved,
corresponding with the shielding efficiency diagram in Figure 2a, The shielding ability
was being reduced while the absorbing performance was being improved, and the elec-
tromagnetic wave was transformed into other energy, mainly heat energy. In the range of
1.25–3.00 GHz, the absorbing performance of samples 1, 2, 3, and 4 tended to be stable, the
absorbing performance of samples 3 and 4 were slightly improved compared with sample 1,
and the minimum reflection loss values of sample 5 were greatly improved. Sample 5 had
the best absorbing performance, and the value was improved of about 76% compared to
that of sample 1. The reflection loss value of less than −5 dB almost took up 1/3 of the
whole test range which was 0.75 GHz more than sample 1. Graphene has a unique wave
absorbing property due to the phenomena of electronic dipole polarization–relaxation and
structural defective polarization-relaxation [24,25]. Graphite is one type of electrical loss
absorbing agent with a large dielectric loss tangent value, which can absorb electromag-
netic waves according to interface polarization attenuation or electronic polarization of
the mediums [26,27]. Carbon fiber cloth has almost no wave-absorbing property, and thus
the ability to absorb electromagnetic waves is weaker; while the two absorbing particles
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compound with carbon fibers respectively to form the layer interface. The weak wave ab-
sorbing ability of carbon fiber cloth can be enhanced due to excellent impedance matching
between the carbon fibers and graphite or graphene. Among them, graphite, graphene
and polyurethane, as well as between them and the carbon fiber, all have heterogeneous
interfaces. Under the action of an electric field, charge accumulates at the interface of the
two heterogeneous materials and the resulting interface polarization loss has a significant
attenuation effect on the electromagnetic wave energy [28]. With the increasing content
of graphene, the minimum value of the reflection loss became smaller, and the frequency
range corresponding to an excellent wave absorbing property became wider. It may be
that the increase of the content of graphene led to an increase in the amount of graphene
particles in the layer per unit volume. The amounts of electrons, ions, and inherent dipoles
were also growing, the impedance matching between carbon fibers and graphene became
enhanced, and the ability to absorb electromagnetic waves was improved accordingly.

3.1.3. Conductive Performance

To verify the change of the conductive property of the composites, we measured
the surface resistance on a unit length (1 cm) of the graphene layer surface and the test
results are shown in Figure 2c. The values of the surface resistance of sample 1 and 2 were
extremely large, which exceeded the measuring range of the testing instrument. It may be
that the coating of sample 1 was a layer of polyurethane, which is one type of polymer with
a stable structure that cannot carry out an electronic transmission. For sample 2, because the
content of graphene relative to that of polyurethane was lower, the polyurethane negated
the excellent conductivity of graphene. Then, with the increasing contents of graphene, the
value of the surface resistance decreased gradually, and the conductivity of the composite
also was enhanced gradually. The resistance was still very large, which helped to enhance
the absorbing property of the composite.

3.2. The Influence of the Content of Graphene on the Dielectric Properties of the Composites

The dielectric properties test is very important for carbon-based wave absorbing
materials, as it is an indirect indicator which shows the electromagnetic properties of
materials. The dielectric properties test mainly includes the real part of the dielectric
constant, the imaginary part of the dielectric constant, and the loss tangent value. The
real part of the dielectric constant represents the polarization ability of the electromagnetic
wave, the imaginary part represents the loss ability, and the loss tangent value represents
the attenuation ability. In this paper, the real part and the imaginary part of the dielectric
constant, and the loss tangent value of the sample were tested in the frequency range of
0.02–1.00 GHz, as shown in Figure 3a–c, Figure 3d is an enlarged figure of Figure 3c,e
showing the action mechanism of each part of the composite to electromagnetic waves.

It can be seen from Figure 3 that the dielectric properties of sample 1 were not affected
by the electromagnetic wave frequency while the other samples were changed. The content
of graphene was the main reason for the changes in the polarization, loss, and attenuation
capacity of the materials to electromagnetic waves and this may be related to the inter-
facial polarization between graphene, polyurethane, and carbon fiber. Due to the lower
content of graphene in sample 2, each part of the dielectric constant had a small amount
of improvement compared with that in sample 1. The values of the other samples with a
relatively high content of graphene varied greatly with the change in the electromagnetic
wave frequency.
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Figure 3. The influence of the content of graphene on dielectric properties of composites. (a) The real
part of the dielectric constant. (b) The imaginary part of the dielectric constant. (c) The loss tangent
value. (d) An enlargement of the loss tangent value. (e) The action mechanism of each part of the
composite to electromagnetic waves.

3.2.1. The Real Part of the Dielectric Constant

It can be seen from Figure 3a that compared with sample 1, the real part of the
dielectric constant of the other samples increased rapidly at first and then slowly decreased
to a steady trend with the increase of electromagnetic wave frequency. This may be the
result of an interaction of graphite, graphene, and carbon fibers. The impedance matching
of electrons, ions, and inherent dipoles in the composite and the impedance matching
of their interfaces were both good, which led to an enhancement of the ability to store
charges [29–31]. However, with the increasing frequencies of the incident electric field, the
effects of the internal structure and impedance matching both reached the upper limit, and
the polarization ability to electromagnetic waves reached the upper limit accordingly. As
the frequency further increased, the amount of incident electromagnetic waves gradually
increased, but the amount of electromagnetic waves that could be polarized was limited,
and thus the ability for storing charges weakened gradually. The value of the real part
of the dielectric constant of the samples with higher graphene content was larger when
the real part of the sample tended to be stable. It may be that the probability of graphene
particles contacting with each other became larger with the increasing content of graphene,
the gap between particles was smaller, the conductive network inside the material was
denser, and the conductivity was better. The impedance matching between carbon fibers
and graphene was enhanced, and the polarization ability to electromagnetic waves was
also enhanced.

3.2.2. The Imaginary Part of the Dielectric Constant

It can be seen from Figure 3b that compared with sample 1, the value of the imaginary
part of the dielectric constant of sample 2 had a trend of first increasing and then slowly
decreasing to a stable state, while the value of the other samples fluctuated greatly at
a relatively stable state in the measured frequency range. This may be the result of the
enhancement of the electronic polarization–attenuation ability of the graphite layer and
the electronic dipole polarization–relaxation ability of the graphene layer, and thus the
loss of ability to electromagnetic waves was enhanced gradually [32,33]. However, with
the increasing frequencies of the incident electric field, the eddy current loss caused by an
increase of current gradually dominated, and the positive and negative charges heading off
from the original equilibrium position in the layer had to return to the original equilibrium
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position, but could not keep up with the changing frequencies, and thus the loss ability
to electromagnetic waves showed a gradually weakening trend [34,35]. The higher the
content of graphene of the samples, the stronger was the loss ability of the electromagnetic
wave in this test frequency range. That is because with the increase of graphene content, the
eddy current loss inside the material was stronger, and the loss capacity to electromagnetic
waves was stronger. Moreover, the impedance match of the sample with 20% graphene
content was stronger than that of the sample with 30% graphene.

3.2.3. The Loss Tangent Value

It can be seen from Figure 3c,d that compared with sample 1, the loss tangent value
of sample 2 increased somewhat while the loss tangent values of sample 3, 4, and 5
showed a trend of rapid increase at first and then rapid decrease to a steady state. It
may be that carbon fibers can be seen as one type of semiconductor material with an
excellent conductivity. Internal fibers can overlap with each other to form a conductive
network, a component perpendicular to the incident electric field of the carbon fibers
and the structure of each absorbing layer can be produced to attenuate electromagnetic
waves. As the frequency of the applied electric field increased, the amount of attenuated
electromagnetic waves increased gradually [36]. Due to the conductivity of the carbon
fibers, the electronic polarization–attenuation ability of the graphite, and the electronic
dipole polarization–relaxation ability of graphene, the attenuation ability of the composite
to electromagnetic waves within a specific frequency range was greatly enhanced, and
attenuated the majority of incident electromagnetic waves inside the material. As the
incident frequency increased, the attenuation ability to electromagnetic waves gradually
weakened until there remained a stable state. The higher the content of graphene, the
greater was the tangent loss value. Sample 5 with the highest graphene content has the best
attenuation ability for the electromagnetic wave, and its loss tangent value reaches 304.85.
With the increase of graphene content, the number of electrons, ions, and intrinsic dipoles,
and the attenuation ability of the electromagnetic waves became enhanced [37,38]. The
attenuation ability of sample 3 to electromagnetic waves was better than that of sample 4,
which was similar to Figure 3b. It is possible that the impedance matching characteristic of
sample 3 was better than that of sample 4.

3.3. The Influence of the Content of Graphene on the Graphene Layer of the Composite on
Mechanical Properties

The mechanical properties of the testing samples are shown in Table 2, the strength
test machine is shown in Figure 4a and the displacement–load curve is shown in Figure 4b.
As can be seen from Table 2 and Figure 4b, the content of graphene had little effect on the
tensile strength, which indicates that the prepared composites can improve their absorbing
properties while having no deterioration in their tensile properties. Samples 1 to 5 basically
met the trend in that the maximum load increased with increasing contents of graphene.
The content of graphene became the main factor affecting the tensile property of the
composite, because graphene has a single-layer carbon atom structure with all atoms in
the same plane, thus it has good toughness, excellent strength, and a unique deformation
mechanism. This unique deformation mechanism can cause the hexagonal structure of
graphene in the layer to be destroyed during the stretching process, and eventually lead to
a tensile fracture of the coated material [39]. However, as the content of graphene particles
gradually increased, the distribution of graphene particles became more uniform in the
composite. Moreover, the higher the content of graphene, the stronger the elastic force
and anti-pressure ability of the composite, and thus the maximum load increased with the
increasing contents of graphene. The excellent mechanical properties of the material benefit
from the joint action of carbon fiber, graphite, and graphene, as well as the special plain
woven structure of the carbon fiber.
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Table 2. Parameters of mechanical properties of composites with different contents of graphene.

Sample
Maximum Load

(kN)

Maximum Load
Displacement

(mm)

Maximum Load
Tensile Stress

(kMPa)

Modulus of
Elasticity
(kMPa)

1 5.54 3.04 3.79 146.04
2 5.71 3.39 3.56 141.51
3 5.84 2.83 3.64 147.54
4 5.83 3.98 3.63 126.99
5 6.22 3.29 3.62 149.73

 

Figure 4. (a) A 3369 INSTRON universal strength machine. (b) The influence of the content of
graphene on the mechanical properties.

4. Conclusions

In this paper, sandwich structure carbon fiber cloth composites prepared by a coating
technology can effectively improve wave absorbing performance at low frequency. The
electromagnetic parameters of the composites varied greatly in the different test ranges.
The sample with a content of 40% graphene in the polyurethane had the most outstanding
absorbing performance; the reflection loss value was −18.62 dB when the electromagnetic
wave frequency was 2.15 GHz. The absorbing performance is mainly due to its excellent
attenuation and loss ability to electromagnetic waves, and conductivity performance. The
design of the sandwich structure did not deteriorate the tensile properties of the composites.
The design of the absorbing material has the advantages of a simple process, environmental
protection, and low price, while being suitable for industrial production. At low frequency,
it has the advantages of thin thickness, light weight, good strength, and flexibility.
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Abstract: Due to the content of lignocellulosic particles, wood plastic composites (WPC) composites
can be attacked by both domestic and mold fungi. Household fungi reduce the mechanical properties
of composites, while mold fungi reduce the aesthetics of products by changing their color and surface
decomposition of the wood substance. As part of this study, the impact of lignocellulosic fillers in the
form of sawdust and bark in poly (lactic acid) (PLA)-based biocomposites on their susceptibility to
mold growth was determined. The evaluation of the samples fouled with mold fungi was performed
by computer analysis of the image. For comparison, tests were carried out on analogous high-density
polyethylene (HDPE) composites. Three levels of composites’ filling were used with two degrees
of comminution of lignocellulosic fillers and the addition of bonding aids to selected variants. The
composites were produced in two stages employing extrusion and flat pressing. The research revealed
that PLA composites were characterized by a higher fouling rate by Aspergillus niger Tiegh fungi
compared to HDPE composites. In the case of HDPE composites. The type of filler (bark, sawdust)
affected this process much more in the case of HDPE composites than for PLA composites. In addition,
the use of filler with smaller particles enhanced the fouling process.

Keywords: PLA; HDPE; biocomposites; mold; bark

1. Introduction

The rapidly developing industry of wood-plastic composites (WPC) focuses on the
introduction of new material solutions for matrix and fillers. In both cases, the biodegrad-
ability of applied raw materials is crucial. Nowadays most WPC composites are produced
from polyethylene PE, polypropene PP, or polyvinyl chloride PVC [1]. However, as an
alternative can also be used biodegradable poly (lactic acid) PLA or polyhydroxyalkanoate
PHA. PHA when exposed to anaerobic conditions slowly decomposes under the influence
of bacteria present in the soil, sewage, or silt into water and carbon dioxide. For this reason,
it can be applied to manufacture packaging and components with short durability. In turn,
PLA does not biodegrade under ordinary conditions of use, so it can be applied in produc-
tion of components with a long mean life. Furthermore, PLA can be easily disposed of by
composting with no harm to the natural environment [2]. Given its features, PLA is used
in medicine and industry, replacing conventional petrochemical polymers [3]. However,
due to its downsides, such as sensitivity to moisture, susceptibility to aging, limited impact
strength, and high rigidity [4], PLA is modified in many ways.

One of the directions of PLA modification is introduction lignocellulosic fillers, such as:
wood fibers [5–7], wood flour [8–10], cork [8], bamboo fiber [11], abaca fibers [12], rubber
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wood sawdust [13], and bark [14]. The authors generally indicate an improvement in the
mechanical properties of PLA composites filled with wood fibers with a filler content of
up to 20% [5,7] or 30% [6]. Andrzejewski et al. [8] reported the beneficial effect of cork
filler (up to 30%) on the dimensional stability of PLA composites exposed to moisture. The
use of wood flour or bark as a filler, on the other hand, deteriorates the resistance of PLA
composites to moisture [10,14].

Due to the content of lignocellulosic particles and changing conditions of use WPC
composites can be biodegradable [15–23]. They are susceptible to domestic and mold fungi
attack. Domestic fungi cause changes in the structure and chemical composition of the
lignocellulosic particles in the composites. The degradation effect depends on the weight
fraction of lignocellulosic particles, their size and type of wood, as well as the possible
application of other additives [24]. The degradation of wood particles is reflected in the
decrease in the strength of WPC composites [20,23,25,26], and to a large extent this decrease
is also caused by changes caused by the moistening and drying of these particles [27]. Mold
fungi, in turn, reduce the aesthetics of the products by changing their color and the surface
distribution of the wood substance [28]. Fungi have a detrimental effect on the health
of humans and animals living in the vicinity of objects attacked by them [29,30]. Schirp
et al. [31], Kartal et al. [32], Feng et al. [33] reported that WPC with a higher content and
larger sizes of wood particles are more susceptible to mold fungi. The susceptibility also
depends on the type of wood used as the filler [34].

This study determines the impact of lignocellulosic fillers (sawdust and bark) in PLA
biocomposites on their susceptibility to mold growth. Schirp et al. [31] reported that the
influence of coloring and mold fungi on WPC was measured only by the visual method
of assessment of microorganisms fouling the material. As part of the research, the mold
growth on the samples was assessment using computer analysis of the image [14]. The
tests were carried out on analogous WPC composites made of high-density polyethylene
(HDPE). Three levels of filling were used with two degrees of granularity of lignocellulosic
fillers and the addition of joining additives to selected variants. The composites were
produced in two stages process consisting of extrusion and flat pressing.

2. Materials and Methods

In this study 36 variants of WPC composite panels were produced based on two types
of polymer matrices: polylactic acid—PLA (IngeoTM Biopolymer 2003D, NatureWorks LLC,
Minnetonka, MN, USA) and high-density polyethylene—HDPE (Hostalen GD 7255, Basell
Orlen Polyolefins Sp. Z.o.o., Płock, Poland) (Tables 1 and 2). Two types of lignocellulosic
material were used as a filler: coniferous sawdust and conifer bark. Additives used
in selected variants were: calcium oxide CaO (Avantor Performance Materials Poland
S. A., Gliwice, Poland) in the case of PLA composites, and polyethylene-graft-maleic
anhydride MAHPE (SCONA TSPE 2102 GAHD, BYK-Chemie GmbH, Wesel, Germany) in
HDPE composites.

The lignocellulosic material obtained from the sawmill was dried to a humidity of 5%
and then mechanically ground and sorted into two size variants:

(1) Particles passing through a 2 mm sieve (approx. 10 mesh) and remaining on a 0.49 mm
sieve (approx. 35 mesh);

(2) Particles passing 0.49 mm sieve (greater than 35 mesh).

The composites were produced in a two stage process:

(1) First, WPC granules with an appropriate formulation were produced (Tables 1 and 2)
using an extruder (Leistritz Extrusionstechnik GmbH, Nürnberg, Germany) (tempera-
tures in individual sections of the extruder were 170–180 ◦C), the obtained continuous
composite band was then ground in a hammer mill.

(2) Secondly, the obtained granulate was used to produce plates with nominal dimensions
300 × 300 × 2.5 mm3. The process consisted of flat pressing in a mold, using a one-
shelf press (AB AK Eriksson, Mariannelund, Sweden) at a temperature of 200 ◦C and
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a maximum unit pressing pressure pmax = 1.25 MPa (the pressure during pressing,
along with the plasticization of the material, was gradually increased from 0 to pmax).
The pressing time was 6 min. After hot pressing, the plates were cooled in the mold
for 6 min in the cold press.

The manufactured plates were conditioned for 7 days at 20 ± 2 ◦C and 65 ± 5%
humidity.

Table 1. Composition of individual variants PLA composites.

Variant Matrix
Share of the

Matix (%)
Additvies
(CaO) (%)

Share of the Filler [%]

Small Particles
>35 Mesh

Large Particles
10–35 Mesh

1P PLA 60 40 s
2P PLA 60 40 b
3P PLA 60 40 b
4P PLA 60 40 s
5P PLA 50 50 s
6P PLA 50 50 b
7P PLA 50 50 b
8P PLA 50 50 s
9P PLA 40 60 s

10P PLA 40 60 b
11P PLA 40 60 b
12P PLA 40 60 s
13P PLA 57 3 40 s
14P PLA 57 3 40 b
15P PLA 47 3 50 s
16P PLA 47 3 50 b
17P PLA 37 3 60 s
18P PLA 37 3 60 b

s—sawdust, b—bark.

Table 2. Composition of individual variants HDPE composites.

Variant Matrix
Share of the

Matix (%)
Additvies

(MAHPE) (%)

Share of the Filler [%]

Small Particles
>35 Mesh

Large Particles
10–35 Mesh

1H HDPE 60 40 s
2H HDPE 60 40 b
3H HDPE 60 40 b
4H HDPE 60 40 s
5H HDPE 50 50 s
6H HDPE 50 50 b
7H HDPE 50 50 b
8H HDPE 50 50 s
9H HDPE 40 60 s
10H HDPE 40 60 b
11H HDPE 40 60 b
12H HDPE 40 60 s
13H HDPE 57 3 40 s
14H HDPE 57 3 40 b
15H HDPE 47 3 50 s
16H HDPE 47 3 50 b
17H HDPE 37 3 60 s
18H HDPE 37 3 60 b

s—sawdust, b—bark.
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2.1. Resistance to Moulds

The resistance of materials to molds was performed using the test specimens of
dimensions 50 × 50 × 2.5 mm3. Test samples were superficially sterilized by spraying all
surfaces with 70% alcohol and then placed separately in sterile glass vessels for 24 h at
a temperature of 65 ◦C. After cooling the samples for the next 24 h, test specimens were
exposed to pure cultures of Aspergillus niger Tiegh (ATCC:16888) fungus, growing on a 2%
MEA nutrient medium (OXOID Ltd., Basingstoke, UK).

The specimens were placed directly into Petri dishes (diameter of 100 mm) on a nutri-
ent agar medium to ensure their good moisture saturation. Inoculation with the fungus was
carried out by placing four inoculums, each, approximately 10 mm from every edge of the
specimen. Growth of fungus was conducted in incubators chamber—model Thermolyne
Type 42000 (ThermoFisher Scientific, Waltham, MA, USA) for 22 days at temperature of
26 ◦C. Periodically the mold growth on samples was determined by taking high resolution
pictures in laboratory photo making cabinet station for documentation purposes. In ac-
cordance with the author’s own concept of assessing the degree of contamination (p) of
the tested materials by A. niger, two parameters of attack by the fungus were determined
for each sample. The first parameter of infestation (p1) was the percentage of mycelium
coverage of the sample surface, calculated in relation to the total area of the sample. The
second parameter of infestation (p2) determined the percentage of cover of the sample
surface by conidial sporangia of the fungus, calculated in relation to the total area of the
sample. The final result of the specimen contamination by the fungus (p), was assumed
as the value of the sum of the parameters p1 and p2, calculated according to the equation
p = 0.7p1 + 0.3p2. The numerical factors 0.7 and 0.3, respectively for the parameters p1
and p2, were adopted on the basis of our own observations and considered as suitable for
the parametric determination of the degree of contamination of materials by A. niger. The
results of the contamination of samples by the fungus was the arithmetic mean value of the
results obtained for four replications of each material variant.

The percentage overgrowth of samples was determined with an accuracy of up to 5%
with the support of image analysis software ImageJ2 (Fiji v1.52i) [35,36].

2.2. Porosity

The porosity and the pore volume in the samples was determined by using the X-ray
micro-CT measurements SkyScan 1272 system (Bruker microCT, Kontich, Belgium). To
capture high quality imaging pixel resolution of 25.0 μm, 40 keV source voltage, 193 μA
current was used. A stack of approximately 1500 flat projection images (1008 × 1008 pixels)
was obtained after a 180◦ rotation with 0.4◦ steps, which averaged 4 frames for each step.

3. Results

At the initial stage (first 3 days) mold growth on PLA composites was significantly
influenced by the size of the filler particles (PS) and the interaction between the share
of the filler and its particles size (FCxPS), the share of the filler and its type (FCXF), and
the proportion of the filler, the particles size of the filler and the type of filler (FCxPSxF).
In each of the cases, the influence of factors was significant (the influence percentage of
factors ranged from 16.27% to 27.55%). In turn, further growth of mold was to a lesser
extent determined by the size of the filler particles, although this effect was still significant
(Table 3). In the final stage of fouling the PLA samples, the greatest influence percentage
had the share of the filler (FC) and the type of filler (F) as well as the interaction between
these factors (FCxF).

In the case of HDPE composites (Table 4), the filler particles size (PS) had the greatest
effect on the mold growth over the first 7 days. On the other hand, the further growth
was also determined by the share of the filler (FC) and the type of filler (F) as well as the
interaction between these factors (FCxF).
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Table 3. The influence percentage of individual factors and their interactions affecting the mold
growth on PLA composites.

Day
Factors Interaction between Factors

Error
FC PS F FCxPS FCxF PSxF FCxPSxF

2 8.83 S 20.11 S 0.09 N 19.18 S 27.46 S 0.39 S 22.87 S 1.04
3 10.44 S 18.54 S 0.08 N 18.48 S 27.55 S 4.61 S 16.27 S 4.33
4 8.37 S 4.51 S 5.72 S 16.56 S 19.16 S 34.84 S 6.63 S 4.19
5 5.71 S 8.41 S 6.35 S 14.61 S 12.28 S 22.35 S 5.61 S 24.66
7 15.12 S 9.96 S 3.55 N 5.52 N 16.68 S 0.39 N 0.82 N 47.96
9 14.67 S 9.51 S 9.29 S 6.34 N 18.78 S 1.06 N 2.09 N 38.25

12 14.13 S 2.35 N 21.18 S 4.71 N 14.13 S 2.35 N 4.71 N 36.43
15 24.65 S 0.00 S 12.33 S 0.00 S 24.65 S 0.00 S 0.00 S 38.37

FC—filler content; PS—particle size; F—filler; N—no statistical significance (p > 0.05); S—statistically significant
(p < 0.05).

Table 4. The influence percentage of individual factors and their interactions affecting the mold
growth on HDPE composites.

Day
Factors Interaction between Factors

Error
FC PS F FCxPS FCxF PSxF FSxPSxF

2 2.78 S 24.00 S 10.07 S 13.19 S 11.73 S 0.05 N 31.92 S 6.26
3 24.91 S 35.85 S 0.02 N 9.37 S 9.53 S 1.08 S 13.33 S 5.91
4 16.37 S 51.02 S 1.01 S 10.34 S 14.89 S 0.10 N 1.13 S 5.13
5 9.38 S 43.31 S 8.90 S 4.39 S 24.15 S 0.62 N 0.71 N 8.54
7 11.65 S 29.56 S 15.37 S 4.56 S 23.52 S 1.78 S 4.67 S 8.88
9 13.41 S 18.52 S 24.54 S 2.72 S 17.78 S 6.14 S 5.06 S 11.74

12 21.75 S 16.20 S 26.19 S 1.93 S 12.38 S 9.57 S 3.59 S 8.40
15 23.22 S 15.48 S 25.99 S 1.46 S 12.95 S 8.66 N 3.00 S 9.24

FC—filler content; PS—particle size; F—filler; N—no statistical significance (p > 0.05); S—statistically significant
(p < 0.05).

The effect of addition the additive and its interaction with the filler was significant
in the first five days of exposure to fungi in case of PLA composites (Table 5). For HDPE
composites this effect was generally significant throughout the impact of mold fungi
(Table 6). Referring to these analyzes, it is worth noting that, except for HDPE composites
filled with large sawdust, in the remaining cases, after four days of fouling, the influence of
factors not included in this study started to play an important role (error > 20%).

Table 5. Percentage of the compatibilizer influence, filler fraction and their interactions influencing
the mold growth on PLA composites.

Day
Bark Large Particles Bark Small Particles

K FC KxFC Error K FC KxFC Error

2 31.80 S 9.47 S 56.19 S 2.54 0.03 N 33.62 S 62.90 S 3.45
3 26.35 S 58.06 S 11.96 S 3.64 41.85 S 3.39 S 50.32 S 4.45
4 29.96 S 49.03 S 18.69 S 2.31 50.31 S 0.53 N 40.44 S 8.71
5 11.96 S 44.63 S 22.90 S 20.52 20.91 S 2.34 N 45.62 S 31.13
7 0.26 N 46.93 S 10.98 N 41.83 0.00 N 14.96 N 14.86 N 70.19
9 9.28 N 32.64 S 4.73 N 53.34 14.04 S 28.08 S 28.08 S 29.80

12 4.54 N 26.77 S 8.99 N 59.70
15 4.54 N 26.77 S 8.99 N 59.70

K—additives; FC—filler content; N—no statistical significance (p > 0.05); S—statistically significant (p < 0.05).
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Table 6. Percentage of the compatibilizer influence, filler fraction and their interactions influencing
the mold growth on HDPE composites.

Day
Sawdust large Particles Bark Small Particles

K FC KxFC Error K FC KxFC Error

2 72.87 S 11.21 S 11.21 S 4.70 19.79 S 44.51 S 26.57 S 9.14
3 15.73 S 60.40 S 16.16 S 7.71 28.03 S 31.70 S 37.52 S 2.75
4 44.68 S 29.95 S 22.92 S 2.45 32.75 S 26.81 S 29.88 S 10.56
5 39.23 S 47.53 S 10.07 S 3.18 51.77 S 6.35 N 10.60 N 31.28
7 18.20 S 58.94 S 20.14 S 2.71 15.44 N 4.65 N 4.64 N 75.27
9 15.77 S 61.44 S 19.86 S 2.93 1.92 N 3.78 N 3.80 N 90.51

12 12.85 S 65.79 S 17.79 S 3.57 18.45 S 4.11 N 12.23 N 65.21
15 11.78 S 68.75 S 16.03 S 3.44 18.45 S 4.11 N 12.23 N 65.21

K—additives; FC—filler content; N—no statistical significance (p > 0.05); S—statistically significant (p < 0.05).

Regardless the type of filler, PLA composites were more susceptible to mold growth
than analogous HDPE composites. After 7 days, 90% of PLA composites surface was
covered by mold irrespectively of the composition of the specimens (Figure 1). In the case
of HDPE composites, 100% surface coverage of the samples was not achieved even after
15 days of exposure (Figure 2). Exemplary images of samples covered by mold fungi are
presented in Figures 3–6. Composites made on the basis of PLA were characterized by a
generally higher porosity of the internal structure compared to analogous materials made
on the basis of HDPE (Figure 7).

Application of the additives had a significant effect on the mold growth on both, PLA
and HDPE composites (Figures 1a,d, 2a,d, 8 and 9). Irrespectively to the type of filler, the
additives increased the rate of mold growth. It is worth adding here that the porosity of the
composites in most cases (except for the composite based on polyethylene filled with small
bark) generally decreased (Figure 10).

Figure 1. The rate of surface fouling by Aspergillus niger Tiegh fungi on PLA composites for: (a) bark
small particles; (b) sawdust particles; (c) bark large particles; (d) sawdust large particles.
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Figure 2. The rate of surface fouling by Aspergillus niger Tiegh fungi on HDPE composites for: (a) bark
small particles; (b) sawdust particles; (c) bark large particles; (d) sawdust large particles.

 
Figure 3. Example of mold growth (Aspergillus niger Tiegh) after 7 days of exposure of composite
samples with large particle bark filler of 60%, based on a matrix: (a) HDPE; (b) PLA.

 

Figure 4. Example of mold growth (Aspergillus niger Tiegh) after 7 days of exposure of composite
samples with small particle bark filler of 60%, based on a matrix: (a) HDPE; (b) PLA.
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Figure 5. Example of mold growth (Aspergillus niger Tiegh) after 7 days of exposure of composite
samples with large particle sawdust filler of 60%, based on a matrix: (a) HDPE; (b) PLA.

 

Figure 6. Example of mold growth (Aspergillus niger Tiegh) after 7 days of exposure of composite
samples with small particle sawdust filler of 60%, based on a matrix: (a) HDPE; (b) PLA.

Figure 7. Porosity of the tested PLA and HDPE composites.
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Figure 8. The rate of surface fouling by fungi Aspergillus niger Tiegh of PLA composites with CaO
addition; (a) bark small particles; (b) sawdust large particles.

 

Figure 9. The rate of surface fouling by fungi Aspergillus niger Tiegh of HDPE composites with
MAHPE addition; (a) bark small particles; (b) sawdust large particles.

Figure 10. The porosity of the tested PLA and HDPE composites containing additives.

4. Discussion

The higher susceptibility to mold of PLA composites compared to HDPE composites is
consistent with existing scientific literature. Zimmermann [37] reports that aliphatic polyesters,
including PLA, are more susceptible to microbial degradation than non-hydrolyzable syn-
thetic polymers, such as, inter alia, PE. Maeda et al. [38] showed that fungi of the genus
Aspergillus had a hydrolyzing effect on PLA. Porosity, in turn, increases the availability of
composite components for microbiological agents and thus increases their susceptibility to
degradation [28].
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In the case of WPC composites, the addition of additional substances (e.g., a com-
patibilizer) has a significant impact on their physical and mechanical properties [28]. Yeh
et al. [39] revealed that the addition of a compatibilizer has a positive effect on reducing the
degradation of WPC composites by fungi throughout improving the reduction of moisture
penetration. In the present study, CaO was introduced as an additive—a moisture absorb-
ing and biocidal agent to PLA composites [40], and the MAHPE was applied in HDPE
composites [28].

Factors such as type of filler, its contribution and size of particles affected the mold
growth regardless the type of matrix PLA or HDPE (Tables 3 and 4). The interaction between
these factors is being significant. It is worth noting that this impact varies depending on
the duration of the exposure to the mold. Schirp et al. [31], Kartal et al. [32], Feng et al. [33]
reported that WPC with a higher content of larger size wood particles are more susceptible
to the influence of mold fungi. Ref. [41] found that an increase in the thermoplastic content
in the outer layers from 40% to 50% in particle-polymer boards elongates mold growth
(Trichoderma virens) about 3.5 times.

Regardless of the matrix type (PLA or HDPE), bark-filled composites were more
susceptible to mold. In relation to the tested materials, it is particularly visible in composites
filled with large particles (10–35 mesh). This is probably due to the greater availability of
large particles for microorganisms, while smaller particles (less than 10 mesh) are better
surrounded by the polymer matrix and thus less accessible to fungi. The influence of the
type of filler on WPC susceptibility to mold was also demonstrated by Xu et al. [42], Feng
et al. [34] and Feng et al. [43], Valentín et al. [44] stated that pine bark can be an excellent
source of nutrients for fungi. So et al. [45], in the study of litter, revealed that bark particles
are more susceptible to mold growth than coniferous chips used under the same conditions.
It is worth noting that the bark contains more extractives, and Hosseinaei et al. [46] found
that reducing their content limits the susceptibility of WPC to mold growth.

Nevertheless of the growth rate results, it should be enhanced that mold fungi reduce
the aesthetics of WPC products by changing their color and the surface decomposition of
the wood substance [28]. Additionally, objects attacked by fungi have a detrimental effect
on the health of humans and animals living in their vicinity [29,30].

5. Conclusions

1. PLA composites are characterized by a higher growth rate by Aspergillus niger Tiegh
mold fungi compared to HDPE composites.

2. The type of filler (bark, sawdust) had a greater impact on fouling by mold fungi in the
case of HDPE composites.

3. Composites filled with bark were characterized by a higher growth rate of mold fungi
compared to composites filled with sawdust.

4. In the case of sawdust filler, composites filled with small particles revealed a higher
fouling rate.

5. In the case of bark filler, PLA composites displayed a higher fouling rate when filled
with large particles, while HDPE composites revealed higher fouling rate when filled
with small particles.

6. The introduction of additional substances (CaO in PLA composites and MAHPE in
HDPE composites) generally increased the rate of mold growth on the composites.
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Abstract: A quite simple method is proposed for the assessment of extremely cold subarctic climate
environment destruction of the basalt fiber reinforced epoxy (BFRE) rebar. The method involves
the comparison of experimentally obtained long-term moisture uptake kinetic curves of unexposed
and exposed BFRP rebars. A moisture uptake test was carried out at the temperature of 60 ◦C and
relative humidity of 98 ± 2% for 306 days. The plasticization can be neglected because of low-level
moisture saturation (<0.41% wt.); the swelling and structural relaxation of the polymer network can
be neglected due to the high fiber content of BFRP rebar; moisture diffusion into the basalt fibers can
be neglected since it is a much lesser amount than in the epoxy binder. These assumptions made it
possible to build a three-stage diffusion model. It is observed that an increase in the density of defects
with an increase in the diameter of the BFRP rebar is the result of the technology of manufacturing a
periodic profile. The diffusion coefficient of the BFRP rebar with a 6, 10, or 18 mm diameter increased
at an average of 82.7%, 56.7%, and 30%, respectively, after exposure to the climate of Yakutsk during
28 months, whereas it was known that the strength indicators had been increased.

Keywords: destruction; cold climate; epoxy binder; basalt fiber; BFRP; rebar; moisture uptake;
diffusion coefficient; Fick’s diffusion; PCM

1. Introduction

The subject of the study is inextricably linked with the actual problem of ensuring high
resistance of the strength properties of polymer composites to aggressive environments [1–10],
including the forceful impacts of subarctic climate on the composites [10–12]. In this
area, examples have been identified [2,13,14], showing that some mechanical indicators
of polymer composite materials after an open-air exposure in cold and extremely cold
subarctic climate deteriorated comparably or even more significantly than in warm-summer
humid continental climate. In [12], it is shown that the indicators’ strength of basalt
fiber reinforced polymer (BFRP) rebar, which has been under the influence of destructive
processes of extremely cold subarctic climate for several years, has improved. Thus, it is
necessary to find and confirm more sensitive indicators to the initial destruction of the
BFRP rebar.

It was found that for carbon fiber reinforced plastic, fiberglass, and other plastics
with an epoxy binder, one of such promising indicators is the diffusion coefficient during
desorption of moisture [15–17]. In this case, desorption was carried out after the first
equilibrium moisture content of the plastic. Moreover, only the binder’s abnormal effects of
moisture absorption (plasticization, swelling, hydrolysis, additional hardening, structural
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relaxation, pore formation, microcracking) were taken into account. However, usually the
initial free volume content is unknown; polymer composite materials (PCM) can contain
defects and capillaries in the interface fiber/binder, depending on the initial composition,
reinforcement design, manufacturing technology, and environmental conditions. This type
of free volume can be the generating part of the moisture content of the PCM [18–21]. For a
unidirectional PCM, the moisture uptake by capillaries can be distinguished by considering
the moisture uptake by the samples of different heights. Thus, for an adequate quantitative
evaluation of the free volume in unidirectional PCM, it is necessary that the samples with
different heights were exposed to moisture for a long time.

Thus, this work proposes a quite simple method for evaluating extremely cold subarc-
tic climate environment destructive processes of a basalt fiber reinforced polymer rebar. The
way compares the experimentally obtained long-term moisture uptake kinetic of unexposed
BFRP rebar with the kinetic of open-air exposed BFRP rebar. A constructive comparison
should be achieved by introducing the minimum number of parameters needed to approx-
imate the BFRP rebar moisture uptake. It should be noted that the quantitative control of
free volume in a BFRP rebar forms the basis for reliable prediction of the rebar mechanical
properties in the long term [19,22].

2. Materials and Methods

2.1. Raw Materials

The reinforcing member was RBN 13-2400-4S basalt roving manufactured by “TBM”
LLC (Yakutsk, Russia) in Yakutsk (fiber diameter of 13 microns). The nominal linear density
of roving was 2400 tex. Breaking load of roving was not less than 320 mN/tex. The binder
was an epoxy resin (ED-22) (Kukdo chemical Co.LTD, Seoul, Korea), which was “hot”
cured with a suitable amount of hardener in the presence of accelerator. The hardener
isomethyltetrahydrophthalic anhydride (iso-MTHPA) (JSC Sterlitamak Petrochemical Plant,
Sterlitamak, Russia) was chosen because the systems cured with it have high mechanical
properties, excellent waterproof, good electrical properties, and resistance to climatic
impact. 2,4,6-tris(dimethylaminomethyl)phenol (UP 606/2) accelerator was chosen due to
its high catalytic activity.

2.2. Manufacture of Composite and Specimen Preparation

The BFRP rebar was manufactured following Technical Specifications 2296-001-86166796-
2013 “Non-metallic composite armature made from basalt plastic.” BFRP rebars were
prepared using the pultrusion molding process. Continuous basalt rovings are impregnated
with an epoxy binder; some of the impregnated rovings were pulled through the central
spinneret molding an inner rod, then this rod was cured (8 kgF); the remainder of the
impregnated rovings are pulled through the peripheral spinneret molding an outer layer
and fixed to the cured inner rod. Finally, the outer layer is wrapped by polyamide thread,
molding a periodic profile of the rebar.

The profile and key of the size of rebar components are shown in Figure 1. The rebar
with a diameter of d means that a diameter of the inner rod is d, above which a step of
l wavy protrusions of length n rise, forming the outer diameter of d1 and the polyamide
thread with a length of d (Table 1). The object of research is the BFRP rebar with diameters
of 6, 10, and 18 mm. Test specimens of 5, 10, 30, 50, 70, and 100 mm height were cut, and
cross-sections were polished from each BFRP rebar.
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Figure 1. The keys of periodic rebar profile.

Table 1. Technological modes of forming a periodic profile of rebar.

d (mm) d1 (mm) d(mm) n (mm) l (mm)
Fibres Mass

Share (%)

6 7 6.5 0.5 5–7 77
10 12 10.5 1 7–9 78
18 23 18.4 1.5 8–12 70

2.3. Climatic Aging of BFRP Rebar

The FBRP rebars were exposed to the extremely cold subarctic climate in Yakutsk
for 28 months (Figure 2). The minimum temperature was registered as minus 64.4 ◦C.
Per year the maximum temperature difference reaches 100 ◦C, average wind speed is
1.8 m/s, average relative humidity is 68%, 237 mm of precipitation falls, the solar radiation
is 3680 MJ/m2.

  
(a) (b) 

Figure 2. Open stands with BFRP rebar in Yakutsk in winter (a), and in summer (b).

2.4. Moister Absorption Tests and Kinetic Moisture Uptake Profile

The test method for moisture absorption of BFRP rebar was constituted with the
recommendations of ASTM [23]. The test and preconditioning chamber was a Binder ED53
oven (Germany) over silica gel(BINDER GmbH, Tuttlingen, Germany). Preconditioning
of the sample was for 14 days prior to its constant weight. The test relative humidity was
98 ± 2%. The samples were placed over distilled water in a desiccator 2-240 TY 25.11.1024-
88 (JSC “Khimreaktivsnab”, UFA, Russia). The measurement time interval was one day.
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The test balance was an Ohaus analytical balance (Ohaus, NJ, USA) with measurement
error 0.1 mg and range 0.01–210 g, accuracy class I. The percent change in mass determined
the kinetic moisture uptake profile of the sample

Mt(%) =
Mt

M0
· 100% =

M − M0

M0
· 100%, (1)

where Mt(%) was the weight gain, Mt was the amount of diffusing substance that got
into the cylinder on time t, M was the weight of sample at time t, and M0 was the initial
sample weight after drying at t = 0. Three samples were tested for each rebar mass, and
the average moisture uptake data with standard deviation were reported.

2.5. Fickian Diffusion Model for a Long Cylinder

For a homogeneous continuous cylinder with radius R, in which diffusion through
the butts can be neglected, the diffusion is described by the Fick equation [24]

∂C
∂t

=
1
r

∂

∂r

(
rD

∂C
∂r

)
,

where C is a moisture concentration, r is a radial coordinate and D is the diffusion coefficient.
Let the constant concentration be adhered to the cylinder boundary C(R, t) = const. There
is no penetrator in the sample at the initial time C(R, 0) = 0 (0 < r < R). If M∞ is the
corresponding quantity after the infinite time (saturated or equilibrium), then according
to [25]

Mt = M∞

(
1 − 4

R2

) ∞

∑
n=1

exp
(−α2

nDt
)

α2
n

, (2)

provided the αn are roots of J0(Rαn) = 0, where J0(r) is the Bessel function of the first kind
of order zero.

2.6. Macroanalysis of Material Structure

Macroanalysis of samples was done using Nikon Eclips LV100 (Nilon, Tokyo, Japan)
at magnifications of 30; 50; 100; and 500.

3. Results and Discussions

3.1. Experimental Moisture Uptake Kinetics (a Three-Stage Diffusion)

Moisture uptake kinetics were calculated as the percent change in mass (1). The mois-
ture uptake kinetics are presented in Figure 3 for the rebars were stored in the warehouse
(unexposed rebars). The kinetics are sorted by the diameter of the rebar. The results show
differences in moisture uptake behavior between the rebar with a diameter of 6 mm and the
rebar with a 10, 18 mm diameter. In contrast to the kinetics of moisture uptake in the rebars
with a diameter of 6 mm, the kinetics of moisture uptake in the rebars with a 10, 18 mm
diameter during the period of moisture exposure represents the circumstance of three-stage
diffusion (see Figure 3c,d). At the first stage, there is a quasi-equilibrium (M1∞, t1); at
the second stage (M2∞, t2), there is a linear increase in moisture absorption, and at the
third stage, there is a sharp jump in sample mass or the unchanging of the sample mass.
This observation of three-stage diffusion indicates that a time-variable diffusion model
is most suitable for describing moisture diffusion of unexposed BFRP rebars with a 10 or
18 mm diameter [26]. However, this time-variable character is not suitable for a quick and
adequate comparison of kinetic curves.
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(a) (b) 

  
(c) (d) 

Figure 3. Moisture uptake kinetics (60 ◦C/98%RH) for the samples of unexposed BFRP rebars with a height (h, mm) and:
(a) with a diameter of 6 mm and; (b) with a diameter of 6 mm related to M∞; (c) with a diameter of 10 mm; (d) with a
diameter of 18 mm. The periodic profile of the rebars is a cause of the first and second stages of diffusion.

The moisture uptake kinetics are presented in Figures 4–6 for the samples of the
DFRP rebars that were exposed in an extremely cold subarctic climate of Yakutsk for
28 months. It can also be seen from these curves of kinetics that there is three-stage
diffusion. At the first stage, there is a quasi-equilibrium; at the second stage, there is a
linear increase in moisture absorption; and at the third stage, there is a linear decrease in
mass. Additionally, this observation of three-stage diffusion indicates that a time-variable
diffusion model is the most fitted for describing moisture diffusion in these exposed
rebars [26]. However, this time-variable character is not suitable for a quick and adequate
comparison of kinetic curves.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. Moisture uptake kinetics (60 ◦C/98%RH) for the samples of unexposed BFRP rebars and the samples of exposed
BFRP rebars in an extremely cold subarctic climate of Yakutsk for 28 months with height (h, mm) and with the diameter of
10 mm. (a) 100 mm height sample; (b) 70 mm height sample; (c) 50 mm height sample; (d) 30 mm height sample; (e) 10 mm
height sample; (f) 5 mm height sample. Moisture uptake of the exposed rebars is the three-stage diffusion.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Moisture uptake kinetics (60 ◦C/98%RH) for the samples of unexposed BFRP rebars and the samples of exposed
BFRP rebars in an extremely cold subarctic climate of Yakutsk for 28 months with height (h, mm) and with the diameter of
18 mm. (a) 100 mm height sample; (b) 70 mm height sample; (c) 50 mm height sample; (d) 30 mm height sample; (e) 10 mm
height sample; (f) 5 mm height sample. Moisture uptake of the exposed rebars is the three-stage diffusion.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6. Moisture uptake kinetics (60 ◦C/98%RH) for the samples of unexposed BFRP rebars and the samples of exposed
BFRP rebars in extremely cold subarctic climate of Yakutsk for 28 months with height (h, mm) and with the diameter of
6 mm. (a) 100 mm height sample; (b) 70 mm height sample; (c) 50 mm height sample; (d) 30 mm height sample; (e) 10 mm
height sample; (f) 5 mm height sample Moisture uptake of the exposed rebars is the three-stage diffusion.
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3.2. Approximation of Moisture Uptake Kinetics

As one could see from Figure 3b value M/M∞ does not depend on the height of the
sample, so the Fickian model could predict the experimental behavior of the test unexposed
d6 rebars within the test period very well. To determine approximation parameters: the
diffusion coefficient D and the equilibrium moisture uptake M∞, the least-squares fitting
technique was implemented. In this technique, the sum of the square of the offsets of the
experimental weight gain from the calculated one

(ΔM)2 ≡
N

∑
n=1

(
Mexp

t,n (%)− Mcal
t,n (%)

)2 → min,

was minimized by approximation parameters were varied, using for Fickian model, Mexp
t,n

was the nth experimental data of the weight gain at the time t, Mcal
t,n (%) was determined

by Equation (2). Here, N is the aggregate number of the experimental points. The approx-
imated D and M∞(%) are taken as the diffusion coefficient and the saturated moisture
content (%) of a sample and listed in Table 2. Additionally, listed in Table 2 are the coefficient
of determination (R2) values:

R2 = 1 − (ΔM)2

N
∑

n=1

(
Mexp

t,n

)2 − N
∑

n=1
Mexp

t,n /N
, (3)

Table 2. Adequacy and parameters of the three-stage diffusion model of unexposed BFRP rebar.

A Diameter A Height, mm M1∞ (%) D·106 , cm2 /Day D
R2 ·103 , 1/Day t1, Day t2, day M2∞ (%) t3, day

R2 from
Equation (3)

6 mm

100 0.34 3.49 3.88 - - - - 0.94

70 0.33 3.49 3.88 - - - - 0.94

50 0.31 3.49 3.88 - - - - 0.94

30 0.36 3.49 3.88 - - - - 0.93

10 0.26 3.49 3.88 - - - - 0.95

5 0.19 3.49 3.88 - - - - 0.96

10 mm

100 0.14 11.87 4.75 77 224 0.37 224 0.95

70 0.16 9.84 3.94 77 224 0.38 224 0.94

50 0.16 7.20 2.88 77 231 0.41 231 0.95

30 0.17 10.35 4.14 65 238 0.39 238 0.94

10 0.22 14.47 5.79 72 224 0.31 224 0.93

5 0.19 13.79 5.52 77 224 0.23 224 0.94

18 mm

100 0.13 40.66 5.02 65 224 0.30 224 0.95

70 0.19 29.73 3.67 77 238 0.33 238 0.95

50 0.14 30.12 3.72 77 238 0.37 238 0.94

30 0.15 34.39 4.25 77 238 0.39 238 0.94

10 0.18 50.08 6.18 77 238 0.35 238 0.94

5 0.18 57.05 7.04 77 231 0.27 231 0.94

From Equation (3), we assess the proportion of the experimental data described by
the approximation. If R2 = 1 in Equation (3), the model is a complete description of the
experimental data. The values D, M∞(%) and R2 were calculated using Wolfram Cloud
Basic (Wolfram Research, Illinois, United States). The calculated values of the coefficient of
determination (in Table 2) confirm our suggestion that the Fick model describes moisture
diffusion in the unexposed BFRP rebars with a diameter of 6 mm quite well conditions.

Furthermore, an analysis of the rebar structure showed that rovings are distributed
evenly over its cross section, and the degree of fiber filling is high, about 79% wt. (see
Table 1), as illustrated in Figure 7. An increase in sample volume due to swelling and
structural relaxation of the polymer network can be neglected due to high fiber content,
since the resilience of thin basalt fibers is included in counteracting the swelling and
structural relaxation. Thus, the first two stages of uptake are not explained by the typical
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two-stage Flory [27], Bagley and Long [28], and Newns [29] for glassy polymer systems
and other theories arising from them. Moreover, this is not observed in the rebar with a
diameter of 6 mm (see Figure 3a). The moisture uptake by a basalt fiber can be neglected
since the moisture saturation content of the basalt fiber is much less than the moisture
saturation content of the epoxy binder.

 

Figure 7. The cross-section of the BFRP rebar. A high degree of fiber filling can be observed.

The mechanism of the second stage can be clearly distinguished by considering the
change in the kinetic curves with a height and a diameter in Figure 3c,d. It is known
that microchannels occur mainly at fiber/matrix interfaces. The outer layer of the rebar is
adjusted to the inner one to create a periodic profile (see Section 2.2. Composite specimen
preparation and characterization), creating defects and microchannels. Clearly, with an
increase in height, the volume and density of such defects and microchannels increase. In
Figure 3c there is the increase of gain (M2∞ − M1∞) with a height increase. The pre-existing
quasi-equilibrium suggests that there is some barrier. After overcoming the barrier, the
second stage begins. The second stage is linear. The second stage for h = 50 mm sample
ends with a complete stop of weight gain. Figure 3d shows the same behavior, but the
second stage is slightly smeared because, with an increase in diameter, the volume and
density of defects increase according to a periodic profile’s manufacture (Figure 8). All this
fact suggests that, at first, the rebar’s mesopores, micropores, and microchannels are filled
by a simple diffusion mechanism through polymer nanopores (the first stage), and then they
are filled by capillary condensation of moisture (the second stage). The simple diffusion
mechanism of the first stage suggests that the Fick model can be applied (2). Moreover,
according to the current view [30], for all fiber-reinforced polymer composites, the first
phase of moisture uptake proceeds by simple diffusion according to the Fickian model.

The mechanism of the third stage can be explained by hydrolysis of the epoxy binder.
The moisture breaks a polymeric chain under long-term exposure to thermal and humidity.
Two phenomena happen simultaneously: (a) the weight gain due to water uptake in the
voids constructed by this degradation and cracking of the binder, and (b) the weight loss
due to hydrolysis and subsequent binder spalling [31,32]. The different rates of weight
gain and weight jump in the third stage suggest the predominance of the mechanism (a)
for the unexposed BFRP rebar with a diameter of 10, 18 mm (Figure 3b,c).
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(a) (b) 

Figure 8. Pictures of the cross-section of unexposed BFRP rebar with a diameter: (a) 18 mm and (b) 8 mm exposed sample.
With an increase in the rebar diameter defects can be observed.

Thus, we approximate the first stage by the Fick model (M1∞(%), D) (2), the second
stage by linear growth from point (M1∞(%), t1) to point (M2∞(%), t2). The value M2∞ will
be considered as the moisture saturation content, which is responsible for the free volume
in the rebar, since the third stage describes the degradation of rebar because of exposure to
moisture. The modulated parameters and the adequacy of the three-stage diffusion model
of the unexposed BFRP rebar are shown in Table 2.

In Figure 3, the approximation of the experimental data by three-stage diffusion
(Table 2) is indicated by solid lines. The analysis of Table 2 shows that the model we
constructed adequately describes moisture absorption by the unexposed BFRP rebar; the
value of a coefficient of determination (3) is not less than 0.93. It takes 77 days to start the
second stage. The maximum moisture content is 0.41%. The low value of the moisture
content indicates that the plasticization can be neglected. The average weight gain of long
(h = 30, 50, 70, 100 mm) rebar with a 10 mm diameter is 0.23%, with an 18 mm diameter
is 0.20% at the second stage. Moreover, the second stage with a 6 mm diameter is absent.
According to the mechanism of the second stage, it can be suggested that the unexposed
BFRP rebar with a 6 mm diameter has an excellent adhesion between the fiber and the
binder, the density of the microchannels is higher in the unexposed BFRP rebar with a
10 mm diameter than in unexposed BFRP rebar with an 18 mm diameter (see Figure 3).
An increase in the quasi-equilibrium content of moisture with a decrease of height for
rebar with a 10 mm diameter from 0.14% to 0.22%, for rebar with an 18 mm diameter from
0.13% to 0.18%, and a decrease in the quasi-equilibrium content of moisture from 0.34%
to 0.19% for a 6 mm diameter rebar can be explained by the predominance of one of the
following phenomena: (a) with a decrease in the sample height, the density of defects in
rebar fabrication decreases, and (b) with an increase in the diameter of the rebar, it is a
more significant fracture when cutting the specimen.

3.3. Evaluation of the BFRP Rebar Destruction

The modulated parameters by three-stage diffusion and the assessment of model
adequacy for BFRP rebar (see subparagraph 3.2), exposed in an extremely cold subarctic
climate during 28 months, are shown in Table 3. In Figures 4–6, there are solid lines that
correspond to this approximation. The three-stage diffusion adequately describes moisture
absorption by the unexposed BFRP rebar; the value of a coefficient of determination (3) is
not less than 0.91 for a long sample.
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Table 3. Adequacy and parameters of the three-stage diffusion model of exposed BFRP rebar.

A Diameter A Height, mm
M∞ (%) from
Equation (2)

D
R2 ·103 , 1/Day D·106 , cm2 /Day t1, Day t2, Day M2∞ (%) t3, Day

R2 from
Equation (3)

6 mm

100 0.24 5.72 5.15 85 103 0.26 191 0.95

70 0.24 5.27 4.74 93 103 0.23 191 0.93

50 0.23 10.27 9.24 126 191 0.26 191 0.94

30 0.27 8.38 7.54 93 103 0.31 191 0.91

10 0.24 10.31 9.28 93 103 0.29 182 0.85

5 - - - - - - 0 -

10 mm

100 0.26 5.74 14.35 85 122 0.34 191 0.96

70 0.31 4.15 10.38 93 122 0.34 191 0.95

50 0.30 6.21 15.53 93 122 0.37 191 0.95

30 0.31 7.65 19.12 93 122 0.35 191 0.95

10 0.19 29.87 74.68 103 122 0.30 191 0.91

5 0.26 12.72 31.80 103 122 0.37 191 0.86

18 mm

100 0.22 4.98 40.35 49 122 0.26 191 0.97

70 0.27 4.07 32.97 75 122 0.29 191 0.96

50 0.27 4.90 39.72 86 122 0.29 - 0.97

30 0.26 7.63 61.82 98 122 0.31 191 0.95

10 0.20 28.69 232.35 98 122 0.27 191 0.94

5 0.22 38.91 315.21 98 122 0.28 191 0.94

The study [33] dealt with the destruction of an epoxy binder on the surface of basalt
textolite under the influence of the same cold climate for two years: in the form of cracking
up to 1 micron in-depth, bare fibers and single depressions no more than 30 microns.
Similar destruction can be observed for the studied case of the BFRP rebar in Figure 9.

  
(a) (b) 

Figure 9. Pictures of the surface of the BFRP rebar: (a) unexposed sample, and (b) exposed sample. 1—the cracking of the
epoxy binder and 2—the fiber denudation can be observed.

It is expected that such cracking of the epoxy binder on the surface of the exposed
rebar will increase the surface area of moisture penetration; thus, moisture saturation of
the exposed sample will occur faster than the unexposed sample. Indeed, this can be seen
in Figures 5 and 6. The diffusion coefficient of the long sample of exposed rebar with a 6,
10, and 18 mm diameter increased at an average of 82.7%, 56.7%, and 30%, respectively
(See Table 3). It is clear that this difference is explained by the same thickness of the surface
destruction. The change in the diffusion coefficients of samples with a height of 10 and
5 mm was not taken into account, since here the influence of the edge of sample prevails.

The first stage of studying exposed rebar ran mainly 93 days. As can be seen from
Figures 4–6 and the analysis of Table 3, the moisture saturation content of the exposed
samples is less than that of the unexposed samples by a maximum of 20 percent. The
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average weight increase at the second stage of long rebar with a 10 mm diameter is
0.06%, 18 mm diameter is 0.04%, and 6 mm diameter is 0.02%. The existence of a linear
second stage of diffusion in exposed rebar with 6 mm diameter, in contrast to diffusion in
unexposed rebar with 6 mm diameter, suggests that microchannels occur in the BFRP rebar
due to the influence of the climate of Yakutsk.

Analysis of Table 3 and the kinetics of moisture absorption in Figures 4–6 show that
after exposure to the climate of Yakutsk for two years, the kinetics of moisture uptake is
almost independent of the diameter of the sample. Thus, the difference in the kinetics of
moisture uptake for unexposed rebar can be explained by the initial structural nonequi-
librium. Structural disequilibrium depends on the mode of reinforcement formation and
relaxes at the early stage of climatic aging [34].

As seen from Figures 4–6 and Figure 10, the third stage of the unexposed rebar
begins after 191 days and suggests the mechanism’s predominance (b) weight loss due to
hydrolysis and subsequent binder spalling.

  
(a) (b) 

Figure 10. Pictures of the cross-section of the BFRP rebar: (a) unexposed, and (b) exposed sample. The subsequent epoxy
binder spalling can be observed.

4. Conclusions

Water saturation of PCM in comparison with moisture saturation has been extensively
studied. It seems that water saturation is a well-known two-stage diffusion, while moisture
saturation is three-stage diffusion. Until now, the mechanism of the second stage of
moisture diffusion in PCM has no clear explanation. Apparently, in PCM with a high
density of fiber filling, the first stage of moisture diffusion corresponds to Fick’s diffusion,
the second stage is responsible for the capillary filling of defects and/or microchannels,
and at the third stage of diffusion, the binder is hydrolyzed. According to this mechanism,
it is possible to draw conclusions about the distribution of free volume in the composite
by a quite simple but long-term method of moisture saturation of the composite without
destroying its integrity. Thus, the change in the diffusion coefficients at the first stage
will indeed reflect the degree of surface destruction of PCM with a high density of fiber
filling, and the absence of the second stage of moisture saturation will reflect good adhesion
between the fiber and the binder.

Moisture uptake test was carried out at the temperature of 60 ◦C and relative humidity
of 98 ± 2% during 306 days. The three-stage diffusion model adequately describes moisture
absorption by the BFRE rebar; a coefficient of determination is not less than 0.93. It takes
77 days to start the second stage. The three-stage diffusion model adequately describes
moisture absorption by the BFRE rebar after exposure to an extremely cold subarctic climate
of Yakutsk for 28 months; a coefficient of determination is not less than 0.85. It takes 93 days
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to start the second stage and 191 days to start the third stage. The formation of a periodic
profile of the BFRP rebar leads to the fact that as the rebar’s diameter increases, there are
defects in the periphery of the rebar, as well as microchannels in the fiber/binder interface.
The maximum value of the moisture saturation content is 0.41%. The moisture saturation
content of the exposed samples is less than that of the unexposed samples by a maximum of
20%. The diffusion coefficient of the long sample of the BFRP rebar with a 6, 10, and 18 mm
diameter increased at an average of 82.7%, 56.7%, and 30%, respectively, after exposure to
an extremely cold subarctic climate of Yakutsk for 28 months. A future research direction is
to validity the second stage of diffusion in BFRP rebar.
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Abstract: Background: Denture base resin has some drawbacks. This study investigated the impact
of nanodiamonds (ND) and autoclave polymerization on the surface characteristics, translucency,
and Candida albicans adherence in polymethyl methacrylate (PMMA) denture base resin after ther-
mocycling. Methods: Heat-polymerized PMMA discs (15 × 2 mm) with a total sample size n = 160
were studied. Specimens were categorized into two main groups (N = 80): conventional water-bath-
polymerized PMMA (CP/PMMA) and autoclave-polymerized PMMA (AP/PMMA). Each group
was subdivided according to the ND concentration into four groups (n = 20): unmodified PMMA as
a control, and 0.1%, 0.25%, and 0.5% ND–PMMA. Scanning electron microscopy (SEM) was used to
inspect the morphology of the ND and the ND–PMMA mixtures before heat polymerization. The
specimens were exposed to thermal cycling (5000 cycles at 5 and 55 ◦C), then surface roughness was
measured with a non-contact optical interferometric profilometer, contact angle with an automated
goniometer, and translucency using a spectrophotometer. Colony-forming units (CFU) were used
to determine the adherence of Candida albicans cells to the specimens. ANOVA and Tukey post hoc
tests for pairwise comparison were utilized for the statistical analysis (α = 0.05). Results: Surface
roughness was significantly reduced with ND addition to CP/PMMA (p < 0.001), while the reduction
was not statistically significant in AP/PMMA (p = 0.831). The addition of ND significantly reduced
the contact angle, translucency, and Candida albicans count of CP/PMMA and AP/PMMA (p < 0.001).
The incorporation of ND in conjunction with autoclave polymerization of PMMA showed significant
reduction in all tested properties (surface roughness, contact angle and Candida albicans adherence)
except translucency (p = 0.726). Conclusions: ND addition to PMMA and autoclave polymerization
improved the surface properties with respect to antifungal activities, while the translucency was
adversely affected.

Keywords: acrylic resin; candidiasis; nanodiamonds; surface properties; polymerization

1. Introduction

Polymethyl methacrylate (PMMA) is recommended in the manufacture of several den-
tal appliances as it is characterized by being cost-effective, easy to process, and repairable,
and has acceptable shade matching [1]. Nevertheless, the limited physical properties of
PMMA make it less than ideal [2]. Moreover, the exposure of denture base resin to tem-
perature changes adversely affects the resin properties [3]. To overcome these limitations,
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different methods have been suggested to improve the performance of PMMA, such as
structural modifications by additives (chemicals, fillers, and nanofillers) and/or a different
polymerization method [4].

A denture base material possessing hydrophilic properties and low surface roughness
could reduce Candida albicans adhesion [5]. Coating the denture base was suggested
to improve the surface properties of PMMA and reduce Candida albicans adhesion [6,7].
However, the durability of these coatings was doubtful [8]. The addition of antimicrobial
agents to PMMA was also investigated, to increase denture resistance to microbial adhesion
and consequently improve the oral health of denture wearers [8].

In addition, incorporation of reinforcing/antifungal agents and a different polymer-
ization technique were used to enhance the mechanical characteristics of PMMA [4,9,10].
Recently, nanofillers have been used as a reinforcing agent in PMMA. Nanofillers have
large active surfaces due to their small size; therefore, they could result in considerable
changes in the properties of PMMA at low concentrations [8]. In addition, some nanofillers,
such as nanodiamonds (ND), enhanced the antimicrobial activity of PMMA [11,12]. The
antimicrobial activity of the ND might have arisen from oxygen-derived groups on their
surface that interact with the components of bacterial cells, causing their death [13]. In
addition, ND are biocompatible, have high strength, and are chemically stable [14]. They
also link to PMMA through their reactive groups (NH2, OH) which enhance bonding
with PMMA [15]. Al Harbi et al. [16] reported significant enhancement of the flexural
strength and surface roughness of PMMA with the addition of 0.5% ND compared to
higher concentrations (1% and 1.5% ND), while impact strength was reduced. The Candida
albicans count was also decreased with ND addition, with the lowest count found at 1%
for the ND/PMMA composite [12]. However, the observed color change of ND/PMMA,
particularly at high ND concentrations, is considered a drawback [12].

PMMA is most commonly polymerized by being processed in a water bath, which is
an uncomplicated conventional technique but requires long processing time [17]. How-
ever, other methods are also used for polymerization of PMMA, such as visible light, and
autoclave and microwave methods, to speed up the polymerization of PMMA without
causing any deterioration in the material composition and properties [9,10]. Polymeriza-
tion of PMMA by autoclave is easier and can be done in less time than when using the
conventional water-bath method [18]. Moreover, studies showed improved properties of
the PMMA including improved flexural strength and surface hardness when the material
was processed by autoclave, compared to the water-bath method [9,19,20]. Autoclave
polymerization depends on the application of steam under high pressure and at higher
temperatures. This procedure results in improvement of the PMMA properties by reducing
the residual monomer content [21].

The effect of ND addition and autoclave polymerization on PMMA combined with
thermal cycling has not been tested previously. The aim of the present study was to detect
the effects of low levels of ND addition and autoclave polymerization on the surface proper-
ties and translucency of PMMA, as well as on Candida albicans adhesion after thermocycling.
The first null hypothesis of the study states that addition of low amounts of ND would not
change the tested properties of PMMA or the Candida albicans adhesion. The second null
hypothesis of the study states that the properties of PMMA would be unchanged under
the combined effect of ND addition and autoclave polymerization.

2. Materials and Methods

For the sample size calculation, the power was set at 80%, the level of significance was
set at 5%, and the confidence interval was taken as 95%. Hence, the calculated sample size
revealed that 160 disc-shaped specimens (15 × 2 mm) of heat-polymerized PMMA were
required to carry out the study. The specimens were arranged in two main groups according
to polymerization technique: conventional water-bath-polymerized PMMA (CP/PMMA)
(N = 80) and autoclave-polymerized PMMA (AC/PMMA) (N = 80). Each group was
subdivided according to the ND concentration into four groups (n = 20): unmodified as the
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control, and 0.1% ND–PMMA, 0.25% ND–PMMA, and 0.5% ND–PMMA. The materials
used in the present study are shown in Table 1.

Table 1. Materials used.

Materials Brand/Supplier

Heat-polymerized PMMA Major base 20, Major Prodotti Dentari Spa, Moncalieri, Italy
Nanodiamond Shanghai Richem International Co., Ltd., Shanghai, China
Base plate wax Set-up Wax; Cavex, Haarlem, The Netherlands

Dental stone Fujirock EP; GC, Leuven, Belgium
Separating medium Isol Major; Major Prodotti Dentari Spa, Moncalieri, Italy

Heat treatment of the ND particles was performed at 450 ◦C for 120 min in air to
release superficial functional groups [22]. An electronic balance (S-234; Denver Instrument
GmbH, Göttingen, Germany) was employed to weigh the ND in concentrations of 0.1 wt.%,
0.25 wt.%, and 0.5 wt.% in acrylic resin powder. The ND particles were added to the acrylic
resin powder and blended manually in a glass mortar and pestle with gentle hand pressure.
Then, the samples mixed in an electric mixer at 400 rpm for 30 min at room temperature.

Specimen Preparation and Processing

Wax specimens were prepared using metal molds, then invested and flasked (61B Two
Flask Compress; Handler Manufacturing, Westfild, NJ, USA). Mold spaces and all surfaces
were painted with a separating medium after wax elimination. Heat-polymerized PMMA
was prepared following the manufacturer’s instructions. Packing and polymerization were
achieved using either the conventional water-bath method or by the autoclave polymer-
ization method. Group 1 (CP) samples were conventionally heat-polymerized using the
water-bath method, i.e., by inserting the flasks into a curing unit (KaVo Elektrotechnisches
Werk GmbH, Leutkirch, Germany) for 8 h at 74 ◦C, and then raising the temperature to
100 ◦C for 60 min. Group 2 (AP) samples were autoclave polymerized by placing the flasks
in an autoclave (Ritter M11 UltraClave; Midmark Corporation, Ohio, USA at 210 kPa (kilo-
pascals) pressure and a temperature of 60 ◦C for 30 min, and then raising the temperature
to 130 ◦C for 20 min [9,18].

After de-flasking, the excess resin was removed from the specimens with a tungsten
carbide bur (HM251FX-040-HP; Meisinger, Centennial, CO, USA), followed by polishing
with a mechanical polisher (MetaServ 250 grinder–polisher; Buehler, Lake Bluff, IL, USA)
at 100 rpm for 120 s in wet conditions. The specimens were then placed in distilled water
for 2 days at 37 ◦C.

Prior to examining the specimens, they were exposed to thermocycling (Thermocycler
THE-1100, SD Mechatronik GmbH, Feldkirchen-Westerham, Germany) for 5000 cycles at 5
and 55 ◦C, with 5 s of transfer time and 30 s of dwell time, to simulate 6 months of actual
use intraorally [23].

The surface roughness was evaluated with a non-contact optical interferometric pro-
filometer with 0.01 mm resolution (Contour GT; Bruker Nano GmbH, Berlin, Germany).
The specimens were placed horizontally below a standard camera at 20× magnification and
the surface of each specimen was scanned across an area approximately 0.43 × 0.58 mm at
five locations to obtain the average surface roughness value. Subsequently, the resulting
images were visualized via a software package (Vision64; Bruker Nano, Coventry, UK) to
detect pit features [24].

The contact angle was measured with an automated goniometer (DM-501; Kyowa
Interface Science Co., Niiza, Japan) using the sessile drop method. After smoothly air-
drying the specimen surface, a droplet of distilled water (2 μL) was placed on the surface
using an auto-pipette. The average contact angle for each specimen was calculated by
determining the tangent angle in relation to the water droplet surface at four distinct
locations/specimen. FAMAS software (Kyowa Interface Science Co., Kyowa, Japan) was
used to analyze the images [25].
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The specimens’ reflectance values were detected using a spectrophotometer (Color-Eye
7000A spectrophotometer, X-Rite, Grand Rapids, MI, USA) after performing a calibration
following the manufacturer’s recommendations. Specimens were kept against the port and
supported by white or black backgrounds. A small-aperture viewing area was selected with
dimensions of 10 × 7.5 mm. Four measurements were recorded/specimen to calculate the
mean values of L*, a*, and b*. The Commission Internationale de l’Eclairage (CIE) system
of L*, a*, and b* coordinates was used in the disc color measurements. CIE was used on the
discs against each background. The translucency (TR) was analyzed utilizing the equation
TR = [(L* white − L* black)2 + (a* white − a* black)2 + (b* white − b* black)2]1/2 [26].

The initial adhesion of Candida albicans to a specimen surface was performed to assess
the first step of biofilm formation. The number of adhered cells was detected using colony-
forming units (CFUs) as follows:

A Candida albicans reference strain (ATCC 10231) from a glycerol stock was streaked
onto Sabouraud dextrose agar (SDA) plates two days prior to the assay, and plates were
incubated at 30 ◦C for 48 h. A single colony was inoculated into 25 mL SDA broth medium
to grow at 30 ◦C overnight and the yeast suspension was adjusted to 0.5 McFarland
(approximately equivalent to 1 × 107 cells/mL).

Transparent sterile 12-well microplates were used, and each specimen was sterilized
using 70% isopropyl alcohol (IPA), then placed in a well with 1 mL of the fungal suspension
and incubated at 37 ◦C for 90 min.

After incubation, 200 μL of phosphate buffer saline (PBS) was applied to the discs
twice, to remove non-adhered fungal cells, then transferred to a new sterile Petri dish. To
dislodge the adhered cells, 200 μL of PBS was added, scraping the surface with a pipette
tip and homogenizing the solution by pipetting. Serial dilution was performed and 100 μL
from the dilution tube was plated on SDA agar plates. The plates were incubated at 30 ◦C
for 24–72 h, and colonies were counted twice, after 24 h and between 48 and 72 h, to ensure
adequate growth and to distinguish colonies. The tests were conducted in three replicates.
Positive and negative controls were carried out for each incubation time.

Statistical analysis was performed using SPSS v.23 software. The normality of the data
for the tested samples was investigated using a Shapiro–Wilk test. Insignificant results
from the test showed that the data were normally distributed; hence, parametric statistical
tests were used for the data analysis. In the descriptive analysis, mean and standard
deviations were computed. In the inferential statistics, one-way ANOVA was used to test
the effect of variation in the concentration of nanodiamonds on the tested properties of
heat-polymerized and autoclave-polymerized denture base material, followed by Tukey’s
post hoc test for pairwise comparison. Additionally, a two-way ANOVA was employed to
test the merged effect of the concentration levels and the polymerization method used. In
the tests, p-values less than 0.05 were considered statistically significant.

3. Results

Figures 1 and 2 show the structures of pure ND and PMMA, and the distribution of
ND in the PMMA (ND/PMMA mixture) under scanning electron microscopy (SEM). In
addition, the detailed features and the configuration of ND particles were visualized at
high resolution in the ND powder by transmission electron microscopy (TEM).
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Figure 1. (A) SEM micrograph of ND powder, (B) TEM image of ND powder, and (C) corresponding selected-area electron
diffraction (SAED) pattern of ND crystalline particles.

Figure 2. Scanning electron micrographs of (A,B) pure PMMA and (C,D) PMMA/ND mixture at
two magnifications.

Table 2 shows the mean and standard deviation values of the surface roughness,
contact angle, translucency, and Candida albicans count. The surface roughness, contact
angle, and Candida albicans count of conventionally polymerized PMMA (CP) were found
to be highest in the control group, while the lowest values of Candida albicans and contact
angle were found at 0.5% ND–PMMA. The lowest surface roughness value was found
at 0.25% ND–PMMA. The translucency of conventionally polymerized and autoclave-
polymerized PMMA was found to be highest in the control and lowest at 0.5% ND–PMMA
(Table 2).
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Table 2. Average and standard deviation values of tested properties.

Groups Concentration
Surface

Roughness
(μm)

C. albicans
(cfu/mL)

Contact
Angle (◦)

Translucency

CP

Control 0.165 (0.02) 16,220 (4973.4) 88.4 (1.6) 13.7 (1.1)
0.1% 0.132 (0.01) 15,240 (5474.2) 74.4 (1.7) 9.1 (0.7)
0.25% 0.129 (0.02) 9160 (1487.9) 74.3 (1.1) 6.3 (0.6)
0.5% 0.135 (0.02) 6980 (831.1) 70.3 (1.4) 2.8 (0.4)

AP

0% 0.121 (0.02) 15,100 (3177.7) 82.8 (3.1) 13.4 (0.7)
0.1% 0.115 (0.01) 16,820 (4683.6) 73.5 (2.3) 9.3 (0.72)
0.25% 0.121 (0.01) 7460 (1780.9) 68.2 (3.3) 6.0 (0.73)
0.5% 0.118 (0.02) 1930 (583.2) 67.4 (2.7) 2.8 (0.39)

In the autoclave-polymerized group (AP), the average surface roughness was highest
for 0% and 0.25% ND–PMMA and lowest for 0.1% ND–PMMA. Similarly, the maximum
value for Candida albicans was obtained at 0.1% ND–PMMA and the minimum value at
0.5% ND–PMMA. The contact angle value was at a maximum in the control group and
its minimum value was found at 0.5% ND–PMMA (Table 2). Furthermore, the one-way
ANOVA results revealed a significant association (p < 0.001) between concentration levels of
nanodiamond and the tested properties in conventionally polymerized PMMA. However,
in the autoclave group, concentration levels were insignificantly associated (p = 0.831) with
surface roughness but significantly associated (p < 0.001) with contact angle, translucency,
and Candida albicans count (Table S1).

One-way ANOVA results were obtained after combining the groups (CP and AP)
together. Hence, there were eight different concentrations (as factors for ANOVA) which
were analyzed with the tested properties. The effect of concentration levels appeared to be
statistically significant (p < 0.001) over all the tested properties (Table S2). The Tukey post
hoc test was applied for pairwise comparison. Figures 3–6 present the post hoc test results.

 
Figure 3. Mean of surface roughness (μm) and significances between groups for ND concentrations
and polymerization techniques. Same lower-case letters a, b, c show significant differences in
mean within CP group. Lines show the significant differences between all groups comparing
polymerization techniques.
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Figure 4. Mean of contact angle (o) and significances between groups for ND concentrations and
polymerization techniques. Same lower-case letters a show insignificant differences in means within
CP group. Same capital letters A show insignificant differences in means within AP group. Lines
show the insignificant differences between all groups comparing polymerization techniques.

 
Figure 5. Mean of translucency and significances between groups for ND concentrations and
polymerization techniques. Lines show statistically insignificant differences in means comparing
polymerization techniques.

303



Polymers 2021, 13, 4331

 
Figure 6. Mean of Candida albicans (CFU/mL) count and significances between groups for ND
concentrations and polymerization techniques. Same lower-case letters a, b, c, d show significant
differences between the means in CP group. Same upper-case letters A, B, C, D, E show significant
differences between the means in AP group. Lines show the insignificant differences comparing
polymerization techniques.

The combined effects of ND concentration and polymerization method showed a

significant effect on all tested properties except translucency, as revealed by the two-way
ANOVA test (Table 3). Figures 7 and 8A–D show Candida albicans colonies in CP and AP
for pure PMMA and 0.1, 0.25, and 0.5% ND, respectively. The fewest Candida albicans
colonies can be observed in Figure 8D, while Figure 7A shows the highest number of
colonies. Figure 9 shows the contact angles in CP and AP groups.

Table 3. Combined effect of ND concentration and polymerization methods using two-way ANOVA.

Property Source
Type III Sum of

Squares
df Mean Square F p

Surface
roughness

concentration 0.005 3 0.002 5.179 0.003 *
type 0.009 1 0.009 29.017 <0.0001 *

concentration * type 0.004 3 0.001 3.813 0.014 *
Error 0.023 72 0.000
Total 1.382 80

C. albicans

concentration 1,940,757,375.000 3 646,919,125.000 55.557 <0.0001 *
type 49,455,125.000 1 49,455,125.000 4.247 0.043 *

concentration * type 111,261,375.000 3 37,087,125.000 3.185 0.029 *
Error 838,381,000.000 72 11,644,180.556
Total 12,821,090,000.000 80

Contact Angle

concentration 3309.149 3 1103.050 210.601 <0.0001 *
type 299.538 1 299.538 57.190 <0.0001 *

concentration * type 89.465 3 29.822 5.694 0.001 *
Error 377.110 72 5.238
Total 453,055.840 80

Translucency

concentration 1259.733 3 419.911 875.552 <0.0001 *
type 0.277 1 0.277 0.578 0.450

concentration * type 0.631 3 0.210 0.439 0.726
Error 34.531 72 0.480
Total 6323.585 80

* Statistically significant at 0.05 level.
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Figure 7. Cultures of Candida albicans colonies in CP/PMMA in (A) pure PMMA, (B) 0.1%, (C) 0.25%, and (D) 0.5% ND.

 

Figure 8. Cultures of Candida albicans colonies in AP/PMMA in (A) pure PMMA, (B) 0.1%, (C) 0.25%, and (D) 0.5% ND.

 

Figure 9. Representative contact angle images of CP groups: (A) unmodified, (B) 0.1% ND, (C) 0.25% ND, (D) 0.5% ND;
and AP groups: (E) unmodified, (F) 0.1% ND, (G) 0.25% ND, (H) 0.5% ND.

4. Discussion

The first null hypothesis was rejected because the addition of ND improved the surface
properties of PMMA and also reduced the adhesion of Candida albicans, but translucency
was adversely affected. The second null hypothesis was also rejected. The addition of ND
and autoclave polymerization resulted in a reduction in surface roughness, contact angle,
Candida albicans adherence to PMMA, and translucency.

It is essential to investigate the properties of PMMA under conditions mimicking
actual use intraorally. Therefore, the specimens in this study were exposed to thermal
cycling simulating 6 months of actual use, in order to imitate the thermal changes occurring
intraorally as a result of food and drinks [23]. This adds to the credibility of the study;
however, longer exposure to thermal changes is required to assess the long-term effect of
thermal cycling on ND-reinforced PMMA.
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Denture base material must have a smooth surface to reduce microbial adhesion [27].
The results showed a significant reduction in surface roughness as a result of ND addition
in conventionally polymerized PMMA (CP/PMMA). Previous studies [12,16] found a
reduction in surface roughness with ND addition to PMMA at 0.5%, which agrees with the
findings of the present study. The addition of nanoparticles fills the pores of the polymer,
thus reducing the surface roughness. However, at high concentrations agglomeration
of the nanoparticles could cause an opposite effect [16]. Although ND concentration
did not significantly change the surface roughness for autoclave-polymerized PMMA
(AP/PMMA) subgroups, the surface roughness of AP/PMMA was inferior to that of
CP/PMMA. Moreover, the combined effect of ND addition and autoclave polymerization
resulted in a significant reduction in the surface roughness of PMMA in the present study.
However, Gad et al. [9] reported an insignificant difference in surface roughness between
conventionally polymerized and autoclave-polymerized PMMA. The difference in results
may be due to the addition of ND to autoclave-polymerized PMMA in the present study
and/or the exposure of specimens to thermal cycling.

The findings of the present study showed a significant reduction in contact angle of
ND/PMMA in both groups with different polymerization methods. Moreover, autoclave
polymerization was associated with lower contact angle values compared to conventional
polymerization. This decrease may be attributed to the impact of added nanoparticles on
the surface characteristics of PMMA and the reduction of surface tension [25]. Similarly,
previous studies found a reduction in the contact angle of PMMA after the addition
of various nanoparticles, including silicon oxide, titanium oxide, and zirconium oxide
nanoparticles [25,28,29]. However, a previous study showed an insignificant difference in
contact angle between pure PMMA and PMMA reinforced with ND at 0.5, 1, and 1.5% [12].
The variation in results might be due to different methods employed in the polymerization,
different ND concentrations, or the exposure of the specimens to thermal cycling.

Translucency provides a natural appearance to denture base materials by allowing
the passage of light through denture resin, thus reflecting the shade of normal healthy
soft tissue. Variations in the denture resin composition and surface roughness reduce
light refraction, which in consequence reduces translucency [26]. The findings of the
current study showed low translucency for the 0.5% ND conventionally polymerized and
autoclave-polymerized PMMA. This is in agreement with previous studies which reported
a reduction in the translucency of PMMA denture base resins incorporating fillers or
nanofillers such as nano-ZrO2 particles [26], zirconium oxide, silicon oxide and aluminum
oxides, particularly at high filler concentrations [30]. The decrease in translucency might be
related to the presence of different filler types possessing dissimilar optical properties [30].
In addition, the increase in filler concentration could result in the formation of clusters that
prevent light diffusion through the resin. Moreover, ND possess a higher refractive index
(2.11) than PMMA (1.48) [26,31]. Thus, the difference in the refractive indices of ND and
PMMA resin explains the reduction in translucency of PMMA denture resin and its opaquer
appearance [32]. In a recent study, Gad et al. [33] demonstrated a reduction in PMMA
translucency with the addition of different nanofillers at concentrations between 0.5–2.5%,
including ND, which showed the lowest translucency amongst the tested nanoparticles.
This could be due to the gray color of ND and its sheet-like morphology, which might have
reduced light transmission [33].

Significant reduction of Candida albicans adherence with ND addition was reported in
this study. In addition, autoclave polymerization with ND addition significantly reduced
Candida albicans adhesion. The lowest count of Candida albicans was found with the addition
of 0.5% ND in AC/PMMA followed by CP/PMMA. Previous studies reported a reduction
in Candida albicans adhesion with the addition of ND to heat-polymerized and autopoly-
merized PMMA, which agrees with the present findings [12,34]. The reason could be the
antimicrobial effect of ND, which has been reported in several studies [13,14,35,36]. The
antimicrobial effect of ND might result from interaction between its surface oxygen-derived
groups and bacterial cells or might be due to its antiadhesive characteristics [13,37,38].
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In addition, the impact of ND on the surface characteristics of PMMA was reported in
the present study, including the reduction in the surface roughness and contact angle
of conventionally polymerized or autoclave-polymerized ND/PMMA. The decrease in
surface roughness reduces the area available for microbial adhesion [5]. Therefore, a re-
duction in surface roughness could reduce colonization of Candida albicans, the causative
microorganism of denture stomatitis. Moreover, some studies noted a link between low
contact angle and decreased fungal adhesion [39,40]. It was mentioned that hydrophilic
surfaces reduce fungal adhesion compared to hydrophobic surfaces, which form strong
hydrophobic bonds with microbes [41]. In line with the results of the present study, the
smallest Candida albicans count was found in the AP/PMMA group with 0.5% ND, which
had the lowest contact angle value among all the tested groups.

Clinically, the oral health of denture wearers could be enhanced by increasing denture
resistance to Candida albicans adhesion and improving the surface properties through ND
addition and autoclave polymerization, even after exposure to thermal stress. Therefore,
low levels of ND addition to PMMA denture base materials in combination with autoclave
polymerization could be recommended for denture base fabrication.

Although the specimens in this study were exposed to thermal stress before testing,
they were not subjected to all intraoral conditions, such as variation in pH values, exposure
to saliva, food, and beverages, and denture cleaning routines. Therefore, in vivo studies
are needed to test the effects of these factors and the durability of the ND effect on PMMA.
It is also recommended that ND be added to PMMA at the fitting surface or in non-esthetic
areas, to avoid the disadvantages of the significant reduction of PMMA’s translucency, as
was suggested in a previous study [42].

5. Conclusions

The surface roughness, contact angle, and Candida albicans adherence were reduced by
ND addition and autoclave polymerization. Translucency was adversely affected by ND
addition but showed an insignificant difference with regard to the polymerization method.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13244331/s1, Table S1: Effect of different ND concentration levels on tested properties
of conventional and autoclave polymerized PMMA. Table S2: Effect of different ND concentration
levels on tested properties (after combining both groups).
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Abstract: This paper is devoted to the experimental study of polymeric composite specimens,
with various types of reinforcement, in order to evaluate the breaking strength of specimens with
open holes when undergoing uniaxial compression and tensile tests. Four types of interlaced 3D
woven preforms were considered (orthogonal, orthogonal combined, with pairwise inter-layer
reinforcement, and with pairwise inter-layer reinforcement and a longitudinal layer), with a layered
preform used for comparison. Tensile tests of solid specimens without a hole, under ASTM D
3039, and of specimens with an open hole, under ASTM D 5766, were carried out using the Instron
5989 universal electromechanical testing system. Movements and strains on the specimen surface
were recorded using a Vic-3D contactless optical video system and the digital images correlation
method (DIC). For all the series of carbon fiber tension specimens, strain and stress diagrams,
mechanical characteristics, and statistical processing for 10 specimens were obtained. The paper
evaluated deformation fields for certain points in time; the obtained fields showed an irregular
distribution of deformation and dependency on types of reinforcing fibers. A coefficient of strength
variation is introduced, which is defined as a ratio of the ultimate stress limits obtained on solid
samples with and without open holes. Within the framework of ASTM D 5766, when calculating the
ultimate stress, the hole is not taken into account, and the paper shows that for certain structures a
hole cannot be excluded. The hole size must not be neglected when calculating the ultimate stress.

Keywords: carbon-fiber composite; 3D reinforced composite; digital image correlation

1. Introduction

An obvious disadvantage of conventional polymeric composite materials, in the form
of fabric-based laminates, is their relatively low inter-layer strength. Nowadays, spatial-
reinforced fillers or 3D fabrics are proposed to prevent this. Multi-layered carbon fabrics of
various weavings are used as reinforcement materials for carbon fibers, operating under
complex conditions of high-speed aerodynamic flows, vibrations, and high temperatures.
Three-dimensional woven composites, developed using conventional weaving technology,
have better characteristics of thickness and a higher impact strength as compared with
conventional layered composites [1–4].

Researchers have achieved great success in studying the mechanical properties of
composite laminates with an open hole and have recently started to study 3D textile
composites [5–7]. The work [2] studies the failure mechanisms of 3D orthogonal woven
composites made of E-glass and epoxy resin with drilled and molded holes using X-ray
technology. The authors of [3,4] analyzed the fatigue durability of 2.5D woven composites
with a central hole at room and elevated temperatures, and these papers also studied plates
with open holes of various diameters during tensile tests.

Composites are used for complex structures where various elements are bolted or
riveted. Thus, understanding and predicting the mechanical behavior of composite ele-
ments of structures with holes have become necessary in order to design complex irregular
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structures. Stress concentration may lead to failure and significantly reduced strength. The
analysis of the effects of stress concentration on the behavior of composite materials is an
important topic; they are believed to cause a relatively high strength reduction as compared
with composite objects without holes [8]. When structural parts are subjected to various
loads during operation, high-stress concentration may appear near the hole and cause a
reduction in mechanical characteristics. The studies [9–12] clearly show that the sensitivity
of the composites in the presence of holes corresponds to an increase in damage within the
composite until final failure. Mechanisms forming the damage zone in composites include
many interacting types of damage: matrix fractures, laminations, fractures of transverse
layers, etc. Averbukh and Madakur [13] gave an overview of the types of damage, which
depend on placement, material properties, and geometry. Lamination is one of the primary
defects that occur when drilling holes in composite objects and can be an important limiting
factor in using composite materials since the drilling process causes micro-fractures that
are a concentrated source of high stress.

Due to the very complex damages to composite structures with holes, all failure models
contain approximated solutions or suggestions that have been more or less confirmed by ex-
perimental observations [14–19]. Therefore, experimental methods are required to improve
models and confirm their results. Various experimental methods are available to detect
localized damages caused by mechanical loading in composites with holes [11,20–23].

When measuring mechanical characteristics, devices are generally applied to detect
movements using two points. Such measurements do not provide complete information
on the distribution of the deformations. This information can be obtained when using
optical methods for measuring deformation. One such method, which is widely used in
connection with the development of computer-based imaging techniques, is the correlation
of digital images. This method is based on analyzing the area of interest using a couple of
digital photos made before and after specimen deformation [24]. Deformation measured by
a strain gauge reflects strain changes in a specific point in the material, while deformation
measured by DIC pays more attention to strain changes across a complete field. The strain-
gauge method is more accurate in detecting some sensitive areas, while the DIC method
is most suitable for the overall monitoring of deformation along the entire surface of the
composite specimen. When the material fails, the strain gauge can be most accurate in
finding the failure moment, while it is harder to find it using DIC [4]. Taking into account
that the behavior of composite structures may differ in various types of tests, the work [25]
carried out an experimental study of shear properties in spatial-reinforced composites using
the Iosipescu ASTM D5379. Recommendations were made to obtain and mathematically
model experimental data using a contactless optical video system.

The paper [25] shows the features of using the Iosipescu ASTM D5379 for a composite
with layer-to-layer reinforcement.

This work is a continuation of a comprehensive study of 3D woven carbon fiber-
reinforced plastics under different types of loading. Previously, the authors in works inves-
tigated a total of eight structures (orthogonal, orthogonal conjoined, with layer-to-layer
reinforcement, with layer-to-layer reinforcement and a longitudinal layer, with layer-to-
layer conjoint reinforcement, and with through layer-to-layer reinforcement) [6–8]. In the
considered work, five configurations were selected, one type from each pair. Such reinforce-
ment schemes were studied as model ones for studying the implementation of mechanical
properties and subsequent transfer (transition) to the modeling, design, and manufacture of
high-load and medium-load structural elements for critical purposes. Through the analysis
of the mechanical strength of fabric-based composites, the performance advantages of 3D
reinforced composites are further derived [26,27].

The main aim of this article is an evaluation of the sensitivity of various reinforcement
patterns for structural carbon fibers to open holes during tensile tests. This study is required
to understand the role of composite damage mechanisms, compare the performance of
various reinforcement types, and evaluate the sensitivity to open holes. Damages occurring
around the holes, and the nature of their distribution along the entire surface, were studied
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using the Vic-3D contactless optical video system and the DIC method of correlating
digital images.

2. Materials, Experiments and Methods

2.1. Material

A spatially reinforced carbon fiber composite, based on T26 epoxy resin and AKSA
A-49 carbon fiber, was used as the material for this study. A number of mechanical
tests were carried out for the uniaxial compression of composite specimens with a round
concentrator in the form of a hole along the symmetry axis in the specimen (as per the
specimen in Figure 1b, W1 = W2 = 15 mm and L1 = L2 = 147 mm). Preforms of stripe
specimens were made using 3D weaving by various weaving methods (Types 1–4), as
well as layered preforms (Type 5). Four weaving patterns of 3D woven preforms were
considered: orthogonal (Type 1); orthogonal combined (Type 2); with pairwise inter-layer
reinforcement (Type 3); and with pairwise inter-layer reinforcement and a longitudinal layer
(Type 4). In the central part of the rectangular specimens, which were 300 × 36 × 4 mm in
size (L × W × h) (under ASTM D 5766), there was a concentrator shaped as a single open
hole, 6 mm in diameter, and specimens without a concentrator were 250 × 25 × 4 mm
(L × W × h) in size (ASTM D 3039). Since holes were made in the specimens by drilling,
defects could form around the holes. Using the Carl Zeiss SteREO Discovery V12 stereo
microscope, it was found that damages represented by small shears of the binder were
located on outer surfaces around the edge of the holes. The overall extent of plate damage
was on average less than 1% of the working volume.

Testing schemes (a) and sketches of specimens (b) without and with an open hole are
given in Figure 1. Ten specimens in each group were tested.

2.2. Equipment

Experimental studies were carried out using the large-scale research facilities «Com-
plex of testing and diagnostic equipment for studying properties of structural and func-
tional materials under complex thermomechanical loading» at the PNRPU.

The tests were carried out at the Center of Experimental Mechanics of the Perm
National Research Polytechnic University in the city of Perm, Russia.

Tensile tests were carried out using the Instron 5989 (± 600 kN) and Instron 5982
(± 100 kN) universal electromechanical testing systems with a movable grip speed of
2 mm/min (Figure 1). The loading was recorded by a load cell up to 100 kN and 600 kN.
The loading measurement accuracy is 0.5% of the measured value within 0.2–1% of the
nominal capacity of the load cell.

Movements and strains on the specimen surface were recorded using a Vic-3D contact-
less optical video system and the digital images correlation (DIC) method. Video recording
of the deformation process was done using Limess 2,0/28/0901 lenses. The filming speed
was 15 frames per second with an installed camera resolution of 4.0 MPa. Using a con-
tactless optical video system requires the synchronization of experimental data with the
loading process.

The testing system controller was connected to a 16-bit high-speed NI USB-6251 ADC
unit supplied with a signal for traverse loading and movement (according to the integrated
sensor). The Vic-3D video system was connected to the ADC unit.

2.3. Study Methods

Tensile tests of solid specimens without a hole were carried out under ASTM D
3039 using Instron 5982 (± 100 kN), and tensile tests of specimens with an open hole were
carried out under ASTM D 5766 using Instron 5989 (± 600 kN).

The tensile testing results of specimens with an open hole, and without a hole, were
used to find the respective mechanical characteristics. The comparison was based on the
maximum stresses.
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Figure 1. Principled testing scheme for the uniaxial tension of specimens (a): 1—test machines, 2—sample installed in the
grips, 3—test system controller, 4—PC from which the machine is controlled, 5—synchronization block, 6—PC from which
the video system is controlled, 7—cameras installed on tripod, 8—backlight system. Scheme of specimens without an open
hole and with an open hole (b).

Before testing and before loading, a fine coating must be applied to the surface.
The latter ensures an accurate determination of movements and increases the contrast
of the surface. A number of black and white points were applied to the surface of the
specimen using spray paint. In the DIC method, a zero-mean normalized sum of squared
difference criterion was selected since it is the least sensitive to illumination changes during
tests. During post-processing by the Vic-3D system, the strain components were calculated
using the finite strain tensor in the Lagrange representation εij =

1
2

(
ui,j + uj,i + uk,iuk,j

)
.

The Oy axis is directed along the specimen (along the elongation axis), and the Ox axis is
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perpendicular to the loading axis in the specimen plane. When building loading diagrams,
an additional software module of the virtual extensometer video system was used to
track a mutual shift between two points on the surface of the specimen in relation to the
applied force.

The contactless optical system’s accuracy is determined by the technical characteristics
of lenses and digital cameras, namely the matrix sensitivity, resolution, and permissible
frame frequency. The accuracy of obtained experimental data is also influenced by the
surface of the specimen and the configuration and calibration of cameras [24]. Upon test
results given in [6], a conclusion was drawn that by using the Vic-3D digital optical system,
it is possible to determine the strain on a fixed base with an accuracy comparable to the
data on a suspended longitudinal strain sensor whose maximum possible deviation from
the measured value is 0.15%.

2.4. The Method of Using Contactless 3D Digital Optical Systems

When processing digital photos, vector shifts are not calculated in each individual
point of the image (in pixels), but rather sampling is done in the area of study in small
local sub-areas or, in other words, subsets (correlation areas) X × X in size [24]. The subset
size has a significant effect on the accuracy of the correlation analysis and the detail of
movement fields and strains along the surface of the studied object, as well as the size of
the zone occurring at the edge or near stress concentrators (holes, inclusions, fractures,
defects). The step defines the distance in pixels between points (central pixels of the subset)
that are analyzed during mathematical processing [24].

The sub-area size (X) and increment (ΔX) were selected as per the filing conditions,
calibration results of the stereo system, as well as the dependency on geometric parameters
of the study object and structural specifics of the specimen materials.

This paper takes into account structural features occurring on the surface of a compos-
ite material, which were used to select increment ΔX. The value of increment ΔX depends
on the size of the structural element of the material (δ) that was found from a photo made
using the Carl Zeiss SteREO Discovery V12 stereomicroscope (Figure 2).

Figure 2. Photo of the surface of samples of three-dimensional-reinforced composites of various weaving patterns with a
highlighted structural element (δ).
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Since the numerical image processing parameters have a significant influence on the
results of movement fields and strains, the presentation of results obtained by the digital
image correlation method must include the subset size (X), increment (ΔX), number of
points (N) for the area under study, size of the composite material structural element (δ),
and pixel size (s) [28–30] (Table 1).

Table 1. Correlation analysis parameters for polymeric composite specimens with various reinforce-
ment types.

Reinforcement Types X, Pixel ΔX, Pixel N δ, mm s, mm

Type 1 43 3 20,383 2 × 3 0.083
Type 2 47 3 21,985 2 × 3 0.076
Type 3 55 5 13,650 3 × 4 0.076
Type 4 51 5 19,529 2 × 10 0.084
Type 5 55 3 18,500 3 × 3 0.081

It should be noted that the selection of the parameters of the correlation analysis
was done taking into account the material’s structural irregularity, which may affect the
recording scale of the strains. To change structural strains, a smaller increment must be set
that takes into account the structure of the material [28–30].

The studies show that parameters should be selected taking into account the size of the
material’s structural irregularity. Since the parameters of numerical image processing have
a substantial effect on the results, the conclusion was drawn that when presenting these
data, the following parameters must be indicated: subset size, increment, number of points
for the area under study, size of the composite material structural element, and pixel size.

3. Test Results and Discussion

For all the series of carbon fiber tension specimens tested under ASTM D 3039,
strain and stress diagrams (Figure 3), the ultimate strength, and statistical processing
for 10 specimens (Table 2) were obtained.

Table 2. Mean ultimate strength (ASTM D 3039) and ultimate stresses (ASTM D 5766) for carbon
fiber specimens of the studied reinforcement types.

Reinforcement Types σb, MPa CV, % FOHTu, MPa CV, %

Type 1 940 ± 65 6.91 929 ± 50 5.38
Type 2 922 ± 119 12.91 1129 ± 51 4.52
Type 3 599 ± 39 6.51 419 ± 22 5.25
Type 4 758 ± 60 7.92 649 ± 38 5.85
Type 5 317 ± 54 17.03 358 ± 11 3.07

According to the test results, it can be noted that in accordance with the classification
of failure types according to ASTM D 3039, all tested samples were analyzed using a
three-part failure mode code (the first character means Failure Type; the second character
means Failure Area; and the third character means Failure Location).

Type 1 and Type 2 CFRP samples were destroyed by the LAT (L, Lateral; A, At grip/tab;
T, Top) and LGM (L, Lateral; G, Gauge; M, Middle) mechanisms. The Type 3 samples were
destroyed by the LGM mechanism. Samples of Type 4 were destroyed by the LGM and
AGM (A, Angled; G, Gauge; M, Middle) mechanisms. Samples of Type 5 were destroyed
by the DGM (D, edge Delamination; G, Gauge; M, Middle) mechanism.

Analyzing the deformation diagrams for samples of Type 5, it can be observed that
when 65–70% of the ultimate strength was reached, the slope of the curves changed.

The authors attribute this phenomenon to the appearance of local damage in the
specimen in the form of inter-layer delamination, which subsequently developed to the
macrolevel and led to the complete destruction of the specimen.
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Figure 3. Deformation diagrams (a) and view of CFRP specimens of various reinforcement schemes
before and after (b) the uniaxial tensile test (according to ASTM D 3039).
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Figure 4 presents loading diagrams for specimens with an open hole tested under
ASTM D 5766, which are characteristic of each reinforcement type. The tensile and speci-
men tests, with an open hole, show that polymeric composite specimens with orthogonal
(Type 1) and orthogonal-combined (Type 2) interweaving schemes have a high ultimate
load as compared with specimens with inter-layer reinforcement (Type 3, Type 4) and
layered specimens (Type 5). For all carbon fiber specimens with different reinforcement
types, the loading diagrams show breaks related to structural failure. Figure 5 gives photos
of failed specimens of all reinforcement types with characteristic damages in the area of the
hole. In general, almost all curves on the loading diagram (Figure 4) are linear. In some
cases, at a later loading stage, the curves show obvious breaks caused by permanent local
damages and the reduced bearing capacity of the structure (Types 1, 2, and 3). By analyzing
the failure damage of carbon fiber specimens with a hole, it can be noted that Type 1 speci-
mens under the ASTM D 5766 (analog ASTM D 3039) classification failed predominantly un-
der the LGM mechanism. Type 2 specimens failed under various mechanisms: half of them
failed under the LGM mechanism, while others failed under the OGM (O, Other; G, Gauge;
M, Middle), OMV (O, Other; V, Various; M, Middle), SGM (S, long. Splitting; G, Gauge;
M, Middle), and OUU (O, Other; U, Unknown; U, Unknown) mechanisms. For Type 3
specimens, the LGM and AGM mechanisms prevailed, while the MGM (M, Multi-mode;
G, Gauge; M, Middle) and AGM mechanisms prevailed for Type 4 specimens. The Type 5
specimens failed under a single mechanism (MGM) (Figure 5). The destruction mechanism
(Type 5) can be classified as multiple inter-layer delamination in the area of an open hole
(concentrator) with a subsequent detachment of the surface layers.

Figure 4. Loading diagrams of CFRP specimens with an open hole in tension (according to ASTM D
5766) with different reinforcement schemes: Type 1—black curves; Type 2—grey curves; Type 3—red
curves; Type 4—blue curves; Type 5—green curves.

Analyzing the deformation diagrams, it can be observed that specimens of Type 1 and
Type 2 are characterized by disruptions in the loading diagram in the ascending section.
For Type 1 samples, breakdowns in the ascending section of the diagram were recorded
when reaching from 60 to 70% of the FOHTu values; for Type 2 samples, breakdowns were
recorded when the FOHTu reached 70 to 80%.

The authors attribute these phenomena to the fact that the reinforcement system
rotates in the direction of load application, which leads to local fractures in the matrix–fiber
system, followed by redistribution of the load to neighboring nodes, and so on until the
next local failure or complete destruction of the sample. It is also worth noting that the
Type1 and Type 2 specimens have the largest deformation margin.
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Figure 5. Photographs of CFRP samples in the vicinity of the concentrator before and after tensile tests.

Test results for each group of specimens gave the mechanical characteristics presented
in Table 2, mean values (x), mean-square deviations (S), and variation coefficients (V).

It should be noted that ultimate open hole tensile strength FOHTu refers to the ratio
between the maximum loading and the initial cross-sectional area of the tested specimen
(excluding the hole). The maximum load Pmax refers to the maximum load prior to failure
(Formula (1)).

FOHTu =
Pmax

hw′ (1)

To evaluate irregular strain fields obtained using the video system, specimens with
reinforcement types 2, 4, and 5 were considered, which have the highest (Type 2), medium
(Type 4), and minimal (Type 5) ultimate loading (Figure 6). The Oy axis is directed along
the specimen (along the elongation axis), while the Ox axis is perpendicular to the loading
axis in the specimen plane.

The obtained data show that the concentration of stress on the edge of the specimen
hole was gradually becoming prominent as the loading developed. The areas of maximum
and minimal strain in the specimens appeared on the left/right side and upper/lower
side of the holes, respectively, which resulted in a symmetric distribution of the strain
field around the edge of the hole. However, at the early stage of loading, strains were not
symmetrical. Strains in the upper right part of the specimens were much larger than in
other parts, but this phenomenon disappeared at a later loading stage.

For a more detailed analysis, the distribution of longitudinal stress εyy was evaluated
on the specimen surface (Figure 7d) along line L drawn from the hole to the plate edge
(12 mm away). Strain diagrams were built at specific stress levels of 10% (Figure 7a),
40% (Figure 7b), and 70% (Figure 7c) of the ultimate stress FOHTu.

The results show that the behavior of specimens with an open hole, with reinforcement
types 1, 4, and 5, remained linear-elastic until failure. For reinforcement types 2 and 3 for
higher tensile loads, the maximum strain shifted to the plate edge some distance from the
hole. The schematic distribution of the strain εyy from the hole to the plate edge along
line L is shown in Figure 7e. Similar experimental results were obtained by researchers
in [16,31,32].

Table 3 shows the correspondence between the maximum longitudinal strains (εyy,
max) and the distance from the hole (l), depending on the material structure. The higher
the applied load, the higher the maximum strain. The maximum longitudinal strain εyy,
max = 1.20% was measured for the structure of specimen Type 2.
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Figure 6. Fields of longitudinal strains εyy of the surface of specimens of reinforcement types 2, 4, and 5 for a loading of 10%
(a), 40% (b), and 70% (c) of the maximum value FOHTu.

Table 3. The correspondence of longitudinal strains to the distance from the hole (l), depending on
the material structure.

Reinforcement Types εyy, max, % l, mm

Type 2 1.20 4.13
Type 3 0.95 2.97

It was observed that the higher the applied loading, the higher the maximum strain
and the wider the distribution. At a distance from the hole, the distribution of longitudinal
strains (εyy, max) became similar to linear-elastic. It can be suggested that there is a link
between the structural element size (δ) and the pixel size (s ≤ 0.080) (see Table 1) for
various reinforcement types and hole sizes (d). Since the hole of the same size (d = 6 mm)
includes a number of structural elements that depend on the reinforcement pattern, the
strain processes may behave differently, especially when the hole size (d) is comparable to
the size of the structural element (δ).
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Figure 7. Profiles (εyy) on the sample surface at specific stress levels of 10% (a), 40% (b), and 70% (c) of the ultimate stress
FOHTu. Profiles (εyy) on the sample surface (d). The schematic distribution of the strain (εyy) (e).

In objects with a hole, there is an obvious decrease in the strength (bearing capacity)
of the composite in comparison with the same objects without a hole. To evaluate the
sensitivity of a reinforcement scheme to a hole, the authors introduced a strength variant
coefficient K (Formula (2)), which is defined as a ratio between the ultimate stresses of
specimens with the concentrator (F′OHTu) and the ultimate strength of a solid specimen (σb).

It should be noted that the ultimate loading F′OHTu refers to the ratio between the
maximum loading and the initial cross-sectional area of the tested specimen (given the
hole, and a specimen width of 30 mm) (Formula (3)).

K =
F′OHTu

σb
(2)

F′OHTu =
Pmax

hw
(3)

where Pmax is the maximum load; h is the specimen thickness; and w is the specimen width
given the hole (30 mm).

Within the framework of ASTM D 5766, the calculation of the ultimate stress of a
specimen with a concentrator (FOHTu) was carried out without taking into account the hole,
as per Formula 2, on the assumption that a hole 6 mm in diameter, with the total specimen
width of 36 mm, does not affect the bearing capacity. In this case, the strength variance
coefficient (K′) will be calculated as per Formula (4).

K′ = FOHTu

σb
(4)

where w′ is the specimen width without taking into account a hole (36 mm).
In this manner, to compare the obtained results, Table 4 gives mean values with the

scattered tensile strength (σb) and ultimate stresses in tensile tests of specimens with a hole,
taking it into account (F′OHTu), and without a hole, taking it into account (FOHTu), as well
as the strength variant coefficients K and K′ (under ASTM) for each type of specimen and
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reinforcement type. Figure 8 shows the relationship between the ultimate strength and the
type of reinforcement in the composite specimens.

Table 4. Test results on the strength variance coefficient for carbon fiber specimens with holes and
without holes.

Reinforcement Types σb, MPa FOHTu, MPa (by ASTM) F′OHTu, MPa K K′ (by ASTM)

Type 1 940 ± 65 929 ± 50 1108 ± 60 1.18 0.99
Type 2 922 ± 119 1129 ± 51 1349 ± 60 1.46 1.22
Type 3 599 ± 39 419 ± 22 500 ± 25 0.83 0.70
Type 4 758 ± 60 649 ± 38 777 ± 42 1.02 0.86
Type 5 317 ± 54 358 ± 11 427 ± 12 1.35 1.13

Figure 8. The relationship between the ultimate strength and the reinforcement type in composite specimens. The open
hole tensile ultimate stress under ASTM D 5766 FOHTu—blue line; the open hole tensile ultimate strength of specimens with
the concentrator F′OHTu—grey line; ultimate stress of solid specimen σb—green line.

A comparison of stress concentration coefficients showed that Type 3 reinforcement
has the most sensitive effect on the hole. For reinforcement types 1, 2, 4, and 5, the hole
did not lead to a significant change in the ultimate stresses, which is related to the material
structure and stress re-distribution occurring in the specimen. It can be also observed
that the calculation of the ultimate stress FOHTu under ASTM differs from the ultimate
stresses F′OHTu.

4. Conclusions

This work included a series of experimental studies of strength in structural carbon
fibers with various reinforcement types in tension tests with and without an open hole.
The obtained results were analyzed, and the effects of concentrators on the mechanical
behavior of carbon fiber specimens were evaluated based on various spatial reinforcement
frames. For all series of carbon fiber specimens tested for tension, stress and strain diagrams
were obtained. Photos of failed specimens are presented for all reinforcement types with
characteristic damages in the area of the open hole. The test results for each group of
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specimens gave mechanical characteristics, mean values (x), mean-square deviations (S),
and variation coefficients (V).

Using a digital optical video system and the digital image correlation method, strain
fields for solid specimens and specimens with an open hole were obtained during the entire
loading process. For open-hole specimens, strain distribution diagrams were built in the
area of the smallest cross-section and the longitudinal strain distribution on the specimen
surface was evaluated. Reinforcement types having the lowest sensitivity in the presence
of concentrators were identified.

Within the framework of ASTM D 5766, when calculating the ultimate stress, the hole
is not taken into account; nevertheless, the paper shows that, for certain structures, a hole
cannot be excluded. Therefore, it can be concluded that the hole size must not be neglected
when calculating the ultimate stress.
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Abstract: Medical textiles are one of the most rapidly growing parts of the technical textiles sector
in the textile industry. This work aims to investigate the medical applications of a curcumin/TiO2

nanocomposite fabricated on the surface of cotton fabric. The cotton fabric was pretreated with three
crosslinking agents, namely citric acid, 3-Chloro-2-hydroxypropyl trimethyl ammonium chloride
(Quat 188) and 3-glycidyloxypropyltrimethoxysilane (GPTMS), by applying the nanocomposite
to the modified cotton fabric using the pad-dry-cure method. The chemistry and morphology of
the modified fabrics were examined by Fourier transform infrared spectroscopy, energy-dispersive
X-ray spectroscopy, and scanning electron microscopy. In addition, the chemical mechanism for
the nanocomposite-modified fabric was reported. UV protection (UPF) and antibacterial properties
against Gram-positive S. aureus and Gram-negative E. coli bacterial strains were investigated. The
durability of the fabrics to 20 washing cycles was also examined. Results demonstrated that the
nanocomposite-modified cotton fabric exhibited superior antibacterial activity against Gram-negative
bacteria than Gram-positive bacteria and excellent UV protection properties. Moreover, a good
durability was obtained, which was possibly due to the effect of the crosslinker used. Among the
three pre-modifications of the cotton fabric, Quat 188 modified fabric revealed the highest antibacterial
activity compared with citric acid or GPTMS modified fabrics. This outcome suggested that the
curcumin/TiO2 nanocomposite Quat 188-modified cotton fabric could be used as a biomedical textile
due to its antibacterial properties.

Keywords: cotton fabric; TiO2 nanoparticles; citric acid; Quat 188; curcumin; antibacterial; UV
blocking; durability

1. Introduction

Nowadays, one of the most promising fields of new textile materials is the manufac-
turing of antimicrobial-acting medical textiles. In fact, extensive work is being put into
improving substances and procedures that could provide safe and adequate protection
against various microorganisms. For example, chemical materials such as phenols, nitro
compounds, and formaldehyde derivatives, have been extensively used in the manufac-
turing of antibacterial medical textiles [1–4]. However, most of these compounds have
serious drawbacks in terms of toxicity and poor biodegradability, which make their use
quite limited. In order to avoid these issues, the textile industry has been utilizing natural,
nontoxic active substances that have no side effects on people or the environment [5–8].
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Fabric modification with nanomaterials designed for enhancing textile properties,
such as antibacterial properties [7,9], UV protection [10] wound healing, self-cleaning
and military application [11,12], is widely used. In this process, nanoparticles may be
incorporated into fabrics for medical applications without affecting their textile properties.
In particular, incorporation of antimicrobial agents in the form of nanoparticles can exhibit
high levels of antimicrobial activity as well as excellent durability (both in usage and by
repetitive laundering cycles), which is much more superior to metal salts or adsorbed
quaternary ammonium compounds that operate by leaching from the treated fabrics and
are often reduced by laundering [13,14].

Curcumin is a natural material that is used in medicinal textiles. It is a polyphenolic
compound and a yellow pigment derived from the ground rhizomes of the Curcuma
longa Linn plant, which has a wide variety of beneficial properties. It has a wide range of
pharmacological properties, including anti-inflammatory, antioxidative and anti-cancer
properties [15,16]. Curcumin contains two phenolic hydroxyl groups and two carbonyl
groups in the center, which can form keto-enol tautomers in solution. When it comes to
curcumin modifications, the phenolic group is the most important functional group. It is
capable of a wide range of reactions, including nucleophilic substitution with organic acids,
epoxide and their derivatives [17]. Several experimental studies have indicated that these
two groups exist primarily in the enolic form at room temperature [18]. Unfortunately, pure
curcumin has a low solubility, which limits its use in medical and clinical applications [19].
In order to overcome this problem, curcumin is used as a complex with other materials in
order to enhance its bioavailability [20,21]. Curcumin’s therapeutic effectiveness is limited
because of its low solubility, absorption, metabolism, and bioavailability [22]. In this regard,
curcumin research has recently focused on the production of possible delivery systems
to improve its aqueous solubility, stability, bioavailability and its controlled delivery at
specific sites. In order to achieve this, curcumin is incorporated into titanium dioxide
nanoparticles. In addition, for enhanced antibacterial activity, we chose hydrophilic tita-
nium dioxide nanoparticles to conjugate with hydrophobic curcumin. Titanium dioxide
nanoparticles are used in a wide range of consumer products, including sunscreens, cos-
metics, pharmaceutical additives, and food coloring agents. They are biodegradable [22]
and have good biocompatibility with little or no toxicity in vitro and in vivo. As a result,
titanium dioxide nanoparticles may be one of the most promising nanoparticles for a broad
variety of medical and pharmaceutical applications. Nano titanium dioxide can be used
in biomedical and bioengineering applications due to its special properties and high reac-
tivity [23]. Curcumin was recently used to sensitize TiO2 for improved photodegradation
of dyes [24] and photodegradation of phenols [25]. In addition, a complex of titanium
dioxide nanoparticles with curcumin was developed as a wound dressing material using
chitosan and polypropylene fabric [26]. The incorporation of positively charged sites, such
as cationization, allows for the creation of an electrostatic attraction between the fiber
and negatively charged molecules. Cotton cationization yielded new cotton cellulose,
which could lead to new uses in cotton pre-treatment and chemical finishing. Previous
reports illustrate that cationization of cotton surfaces has been shown to improve silver
nanoparticle adsorption [27,28] and dye uptake [29,30].

In the current work, we aimed to develop cellulose-based materials that confer better
and more durable antibacterial applications. To achieve this, we prepared a curcumin/TiO2
nanocomposite for fabrication on the surface of cotton fabric using the pad-dry-cure
method. Titanium dioxide nanoparticles in the composite were used to enhance the stabil-
ity of the curcumin as well as its fabric finishing capacity. To improve the attraction forces
between the nanocomposite and the cotton fabric, we used three different crosslinkers,
namely 3-Chloro-2-hydroxypropyl trimethyl ammonium chloride (Quat 188), (3 glycidy-
loxy) propyltrimethoxysilane (GPTMS) and citric acid. This crosslinking process stabilized
the curcumin/TiO2 nanocomposite. Finally, the mechanism of action of the modified
fabric was reported and its durability and mechanical properties were investigated under
different crosslinking schemes.
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2. Experimental

2.1. Materials

Mill bleached pure 100% cotton fabric (138 g/m2) was supplied by Misr Company for
Spinning and Weaving, Mehalla El-Kobra, Egypt.

2.2. Chemicals

3-Chloro-2-hydroxypropyl trimethyl ammonium chloride (69%) of technical grade
chemicals (known as Quat 188) was purchased under the commercial name CR-2000 from
Aldrich. Titanium dioxide P25 powder was provided by Degussa 3- glycidyloxypropy-
ltrimethoxysilane (GPTMS, 95%) was purchased from ABCR (Karlsruhe, Germany). Cur-
cumin powder (99.8% pure and anhydrous) was purchased from Sigma-Aldrich (Taufkirchen,
Germany). Sodium hydroxide, acetic acid, hydrochloric acid and sodium hypophosphite
were purchased from Loba Chemie (Mumbai, India). Ethanol was purchased from Fisher
chemical (Loughborough, UK)

2.3. Preparation of GPTMS Sol

GPTMS sol was prepared by mixing GPTMS (10 mL) with isopropanol water (20/80 mL)
and stirred at 25 ◦C for 20 min, 1.22 mL of 0.01 M hydrochloric acid solution was then
added dropwise to the GPTMS solution and stirred for 1 h at room temperature to obtain
the silica sol form [31].

2.4. Preparation of Curcumin: TiO2 Nanocomposites

The solution of 0.5% (w/v) TiO2 nanoparticles was resuspended in 50 mL of isopropyl
alcohol. Then, 5% (w/v) curcumin powder in isopropyl alcohol was prepared with stirring.
A measurement of 0.5 mL of this solution was then added dropwise to solution of TiO2
with continuous stirring for 3–4 h.

2.5. Cationization of Cotton Fabric

Chemical modification of the cotton fabric through cationization was carried out
using the pad-dry-cure method. The experimental procedures adopted were as follows. 3-
Chloro-2-hydroxypropyl trimethyl ammonium chloride (Quat 188) was mixed with sodium
hydroxide solution at a NaOH/Quat 188 M ratio of 2:1. The cotton fabric was padded
in 100 mL of the prepared mixture in two dips and two nips and then squeezed to a wet
pick up of about 100%. The fabric was dried at 40 ◦C for 10 min and cured at 120 ◦C for
3 min. Finally the cotton fabric was washed with cold water and 1% acetic acid, followed
by several washing cycles and dried under the normal laboratory conditions.

2.6. Coating of Cationized Cotton Fabric with TiO2/Curcumin Nanocomposite

Cationized cotton fabrics were padded in 100 mL of the 0.5% (w/v) solution of the
TiO2/curcumin nanocomposite prepared solution in two dips and two nips and then
squeezed to a wet pick up of 100%. Padded fabrics were dried at 80 ◦C for 5 min and then
cured at 180 ◦C for 3 min. Treated fabrics were rinsed with hot water, then with cold water,
and finally dried at room temperature.

2.7. Coating of Cotton Fabric with GPTMS/Curcumin/TiO2 Nanocomposite

Solution of 2% (w/v) GPTMS sol was added to 0.5% (w/v) solution of the TiO2/curcumin
nanocomposite with continuous stirring under sonication for 2 h the cotton fabrics were
padded in the 100 mL of the previously prepared solution in two dips and two nips and
then squeezed to a wet pick up of 100%. Padded fabrics were dried at 80 ◦C for 5 min and
then cured at 180 ◦C for 3 min. Treated fabrics were rinsed with hot water, then with cold
water, and finally dried at room temperature.
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2.8. Coating of Cotton Fabric with Citric Acid/Curcumin/TiO2 Nanocomposite

Aqueous solution of citric acid (30 g/L) with sodium hypophosphite (6% w/w) was
added to the 0.5% (w/v) solution of TiO2/curcumin nanocomposite. The cotton fabrics
were padded in 100 mL of the previously prepared solution in two dips and two nips and
then squeezed to a wet pick up of 100%. The padded fabrics were dried at 80 ◦C for 5 min
and then cured at 180 ◦C for 3 min. Treated fabrics were rinsed with hot water, then with
cold water, and finally dried at room temperature.

3. Characterization

3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR spectroscopy has been extensively used in cellulose research since it presents a rel-
atively easy method of obtaining direct information on chemical changes that occur during
various chemical treatments. ATR-FTIR instrument (JASCO, Model IR 4700, Tokyo, Japan)
was used to scan from 4000 to 400 cm−1 in ATR mode using KBr as supporting material.

3.2. Scanning Electron Micrograph SEM/EDX Analysis

SEM/EDX Analysis were carried out by using Tescan scanning electron microscope
which contains an energy dispersive X-ray (EDX) spectroscopy system (Model vega3,
Brono, Czech Republic).

3.3. Antibacterial Test

The antibacterial activity of the treated samples against Staphylococcus aureus, (Gram-
positive) and Escherichia coli (Gram−negative) bacteria were determined using an agar
plate. The antibacterial activity of the fabric samples was evaluated by using the disk
diffusion method. A mixture of nutrient broth and nutrient agar in 1 L distilled water at
pH 7.2, as well as the empty Petri plates, was autoclaved. The agar medium was then cast
into the Petri plates and cooled in laminar airflow. Approximately 105 colony-forming
units of bacteria were inoculated on the plates and 292 cm2 of each fabric sample was
planted onto the agar plates. All the plates were incubated at 37 ◦C for 24 h and examined
to ascertain whether a zone of inhibition was produced around the samples.

3.4. UV Protection Factor

The ultraviolet protection factor (UPF) was measured using a UV Shimadzu 3101
Spectrophotometer (Shimadzu, Kyoto, Japan). UV Protection and classification according
to AS/NZS 4399:1996 were evaluated with a scan range of 200–600 nm.

3.5. The Add-On (%) loading

The add-on (%) loading was calculated as follows:

Add − on(%) =
W2 − W1

W1
× 100 (1)

where W1 and W2 were the weights of the fabric specimens before and after treatment
respectively.

3.6. Durability Test

The treated fabric samples were subjected to 20 laundering cycles according the ASTM
standard test method (D 737-109 96) to determine the antibacterial durability to washing.

3.7. Tensile Strength

The tensile strength of the fabric samples was determined by the ASTM Test Method
D-1682-94 (1994). Two specimens for each treated fabric were tested in the warp direction
and the average value was recorded to represent the fabric-breaking load (Lb).
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3.8. Statistical Analysis

Results were expressed as a mean value with its standard deviation (mean ± S.D.) for
each sample that was repeated three times (n = 3). Statistical analysis was performed using
a Student’s t-test and the differences were considered as significant at p-values below 0.05.

4. Results and Discussion

4.1. Mechanism of Deposition of the Curcumin/TiO2 Nanocomposite on the Surface of
Cotton Fabric

Figure 1 illustrates the schematic mechanism of formation and fixation of curcumin/TiO2
on the surface of the cotton fabric. At the first stage of this process, formation of the
curcumin/TiO2 nanocomposite takes place upon addition of the curcumin solution to
the TiO2 nanoparticle solution, which suggested that the curcumin particles dispersed
on the surface of the titanium nanoparticles (Figure 1a). This could be attributed to the
high metal chelating potential of the diketone functional group located at the center of
the curcumin molecule where the diketone group effectively chelates the TiO2 nanoparti-
cles through charge transfer complex formation [24]. Figure 1b illustrates fixation of the
curcumin/TiO2 nanocomposite on the fabrics modified with citric acid in the presence of
sodium hypophosphite, which allows for formation of ester carbonyl linkages [32] with the
fiber. After treatment with citric acid modified fabric with curcumin/TiO2 nanocomposite,
the -OH groups of curcumin in nanocomposite get attached to the functionalized carboxylic
group of citric acid on the modified fabric. This resulted in a strong electrostatic interaction
of opposite charges between the particles [33]. Interestingly, the negative surface charges
induced by the existence of carboxylic acid moieties improved the adsorption affinity of the
curcumin/TiO2 nanocomposite [34]. In fact, the TiO2 nanoparticles exhibited a strong bind-
ing to the carboxylic groups of the citric acid-modified fabric through a number of different
forms of binding, including weak anion-cation type attractions, hydrogen bonding and
coordination-type interaction [35]. The fabrication of the curcumin/TiO2 nanocomposite
on fabrics modified with Quat 188 is presented in Figure 1c. Clearly, development of an
ether linkage between Quat 188 and cellulose resulted from the reaction of Quat 188 with
the cotton fabrics [36]. Deposition of curcumin/TiO2 nanocomposite on Quat 188-modified
fabric was due to strong ionic and van der Waals forces between the –OH groups of the
curcumin molecule and the quaternary ammonium modified cotton fabric. Figure 1d
illustrates the final treatment of GPTMS-modified cotton fabric using the curcumin/TiO2
nanocomposite. GPTMS was pre-hydrolyzed for conversion of the alkyl oxygen groups
(-OCH3) to hydroxyl groups (-OH). The fabric was modified by GPTMS through ether
crosslinking within the cotton fabric via the reaction of epoxy groups of GPTMS with
hydroxyl groups of cellulose structure [31]. This allowed for hydrogen bond formation
between the GPTMS-modified cotton fabric and the hydroxyl groups of the curcumin
molecule [37].

4.2. FTIR Analysis

Existence of functional groups on the treated cotton fabric was investigated by fourier
transform infrared spectroscopy. Figure 2 illustrates the FTIR spectrum for the untreated
cotton fabric (a), curcumin/TiO2–citric-modified cotton fabric (b), curcumin/TiO2–Quat
188-modified cotton fabric (c), curcumin/TiO2–GPTMS-modified cotton fabric (d), and
curcumin powder (e). In the untreated cotton fabric, spectrum (a), a band appears in
the range of 3200–3500 cm−1, which is attributed to O–H stretching. The presence of
C–H, O–H, C–O, and C–O–C vibrations caused the characteristic bands in the range
of 1500–800 cm−1 [38]. On the other hand, the absorption band at 3310 cm−1, which
corresponded to the stretching vibration of phenolic O–H, was indicated in spectrum (e)
for pure curcumin. Moreover, sharp absorption bands appear in the range from 1430 to
1630 cm−1. These bands belong to the –OH, C=O, and C=C groups, respectively (enol).
Other bands are observed in the region between 1000 cm−1 and 1300 cm−1. All bands could
be ascribed to the configuration of the symmetric and asymmetric C–O–C groups [39].
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Interestingly, spectra (b), (c), and (d) look similar to untreated cotton fabric and curcumin
patterns with few significant changes. This could be attributed to the partial interaction
of the nanocomposite with the modified cotton fabric. Strong bands in the region 400–
600 cm−1 were, however, noticeable in spectra (b–d), which corresponded to the Ti–O
stretching vibration [24]. This confirmed the deposition of curcumin/TiO2 nanocomposite
on the surface of the modified fabric. Importantly, spectrum (b) showed a well-developed
band at 1720 cm−1 that could be assigned to a carbonyl group stretching, implying that
cellulose was successfully crosslinked with citric acid via the formation of ester carbonyl
linkages [40]. It is obvious from spectrum (c) that a new peak emerged at 1570 cm−1, which
could be attributed to the quaternary ammonium groups. Clearly, spectrum (d) revealed
two new bands at 2905 cm−1 and 2860 cm−1, which could be aligned with the stretching of
the methylene groups from the GPTMS molecules.

 

 
(a) (b) 

  
(c) (d) 

Figure 1. Schematic of the mechanism for the deposition of the curcumin/TiO2 nanocomposite on cotton fabrics. (a) Struc-
ture a: curcumine/TiO2 nanoparticles; (b) Structure b: curcumin TiO2: citric acid modified cotton fabric; (c) Structure
c: curcumin/TiO2, Quatt-188 modified cotton fabric; (d) Structure d: curcumine/TiO2, nanocomposite GPTMS modified
cotton fabric.
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Figure 2. FTIR spectrum of untreated cotton fabric (a), curcumin/TiO2–citric-modified cotton fabric (b), curcumin/TiO2–
Quat 188-modified cotton fabric (c), curcumin/TiO2–GPTMS-modified cotton fabric (d), and curcumin powder (e).

4.3. Surface Morphology of the Cotton Fabrics

SEM images are used to study the morphology of the fabric surface [41]. Figure 3
displays the variations in unmodified and modified cotton fabric morphology. Figure 3a
shows that the unmodified cotton fabric formed a fiber with a smooth surface. Figure 3b–d
illustrates the effect of deposition of different modifications of cotton fabric. All modi-
fied samples show homogenous distribution of the curcumin/TiO2 nanocomposite with
less agglomeration in some points. In addition, there were no bridges between cotton
adjacent fibers, which is desirable as air and vapor permeability is required for their po-
tential application as wound dressings and medical materials. Figure 3b shows that the
curcumin/TiO2 nanocomposite with citric acid-modified cotton fabric formed cracked
fibers, which could be attributed to the effect of crosslinking with citric acid. On the other
hand, Figure 3c shows a higher dense layer in the curcumin/TiO–Quat 188-modified cotton
fabric compared with the curcumin/TiO2–GPTMS-modified cotton fabric. This may be
due to the cationic modification of cellulosic fibers bearing a positive charge, resulting in
higher deposition of curcumin/TiO2 nanocomposite on their surfaces [42].
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Figure 3. SEM images of control cotton fabric (a), curcumin/TiO2–citric-modified cotton fabric (b), curcumin/TiO2–Quat
188-modified cotton fabric (c), curcumin/TiO2–GPTMS-modified cotton fabric (d).

4.4. EDX Analysis

Elemental analysis of the cotton fabric after modification was determined using the
EDX spectrum. Figure 4 (blank cotton fabric) shows that the atomic percentage of carbon
was 56.86% and oxygen was 43.14%. Interestingly, Figure 4a shows the atomic percentage
of carbon as 57.30% and oxygen as 40.61% along with the titanium element as 1.41%
for curcumin/TiO2–citric-modified cotton fabric. Moreover, Figure 4b shows that the
cotton fabric modified by curcumin/TiO2–Quat 188 had the atomic percentage of carbon
at 55.97, oxygen at 36.76%, titanium at 2.42% and a new peak for nitrogen at 4.84%. Such
variation was due to the etherification reaction involved in the cationization process on
the cotton fabric surface. On the other hand, the cotton fabric that was modified using
curcumin/TiO2–GPTMS, Figure 4c, had the atomic percentage of carbon as 65.91%, oxygen
as 28.55%, titanium 0.66%, and a new peak for silicon at 4.04%. On the basis of these results,
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the higher peaks observed for the titanium element in Figure 4b can be related to the
higher content of the curcumin/TiO2 nanocomposite deposited on the Quat 188-modified
cotton fabric.

 

 

 

 

Figure 4. EDX analysis of blank cotton fabric, (a) curcumin/TiO2–citric-modified cotton fabric,
(b) curcumin/TiO2–Quat 188-modified cotton fabric, and (c) curcumin/TiO2–GPTMS-modified
cotton fabric.
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4.5. Antibacterial Activity

The antibacterial activity of curcumin/TiO2-modified cotton fabric with various treat-
ments was analyzed against representative microorganisms of open interest, both Gram-
positive (S. aureus) and Gram-negative (E. coli) strains using the agar diffusion method were
used. The antibacterial effect for all treatments ranged from 10 mm to 20 mm of clear zone of
inhibition. Results mentioned in Table 1 indicated that Escherichia coli had a higher response
than Staphylococcus Aureus, which could be due to variations in bacterial cell wall organiza-
tion structure. Gram-positive bacteria had a thicker layer cell than Gram-negative bacteria,
which served as a barrier to the spread of active ingredient into the cytoplasm, thereby
protecting the cell wall [43]. On the other hand, TiO2 nanoparticles that coated the modified
cotton fabric showed higher antimicrobial activity. This could be attributed to the effect of a
metal ion that may cause cytoplasmic leakage, protein denaturation, and enzyme malfunc-
tions. Reactive oxygen species (ROSs) are generated by photoactive metal oxides, which can
cause oxidative stress, cell content leakage, and DNA damage [26,44]. Since microbes are
inhibited, these ROSs can oxidize lipids and lipopolysaccharides. In addition, the curcumin
molecule in the cotton fabric modified with the curcumin/TiO2 nanocomposite resulted in
higher antibacterial activity. As reported before, curcumin, being a lipophilic molecule, can
intercalate into the lipopolysaccharide-containing cell membrane and, thereby, increase
the permeability of Gram-negative bacteria. Furthermore, it has been reported that the key
mechanism involved in the killing action of curcumin is through the disordering of 1,2-
dipalmitoyl- sn-glycero-3-phosphocholine (DPPC) membranes found in both S. aureus and
E. coli [45]. Since curcumin can easily form a complex with titania, it may have been able
to break through the bacteria’s cell wall and enter the cell. This could have disrupted cell
organelles and induced lysis, that killed bacteria [26]. In addition, cotton fabric modified
with Quat 188 showed better antibacterial properties compared with fabric modified by
either citric acid or GPTMS. From the above results, hindrance against pathogenic strains
was accomplished in the following order: curcumin/TiO2 nanocomposite-modified, Quat
188-cationized fabric > curcumin/TiO2 nanocomposite-modified, crosslinked fabric with
citric acid/SHP > curcumin/TiO2 nanocomposite-modified fabric with GPTMS.

Table 1. Antibacterial activity and durability properties.

Table

Inhibition Zone (mm/1 cm Sample)

G−
Escherichia coli

G+
Staphylococcus aureus

No. of washing cycles 1 20 1 20
Untreated cotton fabric 0 0 0 0

TiO2-coated, crosslinked fabric with citric acid/SHP 17 16 15 14
Curcumin/TiO2 nanocomposite-modified, crosslinked fabric with citric acid/SHP 18 16 16 14

TiO2-coated, Quat 188-cationized fabric 19 17 14 13
Curcumin/TiO2 nanocomposite-modified, Quat 188- cationized fabric 22 19 16 14

TiO2-coated, pretreated fabric with GPTMS 12 10 11 10
Curcumin/TiO2 nanocomposite-modified fabric with GPTMS 14 13 12 10

Durability to washing cycles is shown in Table 1. Clearly, raising the number of
washing cycles to 20 caused a small decrease in the antibacterial properties of the washed
treated fabrics. This could be attributed to the effect of the crosslinkers used (citric acid,
Quat 188 and GPTMS) [46]. Crosslinkers were used in order to enhance bonding be-
tween the curcumin/TiO2 nanocomposite and the cellulosic chains of cotton fabric. Thus,
favorable washing durability was obtained.

4.6. UV Blocking

UPF values were measured to determine the UV-radiation protection characteristics
of untreated cotton fabrics and nanocomposite-modified fabrics and the results are shown
in Table 2. Textiles can be classified into three protection groups according to BS EN
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13758-2:2003 [47]: good (UPF range 20–29), very good (UPF range 30–40), and excellent
(UPF range > 40).

Table 2. UPF values of cotton fabric treated with different conditions.

Treatment UPF Value UV-A UV-B UV Protection

Untreated cotton fabric 4.5 26 18.8 Non-ratable
TiO2-coated cotton fabric 20 15.29 13.69 Good

TiO2-coated, crosslinked cotton fabric with citric acid/SHP 27 7.74 6.11 Good
Curcumin/TiO2 nanocomposite-modified, crosslinked cotton fabric with citric acid/SHP 50 3.5 3.1 Excellent

TiO2-coated, Quat 188-cationized cotton fabric 30 5.24 5.23 Very good
Curcumin/TiO2 nanocomposite-modified, Quat 188-cationized fabric 55 2.7 2.5 Excellent

TiO2-coated, pretreated cotton fabric with GPTMS 23 14.1 12.2 Good
Curcumin/TiO2 nanocomposite-modified cotton fabric with GPTMS 38 6.1 4.5 Very good

The calculated UPF value of untreated cotton fabric is 4.5. The UPF of coated cotton
fabric varies from 20 to 55, which is higher than the untreated fabric. In addition, the
results in Table 2 indicate that curcumin/TiO2-modified cotton fabric increases the UPF
values. Inspection of Table 2 revealed that the UPF value of TiO2-coated cotton fabric
was 20. The increased UPF could be attributed to the semi-conductive properties of the
TiO2 nanoparticles, which can absorb ultraviolet photons [32]. On the other hand, there
was a significant increase in UPF values for TiO2-modified cotton fabric. The values varied
from 23 to 30 due to the effect othef different treatments according to the following order:

TiO2-coated, cationized cotton fabric > TiO2-coated, crosslinked fabric with citric
acid/SHP > TiO2-coated, pretreated cotton fabric with GPTMS.

Moreover, the results in Table 2 indicate that curcumin/TiO2-modified cotton fabric
increased the UPF values, which varied from 38 to 55 and were graded from very good
to excellent protection. This could be a result of the effectivity of the curcumin molecule
in increasing the ultraviolet protection of cotton fabric. It can be concluded that the
unmodified cotton fabrics exhibited a rather poor UV protection value due to the inability
of the cellulose in UV absorption. In contrast, all the nanocomposite-modified fabrics
showed better UV blocking properties than the unmodified fabric. The increasing UPF
values ofthe curcumin/TiO2-modified cotton followed the order:

Curcumin/TiO2 nanocomposite-modified, Quat 188-cationized fabric > TiO2-coated,
crosslinked cotton fabric with citric acid/SHP > curcumin/TiO2 nanocomposite-modified
cotton fabric with GPTMS.

4.7. Add-on and Tensile Strength Measurements

Table 3 shows the percentage of values for add-on measurements and mechanical
properties of chemically modified cotton fabric. The amount of chemicals deposited on
the cotton fabric during modification was indicated by the add-on values. The results
showed that for GPTMS-modified cotton fabric, the add-on values were between 8.45%
and 12.57%, whereas the modification of samples with citric acid and cationized agent
caused a significant increase in the add-on ranging between 8.65% and 18.87%, and 9.55%
and 15.45% respectively.

Table 3. Add-on measurements and tensile strength with standard deviations of treated cotton fabric.

Treatment Add on (%) Tensile Strength (Kg f)

Untreated cotton fabric 0 55 ± 1.04
TiO2-coated, crosslinked fabric with citric acid/SHP 9.55 ± 0.1 48 ± 1.3

Curcumin/TiO2 nanocomposite-modified, crosslinked fabric with citric acid/SHP 15.45 ± 0.06 45 ± 1.8
TiO2-coated, Quat 188-cationized fabric 8.65 ± 0.05 47 ± 1.7

Curcumin/TiO2 nanocomposite-modified, Quat 188-cationized fabric 18.87 ± 0.12 44 ± 1
TiO2-coated, pretreated fabric with GPTMS 8.45 ± 0.1 51 ± 0.5

Curcumin/TiO2 nanocomposite-modified fabric with GPTMS 12.57 ± 0.4 47 ± 1.1
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On the other hand, Table 1 showed significant decreases in values of tensile strength.
This may be attributed to the effect of different modifications and crosslinking agents,
resulting in damaged cellulose chains.

5. Conclusions

In this work, we developed materials based on the fabrication of curcumin/TiO2
nanocomposite on the surface of cotton fabric via the pad-dry-cure method. To achieve this
goal, cotton fabric was modified with different crosslinkeres, namely citric acid, Quat 188
and GPTMS. Crosslinkers were used to improve the adhesion between cotton fabrics and
the prepared curcumin/TiO2 nanocomposite. The prepared nanocomposite-modified fab-
rics were confirmed using FTIR, SEM and EDX. It has been concluded that curcumin/TiO2
nanocomposite-modified, Quat 188-cationized fabric showed the highest antibacterial activ-
ity compared with either curcumin/TiO2 nanocomposite-modified, crosslinked fabric with
citric acid/SHP or curcumin/TiO2 nanocomposite-modified fabric with GPTMS. More-
over, the curcumin/TiO2 nanocomposite-modified, Quat 188-cationized fabric exhibited
higher efficiency against Gram-negative bacteria than Gram-positive ones. The durability
of curcumin/TiO2 nanocomposite-modified cotton fabric showed negligible reduction in
antibacterial activity as a result of the crosslinker used. These results are promising for
the treatment of fabrics for medical applications. Cationic modification can be used for
the modification of cotton fabric to increase curcumin/TiO2 nanocomposite adsorption
on the surfaces and produce stronger antibacterial activity. The results of UV protection
also revealed that curcumin/TiO2 nanocomposite-modified, Quat 188-cationized fabric
acquired UPF values higher than 50, which indicated excellent UV protection properties.
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Abstract: Natural fibre-based materials are gaining popularity in the composites industry, particularly
for automotive structural and semi-structural applications, considering the growing interest and
awareness towards sustainable product design. Surface treatment and nanofiller addition have
become one of the most important aspects of improving natural fibre reinforced polymer composite
performance. The novelty of this work is to examine the combined effect of fibre surface treatment
with Alumina (Al2O3) and Magnesia (MgO) nanofillers on the mechanical (tensile, flexural, and
impact) behaviour of biotex flax/PLA fibre reinforced epoxy hybrid nanocomposites. Al2O3 and
MgO with a particle size of 50 nm were added in various weight proportions to the epoxy and
flax/PLA fibre, and the composite laminates were formed using the vacuum bagging technique. The
surface treatment of one set of fibres with a 5% NaOH solution was investigated for its effect on
mechanical performance. The results indicate that the surface-treated reinforcement showed superior
tensile, flexural, and impact properties compared to the untreated reinforcement. The addition of 3
wt. % nanofiller resulted in the best mechanical properties. SEM morphological images demonstrate
various defects, including interfacial behaviour, fibre breakage, fibre pullout, voids, cracks, and
agglomeration.

Keywords: flax/PLA; polymer-matrix composites; hybrid; particle-reinforcement; mechanical prop-
erties; electron microscopy; surface treatments

1. Introduction

Composite materials are a versatile class of materials with excellent properties and
applications. They are made up of two or more chemically distinct constituents, namely
the matrix and reinforcement. Typically, the reinforcement is more rigid and superior
to the matrix, while the matrix holds the reinforcement and provides a homogenous
structure [1]. Although synthetic fibres are the most frequently used reinforcement in
polymer composites, growing environmental concerns have recently encouraged the use
of renewable resources. Biodegradable reinforcing materials such as natural fibres are the
best substitute for synthetic fibres in the composite industry due to their technological
and ecological advantages [2]. The mechanical properties and chemical composition of
commonly used natural fibres are found in the literature [3,4]. For several applications,
including automobiles, construction, and the aerospace industry, research and development
(R&D) has proven that natural fibres are advantageous due to their low cost, low density,
low CO2 emission, nonabrasive nature, low energy consumption, lack of skin irritation, and
low health risk [5–8]. Additionally, natural fibre reinforced polymer composite (NFRPCs)
are less expensive, more substantial, and environmentally-friendly [9].
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Along with their numerous benefits, natural fibres have a few disadvantages, includ-
ing incompatibility between the fibre and the matrix, low resistance to moisture, dimen-
sional instability, and a tendency to aggregate during processing [10]. The weak interfacial
bond between water-loving natural fibres and a water-repellent polymer matrix results in
a decrease in the properties of the polymer composite, which is detrimental for industrial
and structural applications [11]. However, numerous schemes and approaches overcome
these shortcomings, including chemical treatment of reinforced fibre, hybridization, and
filler application [12,13]. Natural fibres chemical composition, surface morphology, and
topography are altered when processed with different chemicals. The existing surface
treatment methods are alkali, silane, acetylation, benzoylation, peroxide, permanganate,
and sodium chlorite [11,14–18]. Alkaline treatment, also known as mercerization, is one of
the most widely used and simplest methods for improving the adhesion properties of the
fibre matrix. This method modifies the cellulosic structure of natural fibres with sodium
hydroxide (NaOH), resulting in increased fibre fragmentation and disaggregation speed.
The alkaline treatment removes oil, wax, lignin, and pectin from fibres, resulting in a clean,
uniform surface.

Another technique for enhancing the mechanical properties of composite materials
is hybridization. Hybrid composites typically contain two or more distinct fibre types
within the same matrix, but they also contain a blend of two or more polymers reinforced
with the same fibre type. The primary goal of hybridization is to overcome a material’s
limitations by supporting it with another material with similar or superior properties to
the first [19,20]. Hybridization can create hybrid nanocomposite materials at the nanoscale
by combining multiple types of nanofiller or nanomaterial in the same matrix [21]. Due to
the unique properties of hybrid nanocomposite materials, they have been used in various
applications due to their lower cost than conventional composite materials [22].

The incorporation of nanofillers via advanced manufacturing techniques has improved
fibre-reinforced composite materials by modifying the fibre and matrix interaction [23,24].
Nanofillers have a tremendous potential to enhance the mechanical performance of com-
posites, thereby expanding their applications in a myriad of fields. Homogeneous and
uniform nanofiller mixing accelerates the composite’s mechanical, thermal, and tribological
properties [25–27]. Nanofillers are typically inorganic and occasionally organic; the most
common inorganic nanofillers are alumina, magnesia, silica, zinc oxide, titanium dioxide,
and calcium carbonate; naturally organic nanofillers include synthetic clay, carbon black,
and cellulosic fibres [28–30]. The optimal quantity of nanofillers varies according to the
filler, matrix, and fibre type [31–40]. By adding the filler, the available free spaces may
be reduced, thereby increasing the stiffness of the laminates. The filler can bridge the
matrix and the fibre, resulting in increased interaction between them. Once the load is
applied, the stress is easily transferred from the polymer matrix to the reinforcing fibre,
thus significantly improving their mechanical performance [41]. The addition of nanofillers
affects the epoxy matrix’s curing process; this effect depends on the size and concentration
of the nanofillers in the matrix. Increased filler content and smaller nanofiller size decrease
the curing speed of the epoxy matrix, which may be due to the limited movement space
for the polymer chain and monomer in nano filled epoxy composites [42–45].

Synthetic fibres are toxic, non-disposable, abrasive and involve a complex manufactur-
ing process, while natural fibres are robust, low-cost, and eco-friendly [46,47]. Increasing
environmental concerns have lead to a swift change in the research pace from synthetic
to natural fibre composite materials [48]. Many previous researchers have reported using
natural fibres; however, their results indicate comparatively inferior properties and poor
compatibility compared with synthetic composites, which necessitates modification in the
fabrication technique [49–51]. Nanofiller addition and fibre surface enhancement can be
considered effective methods to improve NFRPCs performance [52,53]. However, a notable
lack of research exists on this topic. In this study, the combined effect of the fibre surface
treatment and the addition of nanofillers was investigated in terms of the mechanical
properties of the hybrid nanocomposite. The polymeric composite was manufactured
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using alkali-treated flax/PLA 2D woven fabric, and nano Al2O3 and MgO reinforced
epoxy composites using the vacuum bagging technique. The effect of surface treatment
and nanofiller addition was investigated for tensile, bending and impact properties, and
morphology was observed using electron microscopy scanning (SEM).

2. Materials and Methods

2.1. Materials

The biotex flax/PLA (100% bioderived commingled fabric in which the flax fibre is
about 40% and the remaining 60% is PLA) with 2/2 twill weave and 400 g/m2 fabric weight
with a density of 1.33 g/cm3 was obtained from Composite Evolution Limited, Chesterfield,
United Kingdom. Infusion epoxy (Pro-set INF-114/INF-213) with a density of 1.14 g/cm3

was purchased from Castmech Technologies Sdn. Bhd., Perak, Malaysia. Al2O3 and MgO
nanofillers were supplied by Richest Group Limited, Shanghai, China. The specifications of
Al2O3 and MgO nanofillers are presented in Table 1. Sodium hydroxide (NaOH), Sodium
dodecyl sulfate (SDS) as a wetting agent, and Ethylene-diamine-tetra-acetic acid (EDTA) as
a sequestering agent were obtained from a local supplier in Malaysia.

Table 1. Specifications of Al2O3 and MgO nanofillers.

Properties Al2O3 MgO

Size (nm) 50 nm 50 nm
Shape Spherical Spherical
Colour White White

Purity (%) 99% 99%
Density (g/cm3) 3.95 g/cm3 3.58 g/cm3

2.2. Methodology

The factors and their associated levels that were considered in this study are shown
in Table 2. The design of experiment (DOE) was generated using the full factorial design
technique in the Minitab-19 statistical tool. Thus, a total of eighteen (18) combinations
without repetition were formed, nine for each type of reinforcement, treated or untreated.

Table 2. Factors and levels.

Factors Levels

Reinforcement Treated flax/PLA Untreated flax/PLA
Nanofiller Type Al2O3 MgO

Nanofillers
Concentration

(wt. %)
0 1 2 3 4

2.2.1. Alkaline Treatment of 2D Woven Biotex Flax/PLA Fabric

The biotex flax/PLA fabric was pre-treated with a 5% sodium hydroxide (NaOH)
solution as in Equation (1) [54–56], containing ppm concentrations of sodium dodecyl
sulphate (SDS) as a wetting agent that lowers the surface tension of water, allowing drops
to spread onto a surface, thereby increasing a liquid’s spreading ability and ethylene-
diamine-tetra-acetic acid (EDTA) as a sequestering agent that binds the undesirable metal
ions together to form a stable structure. The fabric was then heated to 100 ◦C for 60 min.
After 60 min, the fabric was rinsed with hot water and then with cold water. After washing,
the fabric was allowed to air dry for 24 h before being oven-dried for 60 min at 80 ◦C. After
that, treated and untreated biotex flax/PLA fabric was cut into a dimension of (300 mm ×
300 mm) to be used as reinforcement.

Flax
PLA

Fibre − O−H+ + Na+ − OH− → Flax
PLA

Fibre − O−Na+ + H2O (1)
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2.2.2. Fabrication of Hybrid Composite

The tri-layer hybrid composite with dimensions of 300 mm × 300 mm and a stacking
sequence of [0/90/0] was manufactured by vacuum bagging technique using infusion
epoxy as the matrix. The three reinforcement layers in all composite samples were of the
same type. The mass ratio of fibres to the matrix was 1:2.5. Prior to applying the epoxy,
the nanofillers were added in weight percentages (0–4 wt. %) to the epoxy according to
DOE, followed by mechanical stirring at a speed of 3000 rpm for 60 min to disperse the
nanofillers. After mixing the nanofiller, the mixture was degassed for ten minutes. Then, in
a ratio of 100:27.4, the hardener was added to the epoxy. After composite plate fabrication,
samples were removed from vacuum bagging after 24 h and placed in an oven for 120 min
at a temperature of 80 ◦C for post-curing of the composite plates.

2.2.3. Characterization

Tensile tests were conducted under the ASTM D3039 standard using the universal
testing machine, Instron 3367, equipped with a load cell with a capacity of 30 kN. The
gauge was set to a length of 120 mm, and the speed was 2 mm/min. Flexural tests were
conducted as per ASTM D7264 standards using a universal testing machine, Testometric
M500-50CT, equipped with a 50 kN load cell. The span length was set to 95 mm, and the
crosshead speed was 2 mm/min. Impact tests were conducted using the Zwick/Roell®

pendulum impact tester following the ISO 179/180 standard. The Charpy method was
applied to unnotched samples of each composite type with a hammer impact energy of 7 J.
Using a QUANTA FEG 450 scanning electron microscope, the uncoated tensile fracture
morphologies of biotex flax/PLA tri-layer hybrid composites were analyzed. The samples
were cut into tiny pieces before scanning with a 5 kV accelerating voltage and high vacuum
mode. The surface of interest was mounted upright on double-sided electrically conducting
carbon adhesive tapes to prevent the specimens from accumulating surface charge during
exposure to the electron beam.

3. Results

3.1. Tensile Properties

The tensile strength and modulus of the treated and untreated biotex flax/PLA fibre
reinforced hybrid nanocomposite with nano Al2O3 and MgO are depicted in Figure 1. It is
revealed that the addition of nano Al2O3 and MgO to the treated and untreated flax/PLA
fibre reinforced hybrid composites increases tensile strength and modulus by transmitting
and distributing the applied load. Adding the filler may reduce the available free spaces
and hence increase the stiffness of the laminates. The filler can link the matrix and the fibre,
leading to enhanced interaction between the fibre and the matrix. Once the load has been
applied, the stress can easily be transferred from the polymer matrix to the reinforcing
fibre, thus improving the tensile strength and modulus of the hybrid composite [31,52,57].

Additionally, the Al2O3 and MgO nanofiller in the biotex flax/PLA epoxy hybrid
nanocomposites exhibit similar tensile strength and modulus behaviour. Biotex flax/PLA
reinforcement that has been treated outperforms the untreated version because the sodium
hydroxide (NaOH) modifies the flax/PLA cellulosic structure, which increases fibre frag-
mentation and disaggregation. The alkaline treatment removed the oil, wax, lignin, and
pectin from fibres. The surface becomes clean and free from dirt and impurities with func-
tional moieties, helping improve the interfacial bonding between fibres and matrix [11,18].
As illustrated in Figure 1a,c, the tensile strength of the treated biotex flax/PLA in the
presence of nano-Al2O3 (1–3%) increased by approximately 16%, 26% and 38% as com-
pared to untreated, which has 14%, 22% and 35%, respectively. The modulus of the treated
reinforcement was increased by 24%, 44% and 56% compared to untreated, which has 20%,
39% and 52%, respectively, concerning the sample with 0% of nano-Al2O3. Further increase
in the nanofiller concentration to 4% had reduced the tensile strength by 24% (treated) and
23% (untreated), and modulus by 19% (treated) and 17% (untreated), respectively, when
compared to the sample with 3% of nano-Al2O3. The decrease is primarily due to a poor
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fibre-matrix interface; rather than uniformly dispersing, the nanofillers agglomerate, reduc-
ing the surface area and bonding between fibre and matrix, both of which contribute to the
crack initiation [1,52,58]. The acquired results are also in agreement with other reported
research involving short nylon fibre/nanoclay [59], coir, wood fibre/nanoclay/PP [60], and
carbon/graphene/epoxy [61].

Figure 1. (a) Tensile strength of nano Al2O3, (b) Tensile strength of MgO, (c) Tensile modulus of
nano Al2O3, (d) Tensile modulus of MgO incorporated flax/PLA epoxy hybrid composites.

In the case of nano-MgO, the tensile strength and modulus of the treated biotex
flax/PLA in the presence of nano-MgO (1–3%) increased by approximately 25%, 39%
and 56% as compared to untreated, which has 25%, 36% and 51%, respectively, while the
modulus of the treated reinforcement increased by 35%, 55% and 92% as compared to
untreated which has 34%, 50% and 85%, respectively, when compared to the unfilled sample
(0% of nano-MgO). Further increase in the nanofiller concentration to 4% reduced the tensile
strength by 31% (treated) and 41% (untreated) and the modulus by 34% (treated) and 44%
(untreated), respectively, when compared to the sample with 3% of nano-MgO as shown
in Figure 1b,d. The tensile strength and modulus of Al2O3-filled hybrid nanocomposite
are higher than those of MgO-filled nanocomposite. This could be due to the higher
molecular weight and higher topological polar surface area of Al2O3 nanofillers. A similar
conclusion was reported in luffa/PbO/epoxy [52], short nylon fiber/nanoclay [59], coir,
wood fiber/nanoclay/PP [60], and carbon/graphene/epoxy [61].

The tensile stress–strain curves of treated and untreated biotex flax/PLA epoxy hybrid
nanocomposite with nanofiller Al2O3 and MgO are shown in Figure 2. Tensile stress–strain
curves demonstrate that as the nanofiller concentration increases from 1% to 4%, the strain
percentage decreases gradually, which indicates that the brittleness of the composite in-
creases. This decrease in strain can be attributed to restriction of the movement of molecular
chains by the nanofillers resulting in improved tensile properties [13]. Additionally, it
noted that none of the samples failed abruptly, but exhibited pseudo-plastic behaviour
before reaching the ultimate tensile stress value.
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Figure 2. Tensile stress–strain curves of (a) neat composite, (b) Al2O3—treated, (c) Al2O3—untreated, (d) MgO—treated,
and (e) MgO—untreated flax/PLA epoxy hybrid composites.

The increasing trend in tensile strength and modulus can be explained by the large
surface area of the nanofillers, which act as a link between the biotex flax/PLA fibre
and epoxy matrix, resulting in improved bonding. Thus, the applied load can be easily
transferred from matrix to fibre, resulting in delayed crack initiation. Therefore, it can be
concluded that the incorporation of nanofillers increases interfacial adhesion, resulting in
an increase in tensile properties, which is also reported in previous studies [1,52,58].

3.2. Flexural Properties

The flexural strength and modulus of the treated and untreated biotex flax/PLA fibre
reinforced hybrid nanocomposite with Al2O3 and MgO nanofiller are illustrated in Figure 3.
It can be seen that the addition of Al2O3 and MgO nanofillers to treated and untreated
flax/PLA fibre reinforced composites increase flexural strength and modulus via interfacial
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adhesion between the nanofillers and epoxy matrix. The surface energy and rigidity of the
nanofillers dictate the extent to which they interact with the matrix. Nanofillers such as
Al2O3 and MgO have higher surface energy and rigidity, which results in a more robust
interaction and thus a higher flexural strength and modulus of the filled composite, at the
expense of ductility [58].

Figure 3. (a) Flexural strength of nano Al2O3, (b) Flexural strength of MgO, (c) Flexural modulus of
nano Al2O3, (d) Flexural modulus of MgO incorporated flax/PLA epoxy hybrid composites.

Additionally, the Al2O3 and MgO nanofiller in the biotex flax/PLA epoxy hybrid
nanocomposites exhibit similar flexural strength and modulus behaviour. Biotex flax/PLA
reinforcement that has been treated outperforms untreated one. As illustrated in Figure 3a,c,
the flexural strength of the treated biotex flax/PLA in the presence of nano-Al2O3 (1–3%)
increased by approximately 193%, 259% and 289% as compared to untreated, which has
187%, 252% and 277%, respectively. In contrast, the modulus of the treated reinforcement
was increased by 148%, 285% and 298% compared to untreated, which has 227%, 254% and
242%, respectively, when compared with unfilled samples (0% of nano-Al2O3). Further
increase in the nanofiller concentration to 4% reduced the flexural strength by 43% (treated)
and 42% (untreated) and the modulus by 48% (treated) and 46% (untreated), respectively
when compared with the sample with 3% of nano-Al2O3. This lowering is due to nano-
Al2O3 aggregation, detrimental to the fabricated nanocomposites’ physical and mechanical
properties. The greater decrease in flexural strength and modulus for treated samples was
due to better fibre fragmentation and disaggregation by alkali treatment, which produces
more active sites on the fibre surface where the nanofillers have higher attraction. Similar
results are reported in glass/SiO2/epoxy [31] and luffa/PbO/epoxy [52].

In the case of nano-MgO, the flexural strength and modulus of the treated biotex
flax/PLA in the presence of nano-MgO (1–3%) increased by approximately 36%, 140%
and 156% as compared to untreated, which has 36%, 140% and 156%, respectively. The
modulus of the treated reinforcement was increased by 3%, 85% and 146% as compared to
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untreated, which has 20%, 71% and 140%, respectively compared to the neat sample (0%
of nano-MgO). Further increase in the nanofiller concentration to 4% reduced the flexural
strength by 25% (treated) and 26% (untreated), and the modulus by 32% (treated) and 35%
(untreated), respectively when compared with the sample with 3% of nano-MgO, as shown
in Figure 3b,d. This decrease is due to nano-MgO aggregation, which negatively impacts
the mechanical and physical properties of the fabricated nanocomposites, with similar
results reported in glass/SiO2/epoxy [31] and luffa/PbO/epoxy [52].

The flexural stress–strain curves of treated and untreated biotex flax/PLA epoxy
hybrid nanocomposite with nano Al2O3 and MgO are shown in Figure 4. Flexural stress–
strain curves demonstrate that as the nanofiller concentration increases from 1% to 4%, the
strain percentage decreases gradually, which indicates that the ductility of the composite
decreases. This is associated with less chain mobility and deformability of the matrix due to
the presence of additional rigid nanofillers, which disturb the deformation of the crystalline
region in the matrix, resulting in improved bending properties [13,62]. Additionally, it is
noted that none of the samples failed abruptly, but exhibited pseudo-plastic behaviour
before reaching the ultimate flexural stress value. Flexural strength follows a similar trend
to tensile strength, although it varies less between formulations than tensile strength [36].

In Figure 4, there is a slight change in the stress–strain values of the treated and
untreated fibre reinforced composite, similar to the tensile stress and strain. The flax/PLA
is 100% bioderived commingled fabric in which the percentage of flax fibre is 40% and
the remaining 60% is PLA; thus, the alkali treatment only alters the surface properties of
the natural fibres, which is responsible for the reduced difference between the treated and
untreated reinforcement.

3.3. Impact Properties

The unnotched impact strength of biotex flax/PLA fibre (treated and untreated) and
nanofiller reinforced epoxy composite is illustrated in Figure 5. Charpy impact strength
(calculated by dividing the absorbed energy with sample width and thickness) is related to
the material’s toughness, and the fibre-matrix interface and bonding between the lamina
indicated the nanocomposite’s fracture toughness. Nanofillers such as Al2O3 and MgO
improved the bonding between the filler and matrix, and their rigidity increased energy
absorption. Energy absorption in polymer nanocomposites occurs due to debonding at
the fibre–matrix interface, the fracturing of the reinforcing material, and matrix plastic
deformation [4,58].

Additionally, the Al2O3 and MgO nanofiller in biotex flax/PLA epoxy hybrid nanocom-
posite exhibit similar impact properties as tensile and flexural properties. Treated biotex
flax/PLA reinforcement outperformed as compared to the untreated. The impact strength
of the treated biotex flax/PLA in the presence of nano-Al2O3 (1–3%) increased approx-
imately by 10%, 15% and 22% as compared to untreated, which has 9%, 12% and 17%,
respectively, as compared to unfilled sample (0% of nano-Al2O3). Further increase in the
nanofiller concentration to 4% reduced the impact strength by 16% (treated) and 18% (un-
treated) in the sample with 3% of nano-Al2O3. Similar results are observed for a research
study on bagasse/nanoclay/PP [63].

In the case of nano-MgO, the impact strength of the treated biotex flax/PLA in the
presence of nano-MgO (1–3%) increased by approximately 15%, 24% and 28% as compared
to untreated, which has 14%, 21% and 23%, respectively, as compared to the neat sample
(0% of nano-MgO). Furthermore, an increase in the nanofiller concentration to 4% decreased
the impact strength by 11% (treated) and 13% (untreated), concerning the sample having
3% nano-MgO. The presence of Al2O3 and MgO nanofiller in the epoxy matrix generates
matrix discontinuity, which provides sites for crack initiation, resulting in decreased
impact strength at 4% nanofillers; similar results are reported in bagasse/SiO2/PE [37] and
PLA/nanoclay/LLDE [64].
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Figure 4. Flexural stress–strain curves of (a) neat composite, (b) Al2O3—treated, (c) Al2O3—untreated, (d) MgO—treated,
and (e) MgO—untreated flax/PLA epoxy hybrid composites.
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Figure 5. Impact strength of nano Al2O3 and MgO incorporated biotex flax/PLA epoxy hybrid composites.

3.4. Scanning Electron Microscope (SEM) Failure Analysis

SEM analysis was used to characterize the surface characteristics of the tensile broken
composite material utilized in this investigation. The SEM micrographs of treated and
untreated biotex flax/PLA reinforced epoxy composites without nanofillers are shown in
Figure 6 at 500× magnification. The literature shows that the alkaline treatment of natural
fibre removed the hemicellulose layer from the surface of fibres [19,52]. In Fourier transform
infrared spectroscopy (FTIR) analysis, the disappearance of the C=O stretching vibration
of hemicellulose at 1750 cm−1 indicates the removal of hemicellulose that strengthens the
fibre matrix interface, and results in improved mechanical properties of composites [53,65].
This finding is further validated by Figure 6, which shows that the alkali treatments
removed impurities from the fibre surface, such as hemicelluloses and lignin. This uneven
topography aided mechanical interlocking. It also improved fibre–matrix adhesion, which
improved mechanical qualities. In the same way, a corresponding result was accomplished
with jute/epoxy composite [65–67].

 

Figure 6. SEM images of tensile fractured (a) Untreated (b) alkali-treated biotex Flax/PLA reinforced epoxy composite.

Figures 7 and 8 show SEM micrographs of biotex flax/PLA reinforced epoxy hybrid
nanocomposites with Al2O3 and MgO nanofiller. The fractured surface of the tensile
samples was analyzed to determine fibre failure and matrix–fibre interfacial bonding.
Micrograph images of treated biotex flax/PLA reinforced epoxy composites with nanofiller
Al2O3 and MgO at concentrations ranging from 1% to 4% are shown in Figure 7. The
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micrograph images indicate that the strength of the polymer composite is highly dependent
on the fibre–matrix interface bonding. The fibre–matrix interface of the composite with 1%
filler exhibits severe fibre pullout, fibre breakage, cracks, and air bubbles, resulting in poor
bonding, low strength, and a poor fibre–matrix interface.

 

Figure 7. SEM images of alkali-treated biotex flax/PLA reinforced epoxy composite at different percentage of nano-Al2O3

and nano-MgO.
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Figure 8. SEM images of untreated biotex flax/PLA reinforced epoxy composite at different percentages of nano-Al2O3 and
nano-MgO.

350



Polymers 2021, 13, 3842

However, this interface is better than that of the neat composite. As the amount of
nanofiller in the matrix increases, the fibre–matrix interface improves. Better fibre–matrix
bonding was observed when the matrix contained 2% and 3% nanofiller. Minimum fibre
pullout indicates improved fibre–matrix interfacial adhesion; this aids in transferring load
from the matrix to the fibre, thereby increasing its strength. The decrease in mechanical
properties caused by the aggregation of nanofiller at 4% is also justified by the micrograph
images, which restrict the interaction of the nanofiller with the matrix, resulting in the
laminates’ poor mechanical properties. The same trend was observed in micrograph images
(as shown in Figure 8) of untreated biotex flax/PLA reinforced epoxy composites with
nanofiller Al2O3 and MgO at concentrations ranging from 1% to 4%. Similar SEM images
are also analyzed for oil palm nanofiller/kenaf fibre/epoxy hybrid nanocomposites [1] and
lead oxide nanofiller/luffa fibre/epoxy hybrid nanocomposites [52].

4. Conclusions

The purpose of this study was to develop a novel hybrid nanocomposite by incor-
porating nano-Al2O3 and nano-MgO as reinforcing fillers into biotex flax/PLA fibre mat
reinforced epoxy composites. The results of this study are encouraging, as the hybrid
nanocomposites fabricated using Al2O3 and MgO nanofiller and flax/PLA fibres exhibit
improved mechanical properties. The addition of nanofiller in the alkali-treated biotex
flax/PLA/epoxy composites significantly enhances the mechanical strength in tensile,
bending, and impact strength compared to the untreated biotex flax/PLA reinforced epoxy
composites, by hindering the crack initiation or propagation paths. Morphological anal-
ysis using SEM demonstrated that adding 3% nano-Al2O3 and 3% nano-MgO filler to
flax/PLA/epoxy composites reduces void contents, fibre pull out, fibre protrusion, and
tearing on the fractured surface by simply fracturing or breaking/bending the fibre due
to the fibre’s improved adhesion and interfacial bonding with the matrix. The enhanced
mechanical and morphological properties of the nano-(Al2O3 & MgO)/(flax/PLA)/epoxy
hybrid nanocomposites indicate a high potential for construction and structural appli-
cations requiring renewable resources high performance. As a result of their superior
morphological and mechanical properties, the developed hybrid nanocomposites will
serve as a low-cost, lightweight, and environmentally friendly composite material for use
as a building material. This research could be expanded in the near future by varying types,
sizes, and concentrations of nanofillers and different natural fibres and chemical treatment
methods.
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Abstract: This in vitro study aimed to evaluate the influence of curing time on surface characteris-
tics and microbiological behavior of three bulk-fill resin-based composites (RBCs). Materials were
light-cured for either 10 s or 80 s, then finished using a standard clinical procedure. They were
characterized by surface morphology (SEM), surface elemental composition (EDS), surface roughness
(SR), and surface free energy (SFE). Microbiological behavior was assessed as S. mutans adherence
(2 h) and biofilm formation (24 h) using a continuous-flow bioreactor. Statistical analysis included a
two-way ANOVA and Tukey’s test (p < 0.05). Materials differed substantially as filler shape, dimen-
sion, elemental composition and resin matrix composition. Significant differences between materials
were found for SR, SFE, and microbiological behavior. Such differences were less pronounced or
disappeared after prolonged photocuring. The latter yielded significantly lower adherence and
biofilm formation on all tested materials, similar to conventional RBCs. Improved photoinitiators and
UDMA-based resin matrix composition may explain these results. No correlation between surface
characteristics and microbiological behavior can explain the similar microbiological behavior of
bulk-fill materials after prolonged photocuring. This different performance of bulk-fill materials
compared with conventional RBCs, where surface characteristics, especially surface chemistry, influ-
ence microbiological behavior, may have important implications for secondary caries occurrence and
restoration longevity.

Keywords: bulk fill; composite resin; restorative materials; surface characterization; energy-dispersive
X-ray spectroscopy; scanning electron microscopy; microbial adherence; bioreactor; bacterial biofilm;
Streptococcus mutans

1. Introduction

Bulk-fill resin-based composites (RBCs) have been introduced in the last decade to
simplify restoration procedures, allowing for a higher depth of cure of a single increment
(they can be placed in ≥4 mm thick bulks instead of the conventional incremental placement
of 2 mm-thick layers) [1–6]. This goal was reached by modifying the composition of an
RBC, for instance, by lowering the filler content by volume in low-viscosity bulk fills and
increasing the dimensions of filler particles (>20 microns); thus, decreasing their specific
surface areas. It was shown that these modifications improved light transmission, while
lower filler content decreases hardness with no change in the suggested curing time [5,6].
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Improving the depth of cure of these polymeric materials was obtained by allow-
ing more light generated by the curing unit to penetrate. This improvement was also
made possible by equalizing refractive indices of resin monomers and fillers in the un-
polymerized material and incorporating highly reactive photoinitiators. Furthermore, the
polymerization shrinkage and the consequent stress on the interfaces were reduced using
high-molecular-weight monomers to improve marginal adaptation [7,8]. Bulk-fill RBCs
are, in fact, a family of materials that differ from conventional RBCs in many ways, ranging
from strategies adopted to enhance its translucency, such as a reduction in the content of
the pigment and the use of larger filler particles, to significant changes in the chemical
composition such as the use of high-molecular-weight monomers and stress-relieving
monomers [5,9–11].

Additionally, their degree of conversion, that is, the amount of monomers that react
forming the polymeric chains may be enhanced by adding highly reactive photoinitia-
tors [3,5,12]. As shown by several studies, both characteristics can significantly impact
the biological behavior of the polymeric material, especially biofilm formation [13–15]. In
fact, the clinical behavior of bulk-fill materials seems to be just similar to conventional
RBCs [1,5], and the influence of the dental healthcare provider’s experience on the clinical
outcome when placing polymer-based restorations may be non-neglectable [16].

An essential factor in caries development is bacterial colonization, which leads to
biofilm formation on all oral surfaces, both natural and artificial. Full-grown biofilm
consists of several bacterial species forming an ecological unit, which are not necessarily
involved in dental caries; depending on its composition, a biofilm can be detrimental, neu-
tral, or even beneficial [17–19]. In particular, cariogenic biofilm shows a high prevalence
of acidogenic and acid-resistant species, such as streptococci and lactobacilli. The preva-
lence of cariogenic microorganisms in the biofilm community is an imbalance representing
the first stage of both the primary and secondary caries formation [17,20]. Furthermore,
mutans streptococci adherence and colonization of the surfaces of restorative materials
are essential elements in secondary caries development [19]. From this point of view, the
surface characteristics of restorative materials are particularly interesting as they influence
how materials interact with the oral environment throughout their lifespan, posing critical
challenges to their longevity [21].

Lastly, it was shown that light-curing characteristics significantly influence the degree
of conversion of an RBC [22,23], affecting biofilm formation [24]. However, literature
data on the influence of surface properties on microbial colonization of bulk-fill RBCs is
limited and not systematically addressed [13,25–28]. Therefore, this in vitro study aimed
to evaluate the adherence and biofilm formation by Streptococcus mutans on the surfaces of
three bulk-fill RBCs. The null hypotheses were that (i) there is no difference in bacterial
adherence or biofilm formation between the tested bulk-fill materials and (ii) there is no
influence of the curing time on the microbiological behavior of the tested bulk-fill materials.

2. Materials and Methods

2.1. Specimen Preparation

Three different bulk-fill materials were tested, differing in type (one low-viscosity and
two high-viscosity) and chemical composition. A flowable RBC with a higher viscosity
than a conventional flowable was chosen as a control, having a similar resin/filler ratio to
the tested bulk-fill materials (Table 1).

A total of 48 disks with 6 mm diameter and 2 mm thickness were prepared for each
tested RBC [28,29]. For the preparation of each disk, a PTFE template was employed. The
template was separated from the bench with a glass plate; another glass plate was placed
on top to prevent the formation of an oxygen-inhibited layer. Disks from each group were
randomly divided into two sub-groups (n = 24 each) and light-cured (Celalux 2, Voco,
Cuxhaven, Germany) at 1000 mW/cm2 for 10 s or 80 s, respectively. Once cured, the
disks were stored at 37 ◦C for 24 h. After that, surfaces were polished with sandpapers
of increasing grit size until reaching #1200 (SiC waterproof abrasive sheet, 3M, St Paul,
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MN, USA). The specimens were then sonicated for two hours in distilled water to remove
debris from the finishing procedures and stored separately under light-proof conditions at
37 ◦C in artificial saliva for six days to minimize the impact of residual monomer leakage
or initial fluoride burst on the bacterial cells’ viability. The artificial saliva used in the
present study reproduced the average electrolytic composition of whole human saliva and
was prepared by mixing 100 mL of 150 mM KHCO3, 100 mL of 100 mM NaCl, 100 mL of
25 mM K2HPO4,100 mL of 24 mM Na2HPO4, 100 mL of 15 mM CaCl2, 100 mL of 1.5 mM
MgCl2, and 6 mL of 25 mM citric acid. The volume was prepared up to 1 L, and the pH was
adjusted to 7.0 by pipetting NaOH 4 M or HCl 4 M solutions under vigorous stirring [29].

Table 1. Codename, manufacturer, and composition of the resin-based materials tested in the present study.

Codename Material Manufacturer Organic Matrix Filler (wt%, vol%)

S SDR Surefil Dentsply Sirona, York,
PA, USA

UDMA, TEGDMA,
EBPDMA

Ba-Al-F-Si glass,
Sr-Al-F-Si glass
68 wt%, 45 vol%

F Filtek
Bulk Fill Posterior 3M, St Paul, MN, USA AUDMA, UDMA,

DDMA

Nanofillers and clusters
of SiO2; ZrO; YbF3
64.5 wt%, 50.4 vol%

V Admira Fusion
X-tra

VOCO GmbH,
Cuxhaven, Germany ORMOCER Ba-Al-Si glass; SiO2

84 wt%, 65 vol%

G
(Control)

G-aenial Universal
Flow

GC Corp. Europe,
Leuven, Belgium

UDMA, TEGDMA,
Co-monomer

dimethacrylates.

SiO2 (16 nm), Sr glass
(200 nm), LaF3

69 wt%, 50 vol%

Abbreviations: Bis-GMA: bisphenol A glycol dimethacrylate; ethoxylated bis-GMA: EBPDMA; TEGDMA: triethylene glycol dimethacrylate;
UDMA: urethane dimethacrylate; aromatic urethane dimethacrylate: AUDMA; 1, 12 dodecane-DMA: DDMA; urethane-based organically
modified silicic acid: ORMOCER.

2.2. Analysis of Specimen Morphology and Elemental Surface Distribution by Scanning Electron
Microscopy (Sem) and Energy-Dispersive X-ray Spectroscopy (Eds)

SEM/EDS analyses were performed on four specimens for each group using a tabletop
scanning electron microscope (TM4000Plus, Hitachi, Schaumburg, IL, USA) equipped with
an EDS probe (Quantax 75 with XFlash 630H Detector, Bruker Nano GmbH, Berlin, Ger-
many). Dry specimens were mounted on stubs using conductive tape and were analyzed
without sputter-coating, using a backscattered electron (BE) detector and an accelerating
voltage of 15 kV in a surface-charge reduction mode. This method was used to display the
surface morphology of the specimens and, in particular, the distribution of filler particles,
their shape, and dimensions.

Three randomly selected fields were acquired for each specimen (500×, 2000×, 5000×)
for morphological observation of the surface and with the EDS probe (300 μm × 300 μm
fields) in full-frame mode at 150 s acquisition time. The data acquired by EDS were
averaged for each specimen and element, the wt% in the ≈1 μm superficial layer was
displayed. These data were statistically analyzed to assess significant differences in surface
chemical composition among the tested materials. Elemental distribution at the surface
level was visually obtained in map mode (5000×) using an acquisition time of 600 s.

2.3. Surface Roughness (SR) Analysis

Surface roughness was determined on each disk (n = 12) at four randomly selected
spots on the surface of each specimen using a profilometric surface contact measurement
device (RTP 80-TL90, LTF SpA-Borletti, Antegnate, Italy). A Gaussian filter and a cut-off
level of 0.25 were used. A 1.75 mm-long path was measured in one single scan, perpendic-
ular to the expected grinding grooves, using a standard diamond tip (tip radius = 2 μm, tip
angle = 90◦). The arithmetic mean deviation of the surface roughness profile (Ra), the root
mean square average of the profile heights over the evaluation length (Rq), the maximum

357



Polymers 2021, 13, 2948

height of the profile (Rt), and the average maximum height of the profile on five sampling
lengths within the evaluation length (RzDIN) were calculated.

2.4. Surface Free Energy (SFE) Analysis

A 5 μL drop of ultrapure, HPLC-grade water was placed on each of the seven ran-
domly selected specimens for each material (Figure 1). Then, the drop of water was
photographed with a reflex camera (EOS-90D equipped with 100 mm macro lens and
controlling a Speedlite 600 EX flash with 40 cm bouncer for background illumination, all
from Canon, Tokyo, Japan) that was stabilized on a tripod to obtain an orthogonal image.
Contact angles were determined using the sessile drop method and a computer-aided
contact angle measurement software (Rasband, W.S., ImageJ, U.S. National Institutes of
Health, Bethesda, MD, USA). Left and right contact angles were averaged (θ), and the
surface free energy (γsv) was calculated according to the formula:

cos θ = −1 + 2
(
γsv
γlv

)
(1)

considering that the total surface free energy of water (γlv) at the temperature at which the
experiments were performed (20 ◦C) is 72.8 mJ/m2.

2.5. Microbiological Procedures

Culture media were obtained from Becton-Dickinson (BD Diagnostics-Difco, Franklin
Lakes, NJ, USA), and reagents were obtained from Sigma-Aldrich (Sigma-Aldrich, St.
Louis, MO, USA). Mitis salivarius bacitracin agar (MSB agar) plates were inoculated with
Streptococcus mutans (ATCC 35668) and incubated in a 5% CO2-supplemented environment
at 37 ◦C for 48 h. A pure culture of the microorganism in the brain-heart infusion broth
(BHI) was obtained from these plates after incubation in a 5% CO2-supplemented environ-
ment at 37 ◦C for 12 h. Cells were harvested by centrifugation (2200 rpm, 19 ◦C, 5 min),
washed twice with sterile phosphate-buffered saline (PBS), and resuspended in the same
buffer. The cell suspension was subsequently subjected to sonication (sonifier model B-150;
Branson, Danbury, CT, USA; operating at 7W energy output for 30 s) to disperse bacterial
chains. Finally, the suspension was adjusted to 1.0 optical density on the McFarland scale,
corresponding to a concentration of approximately 6.0 × 108 cells/mL.

According to a previously published protocol, paraffin-stimulated whole saliva was
obtained from five healthy donors [30]. The Institutional Review Board of the University
of Milan approved the use of saliva (protocol codename SALTiBO-2017), and written
informed consent was obtained from the donors. They refrained from oral hygiene for 24 h,
had no active dental disease, and did not use antibiotics for at least three months. Saliva
was collected before the beginning of the COVID-19 pandemic, and the donors were not
subjected to additional tests regarding their infective status with SARS-CoV-2. Chilled test
tubes were used for saliva collection. Saliva was pooled, heated to 60 ◦C for 30 min and
centrifuged (12,000× g at 4 ◦C for 15 min). After that, the supernatant was collected into
sterile tubes and stored at −20 ◦C, to be thawed at 37 ◦C for 1 h before use.

2.6. Bacterial Adherence

Twelve disks for each RBC and curing group were positioned on the bottom of 48-well
microplates to evaluate S. mutans’ adherence to the surfaces of the tested materials. Disks
were sterilized using a hydrogen peroxide gas-plasma chemiclave (Sterrad, ASP, Irvine,
CA, USA) operating at a low temperature (42 ◦C) to reduce modifications of the specimen
surfaces. Salivary pellicle formation was simulated by covering sterile disks with 300 μL of
thawed sterile saliva for 24 h. Then, excess saliva was discarded by aspiration; a total of
500 μL of sterile BHI supplemented with 3 wt% sucrose and 500 μL of S. mutans suspension
were inoculated into each well. The plates were incubated in a 5% CO2-supplemented
atmosphere at 37 ◦C for 2 h. Subsequently, viable biomass adherent to the surface of the
disks was assessed as follows.
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Figure 1. Representative SEM micrographs (500×, 2000× and 5000×) of the tested polymeric materials’ surfaces acquired
in backscattered mode. Under such electron detection conditions, elements with relatively high atomic number (Sr, Zr,
and especially Ba and Yb) reflect electrons more than elements with lower atomic number (C). In this way, they are
depicted as white-ish while the organic resin matrix is black. Elements such as F, Al, and Si provide intermediate gray-scale
values. This observation allows to better highlight filler size and shape and provides a preliminary qualitative insight on
fillers’ composition.

2.7. Viable Biomass Assessment

The viable biomass assessment was performed as previously described [30]. Briefly,
two stock solutions were prepared by dissolving 5 mg/mL of 3-(4,5)-dimethylthiazol-2-yl-
2,5-diphenyltetrazolium bromide (MTT) and 0.3 mg/mL of N-methylphenazonium methyl
sulphate (PMS) in sterile PBS. The solutions were stored at 2 ◦C in light-proof vials until
the day of the experiment when a test solution (TS) was prepared by mixing MTT stock
solution, PMS stock solution, and sterile PBS in a 1:1:8 ratio. A lysing solution (LS) was
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prepared by dissolving 10 vol% sodium dodecyl sulfate and 50 vol% dimethylformamide
in distilled water. TS and LS were brought to 37 ◦C before use. After 2 h of incubation,
disks were transferred into new 48-well plates containing 300 μL of TS in each well.

The plates were incubated at 37 ◦C under light-proof conditions. During incuba-
tion, electron transport across the microbial plasma membrane and, to a lesser extent,
microbial redox systems converted the yellow salt to insoluble purple formazan crystals.
The conversion at the cell membrane level was facilitated by the intermediate electron
acceptor (PMS). After one hour, the TS solution was carefully removed, and 300 μL of
LS was added to each well. The plates were then stored under light-proof conditions
for one additional hour (room temperature) to allow dispersion of the formazan crystals
into the surrounding solution. Subsequently, 100 μL of the supernatant was transferred
to a 96-well plate, and the absorbance was measured at a wavelength of 550 nm using a
spectrophotometer (Genesys 10-S, Thermo Spectronic, Rochester, NY, USA). Results were
expressed as relative absorbance in optical density (OD) units corresponding to adherent,
viable, and metabolically active biomass.

2.8. Bioreactor Procedures

Biofilm formation was simulated under continuous flow conditions using a modified
commercially available drip-flow bioreactor (MDFR; DFR 110, BioSurface Technologies, Boze-
man, MT, USA). The modified design allowed the placement of customized polytetrafluo-
roethylene (PTFE) trays containing 27 holes, in which each specimen was tightly fixed on
the bottom of the flow cell, exposing its surface to the surrounding medium. Before the
experiments, all tubing and specimen-containing trays of the MDFR were sterilized using the
chemiclave (Sterrad). The whole apparatus was then assembled inside a sterile hood [31].

A total of 10 mL of thawed sterile saliva was placed into each flow cell to allow the
formation of a salivary pellicle on the surface of the tested disks (n = 12 for each material
and curing group). Then, the MDFR was incubated at 37 ◦C for 24 h. After incubation,
saliva was removed by gentle aspiration. A total of 10 mL of the previously prepared
S. mutans suspension was then placed into each flow cell, and the MDFR was incubated
at 37 ◦C for 4 h to allow bacterial adherence. Then, a constant flow of sterile modified
artificial saliva medium [31] including 2.5 g/L mucin (type II, porcine gastric), 2.0 g/L
bacteriological peptone, 2.0 g/L tryptone, 1.0 g/L yeast extract, 0.35 g/L NaCl, 0.2 g/L
KCl, 0.2 g/L CaCl2, 0.1 g/L cysteine HCl, 0.001 g/L hemin, and 0.0002 g/L vitamin K1
was provided by a peristaltic pump at a flow rate of 9.6 mL/h. The MDFR was operated
for 24 h to allow the development of a multilayer biofilm on the specimens’ surfaces. At
the end of the incubation, the flow was stopped, and the trays were extracted from the
flow cells. The specimens were carefully removed from the trays using a pair of sterile
tweezers and gently rinsed with sterile phosphate-buffered saline (PBS) at 37 ◦C to remove
non-adherent cells. The specimens were then placed into sterile 48-well plates, and the
adherent, viable biomass was assessed as previously specified.

2.9. Statistical Analysis

Statistical analyses were performed using the JMP 10.0 software (SAS Institute, Cary,
NC, USA). Normal distribution of data was checked using the Shapiro–Wilk test, and
homogeneity of variances was verified using Levène’s test. Means, standard deviations,
and standard errors were calculated from the raw data. A two-way analysis of variance
(ANOVA) was used to analyze the surface roughness, SFE, EDS, and biomass datasets,
considering the material type and the curing time as fixed factors. Tukey’s HSD test was
employed for post-hoc analysis (p < 0.05).

3. Results

3.1. Surface Characterization

SEM-EDS observation showed that SDR surfaces exposed filler with different dimen-
sions, in the range of 5–10 μm (macro), about 1 μm (micro), as well as nanofillers (Figure 1).
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EDS mapping (Figure 2) partly confirmed the manufacturer’s specification, identifying
macro fillers fabricated of fluoro aluminosilicate glass with Sr and smaller filler particles in
the range of about 1μm fabricated by barium glass. This material showed a filler shape and
composition similar to that of a resin-modified glass-ionomer [32], to which micronized Ba
glass was added. Filtek Bulk Fill exposed zirconia and silica nanofillers and nanoclusters,
as expected. Interestingly, both clusters and finely dispersed nanoparticles of the ionic
compound YbF3 were identifiable, having an inhomogeneous distribution. Due to the high
atomic number of ytterbium, such particles were highly electron-reflective in backscattered
mode and easily identifiable. The other two materials showed a very homogeneous filler
distribution. Admira Fusion X-tra displayed barium aluminosilicate glass particles in the
1–5 μm range (microhybrid), whereas Universal Flo showed sub-micron filler particles
made of Si, Al, Sr, and F (nanofilled).

Figure 2. EDS analysis. For each tested polymeric material, from top to bottom are shown a typical spectrum of the surface
showing elemental detection, an SEM backscattered micrograph at 5000×, the superimposed false-color image showing
elemental detection and smaller pictures depicting each acquired channel. It can be clearly seen that the fillers of the SDR
material (S) appear very similar in shape, dimension and composition to a resin-based glass ionomer material (F-Al-Si-Sr
glass) to which micronized barium glass was added. Filtek Bulk Fill (F) shows nanoparticles and clusters of YbF3 embedded
in silica and zirconia nanoparticles and nanoclusters. The composition of Admira Fusion X-tra (V) and Universal Flo (G) is
extremely homogeneous, with the first belonging to the micro-hybrid resin composite class (microfillers+nanofillers) while
the second one is nanofilled.

Considering the control material, Al presence was found that can be related to stron-
tium glass. Indeed, strontium cannot stand alone, and strontium oxide needs to be included
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as a network-modifier in a SiO2-Al2O3 glass, which is why the Al signal was detected [33].
Fluoride was contained in the control material as the ionic compound LaF3; yet, the
lanthanum signal was not identified, likely being below the instrument’s detection limit.

The quantitative analysis of the tested materials’ surface is shown in Table 2. The
statistical analysis showed that the curing time did not influence the materials’ surface
elemental composition, and no significant interaction was demonstrated between the tested
factors. Therefore, results were grouped by the material.

Table 2. Energy-dispersive X-ray spectroscopy (EDS) compositional analysis of specimens’ surface
layer after finishing and before microbiological challenges. Means (±1 SD) are displayed. Inorganic
fraction is depicted as the sum of all elements constituting the fillers, as opposed to the organic matrix
evidenced by the carbon content. Two-way ANOVA showed that material, not curing time factor,
was highly significant (p < 0.0001); therefore, results are provided as the average composition for
each material. Different superscript letters indicate significant differences between materials (Tukey’s
test, p < 0.05) for a given element.

wt% S F V G (Control)

C 40.05 (2.74) a 33.34 (3.92) b 22.59 (4.51) c 24.72 (3.29) c

O 30.20 (0.62) c 32.34 (1.43) b 39.82 (1.65) a 41.11 (0.89) a

F 3.81 (0.66) a 1.39 (0.27) b 0.00 (0.00) c 0.99 (0.19) b

Al 4.23 (0.25) a 0.00 (0.00) c 3.10 (0.34) b 4.47 (0.30) a

Si 10.33 (0.42) c 18.66 (1.36) b 22.76 (1.99) a 18.22 (1.43) b

Sr 5.01 (0.56) b 0.00 (0.00) c 0.00 (0.00) c 10.49 (0.69) a

Zr 0.00 (0.00) b 10.80 (1.35) a 0.00 (0.00) b 0.00 (0.00) b

Ba 6.37 (1.04) b 0.00 (0.00) c 11.78 (1.14) a 0.00 (0.00) c

Yb 0.00 (0.00) b 3.47 (0.38) a 0.00 (0.00) b 0.00 (0.00) b

Inorganic fraction 29.75 (2.39) b 34.33 (2.51) a 37.64 (3.36) a 34.18 (2.41) a,b

Surface roughness datasets were not normally distributed; therefore, each dataset was
log-transformed before statistical analysis to approach a normal distribution. Material and
curing time significantly influenced all surface roughness parameters calculated in the
present study (p < 0.001). A significant interaction was highlighted between the considered
factors on all parameters. Rq and Ra showed a similar trend. After 10 s curing time, V
showed significantly higher Ra values compared with G and F, and S showed higher Ra
compared with F (Figure 3A). After 80 s, S showed significantly higher Ra than V and G.
Then again, all materials showed very similar Ra values after 80 s curing, around 0.2 μm.
Rt and Rz showed a similar trend. After 10 s of curing time, S and V showed significantly
higher Rz values than F and G (Figure 3B). After 80 s, S showed significantly higher Rz
values compared with all other materials.

Surface free energy assessment (Figure 3C) showed that G (control) had a significantly
higher SFE than the tested bulk-fill materials after 10 s of curing time. After 80 s of curing,
both G and S showed significantly higher SFE than F, but differences were less pronounced
than after 10 s of curing.

3.2. Microbiological Evaluation

No significant influence of the considered factors on bacterial adherence was high-
lighted. The post-hoc test showed significantly lower F surfaces adherence than V and G
(p = 0.044 and p = 0.0265, respectively, Figure 4A).

Curing time significantly influenced biofilm formation (p < 0.0001), while no significant
influence of the material, and no significant interaction between the considered factors
were detected (p = 0.0772, and p = 0.341, respectively). A post-hoc test showed significantly
higher biofilm formation on G (control) surfaces compared with S and F (p = 0.0236 and
p = 0.0299, respectively, Figure 4B).
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Figure 3. Graphs depicting the results of surface characterization in terms of surface roughness (A) Ra parameter and
(B) RzDIN parameter and surface free energy (C). Curing time had a huge impact on both surface roughness and SFE,
with differences between tested polymeric materials being significantly reduced after extended curing (80 s). Different
superscript letters indicate significant differences between materials (Tukey’s test, p < 0.05) for a given element.

Figure 4. Results of the microbiological behavior of the tested materials in terms of bacterial adherence (A) and biofilm
formation (B) by S. mutans. A highly significant decrease in both adherence and biofilm formation can be observed on
materials cured for an extended time (80 s). Interestingly, differences in adherence and biofilm formation between materials
disappeared after extended curing time (80 s). Different superscript letters indicate significant differences between materials
(Tukey’s test, p < 0.05) for a given element.

4. Discussion

The mutual interactions between the surfaces of polymeric dental materials and
overlying biofilms are complex and far from being fully understood. The conventional
wisdom is that surface roughness is the main parameter influencing microbial adherence
and biofilm formation, with other parameters, such as surface free energy and chemical
composition playing a minor role [21]. The purpose of this study was to evaluate the
influence of light-curing time on the adherence and biofilm formation by Streptococcus
mutans on three bulk-fill composites and to put into relation such data with the surface
characteristics. The first null hypothesis that there is no difference in bacterial adherence or
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biofilm formation between the tested polymeric materials must be rejected in parts. Indeed,
after 10 s of polymerization time, significant differences were found between materials
both for bacterial adherence and biofilm formation, whereas no significant differences were
found after 80 s curing. The second null hypothesis must be entirely rejected since all tested
materials showed lower biofilm formation after an extended curing time (80 s).

Our results showed that a reduced curing time produced higher surface roughness
on SDR and Admira Fusion X-tra, while the extended curing time generally produced
similar lower values. Surface roughness is considered a crucial parameter in influencing
all phases of microbial colonization [34,35]. High surface roughness values are believed to
improve microbial adherence by providing attachment sites and reducing the shear force
of the flow on bacterial cells and microcolonies [36]. However, the present study showed a
poor correlation between roughness data and microbiological behavior of materials, both
in terms of bacterial adherence and biofilm formation. In particular, adherence and biofilm
formation were similar for all tested materials when cured for an extended time (80 s), and
the only factor influencing the microbiological behavior was the curing time.

There is, unfortunately, no consensus on the influence of surface roughness on the
microbiological behavior of resin-based materials in the literature. The same issue can
be found when considering bulk-fill materials. Two studies suggest that surface rough-
ness significantly affects bacterial adherence and biofilm formation [27,37], while most
show no effect of this parameter on microbial colonization [13,25,26,28,38]. In particular,
Somacal et al. in 2020 evaluated the effect of pH cycling and simulated toothbrushing
on the surface roughness and 24 h-biofilm formation (not adherence) of some bulk-fill
materials [25]. One of the tested materials (Filtek Bulk Fill) was also tested in the present
study. They did not find any correlation between roughness values and biofilm formation,
agreeing with the present study’s data. In the same year, Park et al. studied the influence
of surface roughness on microbial adherence after applying finishing procedures to some
polymeric materials, among which was a bulk fill [26]. They only found a weak correlation
between surface roughness and S. mutans adherence to the specimens. Bilgili et al. eval-
uated Streptococcus mutans and Streptococcus mitis 24 h-biofilm formation (not adherence)
to bulk-fill resin composites in relation to their surface characteristics [13]. In particular,
they evaluated two of the materials tested in the present study (Filtek Bulk Fill and Admira
Fusion X-tra). They concluded that the surface roughness did not affect biofilm formation.
Cazzaniga et al. evaluated the influence of surface roughness of microhybrid, nanohybrid,
nanofill, and bulk-fill composites finished with several finishing/polishing systems on
S. mutans biofilm formation [28]. The polishing systems significantly influenced surface
roughness, yet surface roughness was not found to influence biofilm formation. Sev-
eral other studies demonstrated no correlation between surface roughness and S. mutans
colonization of polymeric surfaces [29,30,39].

On the other hand, Soliman et al. in 2019 evaluated the influence of surface roughness
on S. mutans adherence to bulk-fill materials treated using different polishing systems [37].
One of the materials, Filtek Bulk Fill, was also tested in the present study. Contrarily to
our results, they found a significant association between surface roughness and bacterial
adherence to the tested surfaces. One of the surface treatments in Soliman’s experiment
was curing the materials against a mylar strip, which is acknowledged to produce a smooth
surface, similar to the protocol adopted in the present study, that involved curing against
glass plates.

It is known that other characteristics such as surface free energy can significantly
influence bacterial adherence both in vivo and in vitro [21,36]. This influence is reduced
over time as the biofilm formation phase progresses [40]. However, previous studies found
no significant relationship between the hydrophobicity of polymer-based composites and
bacterial adherence [29,41–43]. Our results showed that the control material (Universal Flo)
displayed a significantly higher SFE than the tested bulk-fill materials when light-cured for
10 s, while these differences were much less pronounced after 80 s. Microbiological data of
biofilm formation showed a similar trend, with the control material showing the highest
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biofilm development when light-cured for 10 s, while no differences between groups were
seen after 80 s of curing time. While it is generally accepted that higher surface free energy
values correlate with higher S. mutans adherence [29], only Bilgili et al. [13] evaluated
the influence of this parameter on the microbiological performances of bulk-fill surfaces.
They tested four different bulk-fill materials and found no significant influence of SFE on
S. mutans biofilm formation (24 h). Such outcome agrees with the present study results,
where a higher SFE, correlating with higher biofilm formation, was only found for the
control material.

These experimental findings suggest that biofilm formation is mainly influenced by
the surface chemical composition of the material, including filler size, shape, distribution,
and matrix composition. The surface microanalysis and elemental composition (SEM-EDS)
provided data on the composition of the external ≈1 μm layer of the tested materials.
A previous study [43] on several conventional RBCs showed that their filler to resin
matrix ratio could influence biofilm formation. Indeed, a higher amount of inorganic filler
presence on the surface is related to reduced bacterial colonization. SDR showed the lowest
filler presence in the present study, whereas Admira Fusion X-tra showed the highest.
However, this characteristic did not influence bacterial adherence or biofilm formation.
However, it must be noted that the tested bulk-fill materials generally have much lower
filler content than conventional RBCs. This feature, along with filler shape and dimensions,
is usually selected for bulk-fill composition to improve the depth of cure of the polymeric
materials [3,4,7]. In the present study, a nanofill flow composite was used as a control since
it had characteristics, such as a filler/matrix ratio similar to the tested bulk-fill materials.
Therefore, a relatively low filler to resin matrix ratio may explain the lack of correlation
between this characteristic and the microbiological performance of the tested materials.

Furthermore, it was found that SDR, Filtek Bulk Fill, and Universal Flo contained
fluoride in their composition, as fluoro aluminosilicate glass, YbF3, or LaF3, respectively.
Nevertheless, despite its proven antimicrobial and bacteriostatic effect even at low con-
centrations, no influence of fluoride on microbial adherence or biofilm formation was
found. A possible explanation may be that fluoride is firmly incorporated into the material
and resin matrix without expressing significant release once polymerized. Literature data
on other fluoride-containing conventional and bulk-fill polymeric materials tested under
similar biofilm formation conditions, including forming a salivary pellicle, agrees with the
present findings [28,30]. Further studies may evaluate the fluoride release capacity of such
materials under biofilm formation conditions.

Finally, other factors can contribute to bacterial adherence, such as the resin matrix
composition [15,44] and the amount of leaching of residual unpolymerized monomers [45].
In the present study, all materials were extensively rinsed using a standard protocol [31,43]
to minimize the impact of possible unpolymerized monomer release or fluoride burst on
the microbiological behavior. In agreement with the present study’s data, progressively
reduced biofilm formation was found on the surfaces of conventional RBCs with increasing
curing time [24]. This behavior was explained by increasing the degree of conversion at the
RBC surface and decreasing the amount of leachates. Despite incorporating different and
supposedly more efficient photoinitiator systems in bulk-fill polymeric materials [9,12],
they seem to behave similarly to their conventional counterparts, at least from the point of
view of the influence of the curing time on their microbiological behavior. For instance,
Alshali et al. [46] showed that elution of residual monomers from SDR did not differ
from conventional resin composites. Then again, bacteria and especially S. mutans can
be deeply influenced by urethane-containing monomers, notably UDMA. With urethane-
based derivatives, the latter is currently being used to replace BisGMA to avoid drawbacks
such as high viscosity, toxicity, and estrogen-like effects on the human body. Kim et al. in a
very recent paper [47], demonstrated that UDMA could contribute to the development of
secondary caries around UDMA-containing polymeric materials by prompting S. mutans
biofilm formation, enhancing its oxidative tolerance, and enabling it to shift its carbon
flow toward the ATP generation required for persistence and cariogenicity. The tested
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materials all contained UDMA or its derivatives, including Admira Fusion X-tra based
on ORMOCER technology incorporating multifunctional urethane and thioether (-meth)
acrylate alkoxysilanes as sol-gel precursors [48]. This consideration may explain why all
materials had similar microbiological behavior after curing for 80 s. In addition to that,
Filtek Bulk Fill was the only material that did not contain TEGDMA in its composition.
Together with an improved photoinitiator system, this consideration may explain its
significantly lower microbial adherence after only 10 s of curing.

Some choices were made for the experimental design of the present study based on a
reductionistic approach. Only 10 s and 80 s of light-curing time were tested, which may be
too low or exceed the curing times suggested by the manufacturers, ranging from 20 s (SDR
Surefil, Admira Fusion X-tra, Universal Flo) to 40 s (Filtek Bulk Fill). Based on the results of
a previous study performed with conventional composites [24], the time categories of the
present study were chosen to see best if the microbiological behavior of the tested materials
was influenced by the curing time similarly to the conventional composites, despite differ-
ences in composition and photoinitiators. Furthermore, S. mutans monospecies biofilm is
an oversimplistic microbiological model compared with a fully-grown artificial oral micro-
cosm. The bacterium, however, allows the development of a cariogenic biofilm resembling
its’ in vivo counterparts, thus providing the best comparability of the gathered results with
the literature. Future studies on this topic should include artificial oral microcosms based
on bioreactor-grown mixed plaque inocula [49].

5. Conclusions

Like conventional RBCs, prolonged curing time (80 s) reduced bacterial adherence
and biofilm formation on all tested bulk-fill polymeric materials. Improved photoinitiator
systems, providing optimally cured materials after 80 s, and resin matrix composition
(UDMA promoting adherence and biofilm formation) may explain these results.

Surprisingly, when bulk-fill composites were extensively cured, no difference in bac-
terial adherence or biofilm formation could be seen comparing the different materials.
Furthermore, no correlation between surface characteristics (surface roughness, surface
free energy, elemental composition, fluoride presence, filler/resin ratio) and microbiologi-
cal data could explain such behavior. Compared with conventional RBCs where surface
characteristics, especially surface chemistry, influences microbiological behavior, the dif-
ferent performance of bulk-fill polymeric materials may have important implications in
secondary caries occurrence and restoration longevity. Comparative clinical studies are
needed in the long term to assess this possibility.

Author Contributions: Conceptualization, A.C.I., E.B. and N.S.; methodology, A.C.I., N.I. and E.B.;
software, A.C., L.B. and M.C.; validation, A.C., N.I., L.B. and M.C.; formal analysis, A.C.I., N.I. and
E.B.; investigation, A.C.I. and E.B.; resources, E.B., L.B., M.C. and N.S.; data curation, A.C., A.C.I. and
E.B.; writing—original draft preparation, A.C.I., E.B. and N.S.; writing—review and editing, A.C.,
N.I., L.B. and M.C.; supervision, E.B. and N.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of
the UNIVERSITY of MILAN (protocol code SALTiBO-2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are either present in the article body
or available upon request from the corresponding author.

Acknowledgments: The authors wish to thank Massimo Tagliaferro and Nanovision S.R.L. (Brughe-
rio, Italy) for providing the SEM/EDS platform. They are also grateful to Hugo Pelzig and Umberto
Ischitasso for administrative support.

Conflicts of Interest: The authors declare no conflict of interest.

366



Polymers 2021, 13, 2948

References

1. Arbildo-Vega, H.; Lapinska, B.; Panda, S.; Lamas-Lara, C.; Khan, A.; Lukomska-Szymanska, M. Clinical Effectiveness of Bulk-Fill
and Conventional Resin Composite Restorations: Systematic Review and Meta-Analysis. Polymers 2020, 12, 1786. [CrossRef]

2. El-Banna, A.; Sherief, D.; Fawzy, A.S. Resin-based dental composites for tooth filling. In Advanced Dental Biomaterials; Woodhead
Publishing: Cambridge, UK, 2019; pp. 127–173. [CrossRef]

3. Reis, A.F.; Vestphal, M.; Amaral, R.C.D.; Rodrigues, J.; Roulet, J.-F.; Roscoe, M.G. Efficiency of polymerization of bulk-fill
composite resins: A systematic review. Braz. Oral Res. 2017, 31, e59. [CrossRef] [PubMed]

4. Czasch, P.; Ilie, N. In vitro comparison of mechanical properties and degree of cure of bulk fill composites. Clin. Oral Investig.
2012, 17, 227–235. [CrossRef] [PubMed]

5. Haugen, H.J.; Marovic, D.; Par, M.; Le Thieu, M.K.; Reseland, J.E.; Johnsen, G.F. Bulk Fill Composites Have Similar Performance
to Conventional Dental Composites. Int. J. Mol. Sci. 2020, 21, 5136. [CrossRef]

6. Lima, R.B.W.; Troconis, C.C.M.; Moreno, M.B.P.; Murillo-Gómez, F.; De Goes, M.F. Depth of cure of bulk fill resin compo-sites: A
systematic review. J. Esthet. Restor. Dent. 2018, 30, 492–501. [CrossRef]

7. Dikova, T.; Maximov, J.; Todorov, V.; Georgiev, G.; Panov, V. Optimization of Photopolymerization Process of Dental Composites.
Processes 2021, 9, 779. [CrossRef]

8. Fronza, B.M.; Ayres, A.P.; Pacheco, R.R.; Rueggeberg, F.; Dias, C.; Giannini, M. Characterization of Inorganic Filler Content,
Mechanical Properties, and Light Transmission of Bulk-fill Resin Composites. Oper. Dent. 2017, 42, 445–455. [CrossRef] [PubMed]

9. Ilie, N. Impact of light transmittance mode on polymerization kinetics in bulk-fill resin-based composites. J. Dent. 2017, 63, 51–59.
[CrossRef] [PubMed]

10. Ilie, N. Sufficiency of curing in high-viscosity bulk-fill resin composites with enhanced opacity. Clin. Oral Investig. 2019, 23,
747–755. [CrossRef]

11. Abuelenain, D.A.; Abou Neel, E.A.; Al-Dharrab, A. Surface characterization and mechanical behavior of bulk fill versus
in-cremental dental composites. Tanta Dent. J. 2017, 14, 56. [CrossRef]

12. Ilie, N.; Stark, K. Curing behaviour of high-viscosity bulk-fill composites. J. Dent. 2014, 42, 977–985. [CrossRef] [PubMed]
13. Bilgili, D.; Dündar, A.; Barutçugil, Ç.; Tayfun, D.; Özyurt, Ö.K. Surface properties and bacterial adhesion of bulk-fill compo-site

resins. J. Dent. 2018, 95, 103317. [CrossRef]
14. Silva, R.A.B.; Nelson-Filho, P.; De-Oliveira, K.M.H.; Romualdo, P.C.; Gatón-Hernandez, P.; Aires, C.; Silva, L.A.B. Adhesion

and Initial Colonization of Streptococcus mutans is Influenced by Time and Composition of Different Composites. Int. J.
Odontostomatol. 2018, 12, 395–400. [CrossRef]

15. Hao, Y.; Huang, X.; Zhou, X.; Li, M.; Ren, B.; Peng, X.; Cheng, L. Influence of dental prosthesis and restorative materials in-terface
on oral biofilms. Int. J. Mol. Sci. 2018, 19, 3157. [CrossRef] [PubMed]

16. Scotti, N.; Comba, A.; Gambino, A.; Manzon, E.; Breschi, L.; Paolino, D.; Pasqualini, D.; Berutti, E. Influence of operator
ex-perience on non-carious cervical lesion restorations: Clinical evaluation with different adhesive systems. Am. J. Dent. 2016, 29,
33–38.

17. Marsh, P.D.; Zaura, E. Dental biofilm: Ecological interactions in health and disease. J. Clin. Periodontol. 2017, 44, S12–S22.
[CrossRef]

18. Peterson, S.N.; Meißner, T.; Su, A.I.; Snesrud, E.; Ong, A.C.; Schork, N.J.; Bretz, W.A. Functional expression of dental plaque
microbiota. Front. Cell. Infect. Microbiol. 2014, 4, 108. [CrossRef] [PubMed]

19. Senneby, A.; Davies, J.R.; Svensäter, G.; Neilands, J. Acid tolerance properties of dental biofilms in vivo. BMC Microbiol. 2017, 17,
1–8. [CrossRef] [PubMed]

20. Brambilla, E.; Ionescu, A.C. Oral Biofilms and Secondary Caries Formation. In Oral Biofilms and Modern Dental Materials: Ad-vances
Toward Bioactivity; Ionescu, A.C., Hahnel, S., Eds.; Springer Nature: Basingstoke, UK, 2021; p. 19.

21. Günther, E.; Fuchs, F.; Hahnel, S. Complex Polymeric Materials and Their Interaction with Microorganisms. In Oral Biofilms and
Modern Dental Materials: Advances Toward Bioactivity; Ionescu, A.C., Hahnel, S., Eds.; Springer Nature: Basingstoke, UK, 2021;
p. 71.

22. Scotti, N.; Comba, A.; Cadenaro, M.; Fontanive, L.; Breschi, L.; Monaco, C.; Scotti, R. Effect of Lithium Disilicate Veneers of
Different Thickness on the Degree of Conversion and Microhardness of a Light-Curing and a Dual-Curing Cement. Int. J.
Prosthodont. 2016, 29, 384–388. [CrossRef]

23. Scotti, N.; Venturello, A.; Migliaretti, G.; Pera, F.; Pasqualini, D.; Geobaldo, F.; Berutti, E. New-generation curing units and short
irradiation time: The degree of conversion of microhybrid composite resin. Quintessence Int. 2011, 42, e89–e95.

24. Brambilla, E.; Gagliani, M.; Ionescu, A.; Fadini, L.; García-Godoy, F. The influence of light-curing time on the bacterial colo-nization
of resin composite surfaces. Dent. Mater. 2009, 25, 1067–1072. [CrossRef]

25. Somacal, D.C.; Manfroi, F.B.; Monteiro, M.S.G.; Oliveira, S.D.; Bittencourt, H.R.; Borges, G.A.; Spohr, A.M. Effect of pH cy-cling
followed by simulated toothbrushing on the surface roughness and bacterial adhesion of bulk-fill composite resins. Oper. Dent.
2020, 45, 209–218. [CrossRef]

26. Park, C.; Park, H.; Lee, J.; Seo, H.; Lee, S. Surface Roughness and Microbial Adhesion After Finishing of Alkasite Restorative
Material. J. Korean Acad. PEDTATRIC Dent. 2020, 47, 188–195. [CrossRef]

27. Eren, M.M.; Ozan, G.; Erdemir, U.; Vatansever, C. Streptococcus Mutans adhesion to dental restorative materials after pol-ishing
with various systems: A Confocal Microscopy study. Acta Microsc. 2021, 30, 102–113.

367



Polymers 2021, 13, 2948

28. Cazzaniga, G.; Ottobelli, M.; Ionescu, A.C.; Paolone, G.; Gherlone, E.; Ferracane, J.L.; Brambilla, E. In vitro biofilm for-mation on
resin-based composites after different finishing and polishing procedures. J. Dent. 2017, 67, 43–52. [CrossRef]

29. Hahnel, S.; Ionescu, A.; Cazzaniga, G.; Ottobelli, M.; Brambilla, E. Biofilm formation and release of fluoride from dental restorative
materials in relation to their surface properties. J. Dent. 2017, 60, 14–24. [CrossRef]

30. Ionescu, A.C.; Cazzaniga, G.; Ottobelli, M.; Ferracane, J.L.; Paolone, G.; Brambilla, E. In vitro biofilm formation on res-in-based
composites cured under different surface conditions. J. Dent. 2018, 77, 78–86. [CrossRef]

31. Ionescu, A.C.; Cazzaniga, G.; Ottobelli, M.; Garcia-Godoy, F.; Brambilla, E. Substituted Nano-Hydroxyapatite Toothpastes Reduce
Biofilm Formation on Enamel and Resin-Based Composite Surfaces. J. Funct. Biomater. 2020, 11, 36. [CrossRef]

32. Ionescu, A.; Brambilla, E.; Hahnel, S. Does recharging dental restorative materials with fluoride influence biofilm for-mation?
Dent. Mater. 2019, 35, 1450–1463. [CrossRef] [PubMed]

33. Charpentier, T.; Okhotnikov, K.; Novikov, A.N.; Hennet, L.; Fischer, H.E.; Neuville, D.R.; Florian, P. Structure of stronti-um
aluminosilicate glasses from molecular dynamics simulation, neutron diffraction, and nuclear magnetic resonance studies. J.
Phys. Chem. B 2018, 122, 9567–9583. [CrossRef] [PubMed]

34. Yuan, C.; Wang, X.; Gao, X.; Chen, F.; Liang, X.; Li, D. Effects of surface properties of polymer-based restorative materi-als on
early adhesion of Streptococcus mutans in vitro. J. Dent. 2016, 54, 33–40. [CrossRef]

35. Schmalz, G.; Cieplik, F. Biofilms on Restorative Materials. Monogr. Oral Sci. 2021, 29, 155–194. [CrossRef] [PubMed]
36. Renner, L.D.; Weibel, D.B. Physicochemical regulation of biofilm formation. MRS Bull. 2011, 36, 347–355. [CrossRef] [PubMed]
37. Soliman, W.E.; Ali, A.I.; Elkhatib, W.F. Evaluation of surface roughness and Streptococcus mutans adhesion to bulk-fill res-in

composites polished with different systems. Adv. Microbiol. 2019, 9, 87–101. [CrossRef]
38. Ionescu, A.C.; Hahnel, S.; König, A.; Brambilla, E. Resin composite blocks for dental CAD/CAM applications reduce biofilm

formation in vitro. Dent. Mater. 2020, 36, 603–616. [CrossRef] [PubMed]
39. An, J.S.; Kim, K.; Cho, S.; Lim, B.S.; Ahn, S.J. Compositional differences in multi-species biofilms formed on various ortho-dontic

adhesives. Eur. J. Orthod. 2017, 39, 528–533. [CrossRef] [PubMed]
40. Busscher, H.J.; Rinastiti, M.; Siswomihardjo, W.; Van Der Mei, H.C. Biofilm Formation on Dental Restorative and Implant

Materials. J. Dent. Res. 2010, 89, 657–665. [CrossRef]
41. Tang, H.; Wang, A.; Liang, X.; Cao, T.; Salley, S.O.; McAllister, J.P., III.; Ng, K.S. Effect of surface proteins on Staphylococcus

epidermidis adhesion and colonization on silicone. Colloids Surf. B Biointerfaces 2006, 51, 16–24. [CrossRef]
42. Gyo, M.; Nikaido, T.; Okada, K.; Yamauchi, J.; Tagami, J.; Matin, K. Surface Response of Fluorine Polymer-Incorporated Resin

Composites to Cariogenic Biofilm Adherence. Appl. Environ. Microbiol. 2008, 74, 1428–1435. [CrossRef]
43. Ionescu, A.; Wutscher, E.; Brambilla, E.; Schneider-Feyrer, S.; Giessibl, F.J.; Hahnel, S. Influence of surface properties of res-in-based

composites on in vitro S treptococcus mutans biofilm development. Eur. J. Oral Sci. 2012, 120, 458–465. [CrossRef]
44. Hahnel, S.; Rosentritt, M.; Bürgers, R.; Handel, G. Surface properties and in vitro Streptococcus mutans adhesion to dental resin

polymers. J. Mater. Sci. Mater. Electron. 2008, 19, 2619–2627. [CrossRef] [PubMed]
45. Ikeda, M.; Matin, K.; Nikaido, T.; Foxton, R.M.; Tagami, J. Effect of Surface Characteristics on Adherence of S. mutans Biofilms to

Indirect Resin Composites. Dent. Mater. J. 2007, 26, 915–923. [CrossRef] [PubMed]
46. Alshali, R.Z.; Salim, N.; Sung, R.; Satterthwaite, J.D.; Silikas, N. Analysis of long-term monomer elution from bulk-fill and

conventional resin-composites using high performance liquid chromatography. Dent. Mater. 2015, 31, 1587–1598. [CrossRef]
[PubMed]

47. Kim, K.; Kim, J.N.; Lim, B.S.; Ahn, S.J. Urethane Dimethacrylate Influences the Cariogenic Properties of Streptococcus Mu-tans.
Materials 2021, 14, 1015. [CrossRef] [PubMed]

48. Hamama, H.H. Recent advances in posterior resin composite restorations. In Applications of Nanocomposite Materials in Dentistry;
Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2019; Volume 19, pp. 319–336.

49. Ionescu, A.C.; Brambilla, E. Bioreactors: How to Study Biofilms In Vitro. In Oral Biofilms and Modern Dental Materials: Advances
Toward Bioactivity; Ionescu, A.C., Hahnel, S., Eds.; Springer Nature: Basingstoke, UK, 2021; p. 37.

368



polymers

Article

3D Printed Hollow Off-Axis Profiles Based on Carbon
Fiber-Reinforced Polymers: Mechanical Testing and Finite
Element Method Analysis

Martina Kalova 1,*, Sona Rusnakova 2 , David Krzikalla 3 , Jakub Mesicek 3 , Radek Tomasek 1,

Adela Podeprelova 1, Jiri Rosicky 4 and Marek Pagac 3,*

Citation: Kalova, M.; Rusnakova, S.;

Krzikalla, D.; Mesicek, J.; Tomasek, R.;

Podeprelova, A.; Rosicky, J.; Pagac, M.

3D Printed Hollow Off-Axis Profiles

Based on Carbon Fiber-Reinforced

Polymers: Mechanical Testing and

Finite Element Method Analysis.

Polymers 2021, 13, 2949. https://

doi.org/10.3390/polym13172949

Academic Editors: Giorgio Luciano,

Paola Stagnaro and Maurizio Vignolo

Received: 28 July 2021

Accepted: 26 August 2021

Published: 31 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center for Advanced Innovation Technologies, VSB-TU Ostrava, 17. Listopadu 2172/15,
708 00 Ostrava-Poruba, Czech Republic; radek.tomasek@vsb.cz (R.T.); adela.podeprelova@vsb.cz (A.P.)

2 Department of Production Engineering, Faculty of Technology, Tomas Bata University in Zlin,
Vavreckova 275, 760 01 Zlin, Czech Republic; rusnakova@utb.cz

3 Center of 3D Printing Protolab, Department of Machining, Assembly and Engineering Technology,
Faculty of Mechanical Engineering, VSB-TU Ostrava, 17. Listopadu 2172/15,
708 00 Ostrava-Poruba, Czech Republic; david.krzikalla@vsb.cz (D.K.); jakub.mesicek@vsb.cz (J.M.)

4 Orthopedic Prosthetics Frydek-Mistek, Dr. Janskeho 3238, 738 01 Frydek-Mistek, Czech Republic;
jiri.rosicky@inventmedical.cz

* Correspondence: martina.kalova@vsb.cz or kaloma13@seznam.cz (M.K.); marek.pagac@vsb.cz (M.P.)

Abstract: The aim of the paper is to design, manufacture, and test an off-axis composite profile of
circular cross-section. Composite profile based on continuous carbon fibers reinforcing the onyx
matrix, i.e., a matrix that consists of nylon and micro carbon fibers, was produced by fused deposition
modeling (FDM) method. A buckling test of the six printed composite specimens was performed
on a tensile test machine. The values of the experiment were compared with the values of the
computational simulation using the Finite Element Method (FEM) analysis. The mean value of the
experimentally determined critical force at which the composite profile failed was 3102 N, while
the value of the critical force by FEM analysis was calculated to be 2879 N. Thus, reliability of the
simulation to determine the critical force differed from the experimental procedure by only 7%.
FEM analysis revealed that the primary failure of 3D printed composite parts was not due to loss of
stability, but due to material failure. With great accuracy, the results of the comparison show that it is
possible to predict the mechanical properties of 3D printed composite laminates on the basis of a
theoretical model.

Keywords: composite polymer materials; carbon fibers; hollow profile; 3D printing; fused deposition
modeling; FEM analysis; SEM analysis

1. Introduction

Due to their excellent mechanical properties, such as high specific stiffness and
strength, fiber-reinforced polymer composites (FRP) are used in structural applications,
mainly in the automotive industry (luxury bodies, intake manifolds, interior and safety
elements, and axles), aerospace industry (refractory parts, internal elements, and rotor
blades), or for the things in everyday life (skis, tennis rackets, safety helmets, musical
instruments, or outdoor items) [1–3]. In the field of medicine, FRPs appear mainly as a
structural part of rehabilitation aids, where they replace traditional materials such as dural.
The use of composite materials meets the requirements for lightening, increasing the stabil-
ity of the structural element, load-bearing capacity, and design [4]. A major disadvantage
of conventional carbon fiber-reinforced composite (CFRP) production methods is the high
acquisition costs, such as pultrusion lines or a winding machine. It is more suitable for
large-series production and products with a constant cross-section [5,6]. Therefore, there is
a growing interest in new processes based on additive production. 3D printing enables the
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production of complex geometries, faster production times, and the production of accurate
and reproducible parts without the need to produce expensive molds [7,8]. The prints are
light, durable, geometrically accurate, and, thanks to minimal material waste, 3D printing
technology is also environmentally friendly [9].

Fused Deposition Modeling (FDM), one of methods of 3D printing, is based on heating
and subsequent melting of a thermoplastic fiber to a temperature higher than the glass
transition temperature. This is followed by controlled extrusion of the plastic through a
heated nozzle onto the printing surface [10,11]. During the printing process, no pressure
is exerted during the laying of the polymer layer. This creates unfilled gaps, pores, or
cavities in the material. The high pore content results in much lower stiffness and strength
of the material compared to traditionally produced FRP composites. When printing a
curved part, there is also a risk of twisting or breaking the fiber bundle [9,12]. However,
in addition to temperature and material selection, the productivity of the 3D printing
process and the quality of the final parts depend on other factors, including the geometric
complexity of the part, fill density, layer thickness, print speed, or fiber orientation [13–15].
As with hand-lay-up composites, there is a strong dependence of the properties of the
laminate material on the orientation of both short and continuous fibers. The strength
and stiffness of the laminate are maximized when the fiber orientation is parallel to the
direction of loading [16,17]. Due to the limited mechanical properties of polymer-based
3D prints, FDM-printed parts are only used as prototypes, not as functional components.
The mechanical properties of polymer prints can be improved by adding high-strength
fibers (short, continuous) to the polymer matrix during the FDM process. The design
of composite printed parts is thus freer in contrast to conventional techniques for the
production of composite materials [18–20].

There are a number of FDM 3D printers on the market that are capable of producing
composite parts. For example, Markforged, USA, has developed the Mark One/Two printer,
which can produce composites with continuous fiber reinforcement. The Mark Two printer
is supported by Eiger’s own specialized software [21]. This printer uses two extruders and
two printheads to separately extrude the die and fibers in the desired positions. The design
of the 3D printer allows the placement of continuous fiber reinforcement as needed through
the layer-by-layer application process [9,21]. Another commercially available printer is
the Markforged X7, which is capable of printing continuous fibers only on the inside of
printed parts, and the continuous fiber material contains additives that facilitate the FDM
printing process. This causes a reduction in longitudinal and flexural strength compared to
raw carbon fibers [22,23].

Increasingly, scientists are evaluating the mechanical properties (tensile and com-
pressive, bending, impact, fatigue, or creep) of 3D printed composites. The tensile and
flexural properties of 3D printed fiber-reinforced polymer composites have been discussed,
for example, by Justo et al. [24], Korkees et al. [25], Mohammadizadeh et al. [26], and
Pertuz et al. [27]. In many cases, such as in the article by Yasa et al. [28], it has been found
that adding reinforcement to the thermoplastic matrix increases the tensile strength, but
only to a certain extent. The problem with the FDM method is that pores are formed in the
structure, which degrade the mechanical properties. The mechanical properties of CFRP
based on onyx matrix, the influence of fiber orientation and of defects on the properties
of printed structures by Wickramasinghe et al. [29] were studied. Although the tensile
strength of the composite (CF/nylon) was increased by the fibers, the addition of additional
layers of fibers increased the cavity content, causing poor tensile modulus. The addition of
continuous fibers to the thermoplastic increased the tensile and flexural strength, but the
compressive strength was reduced, again due to defects caused by printing.

Components in industries often contain structural holes. Holes are places of stress
concentration which affect the strength and reliability of the product. Pollen et al. [30]
and Sanei et al. [31] investigated the effect of stress concentration on 3D printed parts
using tensile samples around the open hole area. Prajapati et al. [32] investigated the effect
of HSHT continuous glass fiber reinforcement on the open hole tensile strength of 3D
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printed parts. Onyx was used as a polymer matrix material. It has been found that the
fiber reinforcement in the onyx matrix increases the open hole tensile strength, but it also
increases the specimen weight and printing time of the final part. Ekoi et al. [33] compared
the mechanical properties (tensile, flexural, and fatigue) of woven continuous carbon fiber
composites printed using FDM and nonwoven printed composites (unidirectional and
multidirectional fibers), along with woven composites, and also composites reinforced
with chopped carbon fibers (onyx). The maximum tensile strength (714 MPa) achieved
for composites was highest for unidirectional nonwoven composites. The lowest tensile
value was achieved at the multidirectional nonwoven composite (248 MPa). The maximum
flexural strength of unidirectional (nonwoven) composites was 407 MPa, and for woven
composites, the flexural strength was 251 MPa. Woven carbon fiber composites achieved the
best fatigue strength. Therefore, these materials have great potential for more demanding
applications (medical and sports devices). Saghir et al. [34] investigated the effects of
constituent materials (particle reinforcement, cut glass, glass fiber, and resin) on the axial
tensile and the hoop tensile strength of particulate FRP composite pipes. Three specimens
for each type of reinforcement and two types of tests (axial tensile test and hoop tensile
test) were selected. Saghir showed that the inclusion of a higher proportion of particulate
fillers/reinforcements, such as sand or other components, can reduce production costs, but
also causes a reduction in both axial and hoop strength. Research has shown that the ratios
of material components have a measurable impact on pipe performance.

An interesting conclusion was reached by the research of Saharudin et al. [35]. Both
FDM and CFF (Continuous Filament Fabrication) 3D printing technologies were compared,
and it was shown that the addition of carbon fibers alone is not a factor determining the
high mechanical properties, the method of fiber supply depending on the 3D printing
method is also important.

Latest studies on the mechanical properties of 3D composites with printed continuous
fiber have been summarized by Zhuo et al. [36]. The addition of continuous fiber reinforce-
ment improves mechanical properties, but at the cost of increased complexity and cost. The
fiber volume fraction must be high enough and the defect content low enough for printed
products to be used in real engineering structures. To improve the mechanical properties
of printed composites, it is necessary to understand the relationships between the AM
(Additive Manufacturing) process, the structure of printed parts and their mechanical
performance [37].

From the research to date, it can be stated that the problem with composites is to
determine their static and dynamic mechanical properties in advance. To obtain more
detailed information on mechanical values, composite materials must be tested during
their production, or even on the finished product. This is, of course, time consuming and
expensive. This manufacturing process can be facilitated by unique software for advanced
modeling and simulation of the structures and properties of a given material. Currently,
only a small percentage of people are involved in modeling composite structures using
software. However, a number of publications are available on the numerical prediction of
the mechanical properties of different types of composite materials [38]. Gao et al. dealt
with the numerical prediction of mechanical properties of rubber composites reinforced
with short aramid fibers at large deformation. Samples with two different fiber lengths
and three different fiber volume fractions were subjected to mechanical testing. To predict
the mechanical response of the rubber composite, Gao proposed a computational model
based on the finite element method. The results obtained by experiment and by numerical
simulation in Digimat-FE software (Finite Element—describing the behavior of the material
from a microview based on FEM) were compared to verify the reliability of the FE-model.
The results were almost identical. It was thus concluded that, with this method, it is
possible to obtain a model with randomly dispersed fibers with a high-volume fraction
of fibers, and that with the numerical method, it is possible to obtain the mechanical
properties of a rubber composite under high deformation [39]. Gohari et al. [40] dealt
with the analysis of the failure location of internally pressurized laminated ellipsoidal
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woven composite domes (CFRP). The experimental and numerical results confirmed the
analysis that the deformation occurs locally rather than uniform. Potluri et al. [41], for a
change, used modeling to predict the mechanical properties of a natural fiber-reinforced
composite. He dealt with the prognosis of the value of the Young’s modulus of elasticity
in tension and the modulus of elasticity in shear of a given material. He compared the
results obtained analytically, numerically, and experimentally. He wanted to determine
which model can accurately predict the values of elastic and shear properties of composite
materials reinforced with natural fibers. By comparing the analyses, Potluri showed that all
models show a very good correlation for the modulus of elasticity in tension and shear. FE
models were further implemented in ANSYS software. Furthermore, Elmarakbi et al. [42]
studied the modeling in Digimat, which was used in modeling hybrid glass profiles with a
polyamide matrix (PA6) reinforced with graphene plates. In his work, he investigated the
impact resistance of this material in a hierarchical modeling of a hybrid composite material
consisting of short matrix-reinforced glass fibers and graphite plates. The multistep method
uses both the medium homogenization method and the finite element FE technique.

The main contribution of our paper lies in the expansion of knowledge about the
behavior of composite off-axis profiles of carbon fibers produced by an unconventional
method of 3D printing. In many applications, due to low-series production, it is not worth
investing in expensive equipment, such as pultrusion lines or winding machines, and
therefore the results experimentally obtained and verified by FEM are a valuable source of
information.

The computational method helps us to understand the mechanisms of continuous
printing in terms of local stress distribution. The absence of literature on the production
of hollow off-axis composite profiles was a challenge for this paper. After considering
the available variants, we chose a technology suitable for low-series production and also
economically available for the production of profiles.

2. Materials and Methods

2.1. Design and Manufacture of an Off-Axis CFRP Profiles

The geometry of the sample was designed as a hollow off-axis profile of a circular cross-
section using the commercial 3D modeling software SolidWorks 2020 (Dassault Systèmes,
Vélizy-Villacoublay, France). This shape element is found, for example, in medical supplies
and aids (sticks and crutches), as part of the body structure. This shaped element helps
to better transfer compressive loads to the base of the aids and dampens vibrations. The
dimensions of the composite profile were given both from an economic point of view, as
well as the possibilities of printing itself and the minimum printable thicknesses, so that
the walls of the hollow circular profile did not collapse. With a sample diameter of 18 mm,
a wall thickness of at least 3.5 mm was required. At this wall thickness, a sufficient coating
of the reinforcing fibers with an onyx matrix was achieved. Figure 1 presents a schema of
the design of composite profile.

Figure 1. Design of an off-axis hollow CFRP profile.
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The Markforged X7 3D printer (Markforget, Watertown, MA, USA) is designed from
the ground up to print composite continuous fiber parts. It contains a reinforced two-nozzle
system that supports the printing of the matrix, and at the same time continuous carbon
or other reinforcing fibers. The laser scans the part during printing to ensure maximum
dimensional accuracy [43]. A tough onyx matrix (basic material) reinforced with carbon
fiber was chosen for printing composite prototypes using the FDM/FFF method on a 3D
printer. The 2D design with matrix and reinforcement layout was performed in the Eiger
software (Figure 2), which is an accessory of the 3D printer.

 

Figure 2. Layout of matrix and reinforcement for 3D printing of CFRP profiles.

Onyx is a thermoplastic that is up to 1.4× stronger than ABS. The strength of the onyx
can be further increased by reinforcement in the form of continuous fibers. Onyx is chemically
and thermally resistant, but must be stored in a dry box for protection against moisture to
prevent deterioration [44]. Onyx fibers with a diameter of 1.75 mm and carbon fibers with a
diameter of 0.34–0.38 mm were supplied by Markforged. The mechanical properties (from
datasheet) of the material used (onyx/CF) for 3D printing are given in Table 1.

Table 1. Mechanical properties of materials for CF/onyx profiles [43,44].

Composite Base (Matrix) Test (ASTM) Onyx

Tensile modulus (Gpa) D638 1.4
Tensile Stress at Yield (MPa) D638 40
Tensile Stress at Break (MPa) D638 37
Tensile Strain at Break (%) D638 58
Flexural Strength (MPa) D790 1 81
Flexural Modulus (GPa) D790 1 3.6
Heat Deflection Temp (◦C) D648 B 145
Izod Impact-notched (J/m) D256-10 A 330
Density (g/cm3) - 1.2

Continuous Fiber Test (ASTM) Carbon

Tensile Strength (MPa) D3039 800
Tensile Modulus (GPa) D3039 60
Tensile Strain at Break (%) D3039 1.5
Flexural Strength (MPa) D790 1 540
Flexural Modulus (GPa) D790 1 51
Flexural Strain at Break (%) D790 1 1.2
Compressive Strength (MPa) D6641 420
Compressive Modulus (MPa) D6641 62
Compressive Strain at Break (%) D6641 0.7
Heat Deflection Temp (◦C) D648 B 105
Izod Impact-notched (J/m) D256-10 A 960
Density (g/cm3) - 1.2

1 Measured by a method similar to ASTM D790. Composite Base—only parts do not break before end of
flexural test.
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The print parameters were also set in the Eiger Markforged software. The print layer
height was set to 0.125 mm. The number of layers was then determined to a total of 144. The
time required for the preparation and printing of the 6 composite profiles was calculated to
be about 63 h. An overview of the printing parameters for one sample is given in Table 2.

Table 2. 3D printing parameters of CF/onyx profiles.

Dimensions 220 mm × 73 mm × 18 mm

Printing Temperature (onyx) 274 ◦C
Printing Temperature (CF) 252 ◦C

Layer height 0.125 mm
Number of layers 144

Fiber Fill Type Isotropic Fiber
Fill Pattern Triangular Fill
Fill Density 55%

Roof and Floor layers 2
Wall Layers 2
Print time 10 h 22 m

Plastic Volume 27.16 cm3

Fiber Volume 20.48 cm3

Final Part Mass 51.14 g
Plastic Angles 90◦ (not set one angle)
Fiber Angles 0◦
Material cost 67.45 USD

2.2. Testing of an Off-Axis CFRP Profile

The composite CFRP profile (six specimens) buckling test was performed on a Zwick/
Roell Z150 universal tensile test machine (ZwickRoell, Ulm, Germany) [45]. This testing
machine is fully automated and uses a hydraulic control mechanism to transmit the gradual
separation of the jaws at a constant speed. Load-cell of the tensile test machine is calibrated
regularly every two years. The mechanical properties of this composite materials class
have not been comprehensively studied to date. In this case, it is more precisely a modified
buckling test as, due to the shape of the test part, both buckling and the bending occur
during loading. For testing off-axis prototypes, it was necessary to tailor-make a jig to
attach the composite profile to the upper and lower jaws grips of the tensile test machine.
At the top of the machine, the specimens were slid onto a steel mandrel with a sleeve. A
steel bench was placed in the lower jaw with holes for accommodating composite rods
provided with a steel ring against slipping in the bench. The sample was then set up on the
tester to ensure adequate alignment. The load cell was zeroed with each new measurement.
Tests were carried out at a deformation speed of 5 mm/min. Load was applied to the
samples until the maximum failure force could be evaluated. The modification of the
test set-up is shown in Figure 3. By comparing Figure 3b (before loading) and Figure 3c
(after loading), it can be seen how the specimen bends downwards towards the steel bench
after loading.
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Figure 3. Mechanical testing of an off-axis hollow CFRP profile; (a) “tailor-make” a jig to attach the composite profile to the
upper and lower jaws grips, (b) CF profile before mechanical testing, (c) CF profile after mechanical testing.

3. Results and Discussion

There are no uniform test conditions for polymer composites due to their variable
morphology and chemical composition; they are regulated only in a framework by the
standard. Therefore, the specific method of a particular material is governed by professional
discretion, taking into account how the future product will be stressed during its use [46].

In some structures, it is possible to find cases where the load-bearing capacity is not
critical in terms of material strength, but in terms of stability. The issue of loss of stability,
which most often occurs under pressure, bending, torsion, or a combination thereof, deals
with the stability of structures. Stability is most often solved for open and closed profiles
or for thin-walled beams. One of the basic cases of stability, which is solved most often,
is the so-called buckling. The buckling occurs when the slender member is loaded by a
compressive axial force. The pressure acts on the reinforced layer in the direction of the fiber
axes until it breaks due to the loss of stability of these fibers. The degree of fiber resistance
depends on the fiber crimp and the level of interfacial cohesion. With good adhesion of
the fiber-matrix interface, fracture occurs due to shear (coordinated deflection of the fibers
after exceeding the critical value of the load), and with poor adhesion due to delamination.
Under compressive loading, it is difficult to maintain a uniform tension throughout the
test specimen throughout the test. Changing the wall thickness of the sample leads to
differences in resistance to loss of stability [47,48]. A combination of pressure and bending
is used to calculate the critical force of off-axis hollow sections, so-called geometrically
imperfect rods. The buckling test is one of the commonly used mechanical tests, which are
based on the deformation of a test specimen by pressure to determine the critical force of
stability failure. The test specimen is clamped in the jaws of the tensile testing machine,
where it is loaded with a constant force, usually until failure (collapse of the structure) [48].

3.1. Buckling Test of Hollow Composite Profiles
3.1.1. Graphic Evaluation of the Buckling Test of Hollow Composite Profiles

The result of the buckling test was a stress–strain diagram of the material, which is a
curve of the dependence of the load force on the profile displacement. The data were plotted in
MATLAB R2019b. Two types of graphs were used for graphical evaluation in Figure 4. A line
graph (Figure 4a) showing the dependence of load force on the displacement (compression)
of the test profile. The second bar graph (Figure 4b) shows the values of maximum failure
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strength for each profile. As the hollow sections do not have the shape of a straight bar, they
have been subjected to both buckling and bending forces. During testing, the profiles were
subjected to compressive forces, but graphs are plotted in absolute values.

 
(a) (b) 

Figure 4. Graphical evaluation buckling test of CFRP profiles produced using 3D printing; (a) a line graph of the dependence
of the maximum force on the deformation shift, (b) a bar graph of the achieved maximum forces for individual profiles.

From both graphs, it is evident that both the course of the test and the resulting values of
the maximum forces of the individual composite profiles are very balanced with one another.
This is due to the 3D printing technology, which guarantees the accuracy and reproducibility
of parts while achieving repeatable values of mechanical properties. The maximum force
for the 3D printed composite profiles was approximately in the range of 3000–3250 N at a
displacement (deformation by compressive force) of approximately 5 mm.

During loading, the specimens bent at the area of their curvature. At these points,
there was a visible deformation of the structure (surface failure of the material), as indicated
in Figure 5. Here, it can be assumed that there was not a failure of stability, but failure
of strength. After unloading, the profiles partially returned to their original state as were
before the load.

 

Figure 5. CFRP profiles deformation after buckling test.
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3.1.2. Statistical Evaluation of the Buckling Test of Hollow Composite Profiles

Composite materials show a greater scatter of material characteristics than is the case
with conventional materials. Therefore, statistical analysis is an essential part of their
evaluation.

Table 3 shows the results of experimental testing of 3D composite profiles on buckling
with evaluation of the maximum force (critical force) at which the stability of the samples
is disturbed. The table is supplemented by statistical characteristics (arithmetic mean,
standard deviation, and coefficient of variation).

Table 3. Results comparison of the maximum load force on the buckling test of hollow
composite profiles.

n = 6 Fmax (N)

Profile 1 3012
Profile 2 3248
Profile 3 3001
Profile 4 3095
Profile 5 3158
Profile 6 3096

Arithmetic mean 3102
Standard deviation 93

Coefficient of variation (%) 3

3.2. Analysis of Composite Profiles Using FEM

FEM analysis of the prototypes printed on a 3D printer were performed in Ansys
ADPL 18.2 software. The structure of unidirectionally reinforced composite elements with
bends was more complex for modeling and analysis. Software designed specifically for
this application is still being developed. Onyx wall was considered as an isotropic material
with constants according to the Markforged material sheet [44]. The composite part was
considered as a transversely isotropic material. The core elements coordinate system was
set to respect fiber direction in real tube thus the material model longitudinal direction
respects the fiber direction. An overview of material properties is given in Table 4.

Table 4. Static analysis—material properties [44,49].

Onyx Wall Young’s Modulus, E (MPa) 1400
Poisson’s Ratio, μ 0.4

CF composite core

Matrix Young’s modulus, Em
(MPa) 1400

Poisson’s ratio, μm 0.4
Fiber Young’s modulus, Ef

(Mpa) 60,000

Poisson’s ratio, μf 0.33
Fiber volumetric content, vf 0.77

Analytical Relationships for Long Fiber Unidirectional Composites

The material model constants were determined by analytical relationships for long
fiber unidirectional composites. Here, μf is Poisson´s ratio of fiber, μm is Poisson´s ratio of
matrix, Ef is fiber Young’s modulus, Em is matrix Young’s modulus and vf is fiber volumetric
content.

• Longitudinal Young’s modulus: 46,522 MPa

The ROM approach (Rule of Mixture) for the calculation assumes an idealized state
of the composite—continuous reinforcing fibers of the equal diameter, perfect bonding of
the fibers and the matrix or the equal strain of the composite in the longitudinal direction
(Equation (1)) [50].

EL = v f ·Ef + vm·Em (1)
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• Poisson’s ratio: 0.35

The simplicity and accuracy of the ROM was confirmed by several studies comparing
the ROM results of analytical and experimental findings (Equation (2)) [51].

μLT = v f ·μ f + vm·μm (2)

• Transversal Young’s modulus: 5646 MPa

The relevant Halpin–Tsai model was utilized for the transversal elastic constants of
composites. Equations (3) and (4) is a control formula of the H–T model, ksi = 1 [41].

ET =
1 + ξ·η·v f

1 − η·v f
·Em (3)

η =

Ef
Em

− 1
Ef
Em

+ ξ
(4)

• Transversal Poisson’s ratio: 0.59

The Clyne model (Equations (5)–(7)) allows a simple calculation. The accuracy of this
model is affected by the input variable Et [52].

μTT′ = 1 − μTL − ET
3·K (5)

μTL = μLT ·ET
EL

(6)

K =

(
v f

K f
+

vm

Km

)−1

(7)

• Shear modulus: 2024 Mpa

Inverse rule of mixture (parallel Reuss model in Equation (8)) gives the lowest
estimation [53].

GLT =

(
v f

K f
+

vm

Km

)−1

(8)

The component was modeled (Figure 6) as consisting of two parts, an onyx wall and a
homogenized composite “core”. The mesh (Figure 6a) shown is for illustration only. The
final mesh on which the calculation was performed is shown in Figure 6b.

Figure 6. (a) The cross-section of the 3D printed prototype model; Onyx walls (blue), composite
“core” (purple); (b) Final mesh of composite profile.
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Volumetric linear solid elements (Solid 185 in ANSYS library) were used in the mod-
eling. Some boundary conditions also required the use of Multi-Point Constraint (MPC)
elements, specifically MPC 184. The elementary coordinate systems of the composite part
were rotated with respect the direction of the fibers. The boundary conditions were set
to be as close as possible to the real situation during testing, as well as for the profiles
produced by manual methods. In Figure 7, the bottom part of the tube (the portion in
the clamps) was fixed in all directions. Then, the top end of the tube was fixed in lateral
directions and a compressive force was also applied.

 
Figure 7. FEM analysis—boundary conditions.

The sufficient mesh density was obtained and checked by a sensitivity analysis. The
final mesh consisted of 28,512 elements and 43,020 nodes. Doubled element count led to
marginal (0.1%) change in results, hence the depicted mesh was considered as sufficient.

First, a Linear Buckling (LB) or Linear Bifurcation Analysis (LBA) was performed. In
LBA, the structure is considered ideal, without any imperfections and material or geometric
nonlinearities. The result are the eigenvalues corresponding to the multipliers of the applied
force when the loss of stability is reached, and the shapes of the individual modes of loss
of stability (MLS). It is important to realize that MLS only shows the displacement ratios
of the structure, and does not represent the real deformation of the structure under loss
of stability. The MLS serves only to illustrate the expected deformation of the structure
at the edge of stability. From the above, it is clear that LBA overestimates the capacity
of structures. In general, a minimum overestimation of 15% is reported. The degree of
overestimation, however, depends on the geometry and simplifications of the structure.

The lowest calculated critical force was 18,513 N, which is about 500% higher than the
critical force determined from the experiment. Considering the above, it follows that the
primary failure of the structure was not achieved due to the loss of stability, but rather the
failure of the material. Therefore, a static analysis was subsequently performed.

For evaluating the static analysis, the limit states at which the failure occurs were
determined for the walls and the composite part. For the given states, the stress limit values
were analytically determined on the basis of the material sheets, and the force required to
reach the individual limit states was determined by means of static analyses (see Table 5).
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Table 5. Static analysis—limit states.

Wall 1 Material Failure Exceed of Strength Limit 36 3867

CF composite core

2 Tensile strength along the fibers Fiber breakage 622 13,705

3 Compressive strength along the fibers Buckling of micro-fiber,
Lo–Chim model 594 6309

4 Tensile strength transverse to the fibers Matrix failure in tension 36 2603
5 Compressive strength transverse to the fibers Matrix failure in shear 36 2168

It can be seen from Table 5 that, for states 4 and 5, the limit state (LS) is reached at
a lower force than determined experimentally. To achieve LS 1, the force required is 25%
greater than that obtained by the experiment. LS 2 and LS 3 are unlikely to occur, as they
require relatively more force than the experiment, and other LS will fail much sooner. The
critical force was determined from this static analysis.

LS 1, 4, and 5 were considered to be realistically achievable limit states. Subsequently,
the average value of force (Fp) to achieve them was calculated. The value of the average
force was 2879 N. Next, the difference Fp and the critical force Fkrit were calculated from
the experimental part (3102 N) to determine the reliability of the method. The difference
between the forces obtained by the experimental and numerical methods was 7%. This
difference was assessed as acceptable.

The stress distributions from the static analysis for the load force 3100 N are shown in
Figure 8a,b.

Figure 8. (a) Distribution of the first principal stress σ1 on the composite part in (MPa), (b) DistribuTable 3. on the composite
part in (MPa).

The greatest stresses occurred in the areas of bends, both for the walls and for the
composite part of the profile. The first principal stress expresses the greatest stresses, and
the third principal stress shows the lowest stresses, i.e., the stress without shear elements
(normal stress). In this way, places with significant tensile or compressive stress can be
detected, which can affect local strength, stability, or fatigue. Equivalent stress can mask
these areas.

3.3. Microstructure
3.3.1. Microstructure of Composite Profiles Using Optical Microscopy

Images of the microstructure of the observed CF/onyx material were taken using
an Olympus GX51 optical microscope with Image-Pro Premium 9.2 software for metallo-
graphic analysis.
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Samples for metallographic analysis were taken from the composite profile perpen-
dicular to the direction of the fibers. The sample for analysis is thus formed only by the
cross-section of the fibers, as the printed profiles are reinforced with fibers in one direction.
The carbon fibers coated with an onyx matrix are very strong in the longitudinal direction,
especially in tension. The microstructure of the cut on the left is made of a straight part of
the profile (Figure 9 (left)). On the right (Figure 9 (right)), is a picture of the microstructure
of the sample taken from the bend of the profile, where a visible deformation occurred
after the buckling test. Comparing the two figures, it is clear that the deformation caused
waviness at the edges of the sample, where there is only a layer of onyx without reinforcing
fibers. The middle layer of the onyx matrix is overlap by a deformed layer of carbon
reinforcement.

Figure 9. Optical microscopy; microstructure of CFRP/onyx produced by 3D printing. Undeformed
sample (left), deformed sample (right).

3.3.2. Microstructure of Composite Profiles Using SEM Analysis

For observation with SEM (Secondary Electron Microscope), Explorer 4 ThermoFisher
Scientific with an accelerating voltage of 15 keV, the transverse surface of the samples had
to be sprayed with Au-Pd conductive powder.

Figure 9 shows the microstructure of CFRP profiles made by 3D printing, where
carbon fibers are printed into an onyx matrix. There is only a cross-section of the fibers in
the microstructure, due to the one-way reinforcement along the length of the composite
part. Figure 10 (left) shows the microstructure of a sample taken from an undeformed
profile. Figure 10 (right) then shows the microstructure of the 3D printed profile after
deformation. While in Figure 10 (left) there are places with missing reinforcement, after
deformation, the surrounding composite material was compressed and accumulated in the
originally unreinforced places (right).
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Figure 10. SEM analysis; microstructure of CFRP/onyx produced by 3D printing. Undeformed sample (left), deformed
sample (right).

4. Conclusions

This paper deals with the design and modeling of composite structures. The aim was
to design, manufacture, and test an off-axis composite profile of circular cross-section. For
3D printed samples, FEM analysis revealed that the primary failure was not due to a loss
of stability, but most likely to material failure. The stress limits for the limit state (LS) were
calculated by static analysis, and the force required to achieve the LS was determined for
these individual LS. The force value was calculated to be 2879 N. Under loading, several
LS are expected to interact at once. Therefore, a procedure was proposed to determine
the critical force from the simulation, the reliability of which differs only by 7% from the
result of the experiment, 3102 N. In addition, it is on the safe side. The highest stresses
were found in the same areas of the profiles where the material was significantly deformed
during the experiment, in the place of hollow profiles. The failure was due to high stresses
at the bends of the profiles and the interactions of several LS. The material failed, followed
by a loss of stability due to the plastic joint.

The analyses created from FEM modeling can be used for approximate prediction of
the critical force, especially for the buckling (and other mechanical properties) of composite
profiles with respect to the properties of the fibers and resin used. The obtained results from
the microstructure provide information on the quality of the final composite parts, especially
porosity, insufficient fiber saturation, and corrugation. The connection between the occurrence
of such defects in individual processing technologies makes it possible to set up the production
process so that their occurrence is eliminated as much as possible. It is concluded from this
article that the production of composite profiles using FDM method is geometrically accurate,
production-repeatable, and these profiles are highly resistant to compressive deformations.
Proposed investigations in the future include the development of experimental and numerical
methods for the fatigue failure of an off-axis printed CFRP composite.
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Abstract: Polyaniline (PANI) was chemically doped and functionalized with single walled carbon
nanotubes (SWCNTs). Various characterization methods were employed to study the structure and
optical properties of PANI/SWCNTs nanocomposite, such as Fourier transform infrared (FTIR),
differential scanning calorimetry (DSC), scanning electron microscopy (SEM), optical absorption,
and stationary photoluminescence. Additionally, a theoretical study using density functional theory
calculations was also carried out. It has been demonstrated that the doping process may reduce the
band gap without affecting the molecular structure, leading to a better compatibility with the solar
spectrum. Moreover, the functionalization process with SWCNTs was able to significantly improve
the properties of the resulting nanocomposite. The final interpenetrating network of PANI/SWCNTs
exhibited an optical gap of nearly 2.28 eV, from which localized states induced by the charge transfer
were created at nearly 1.70 eV. In addition, the resulting donor–acceptor network leads to a separation
of electron holes pairs rather than their recombination, which can be used as an active layer in
photovoltaic applications and a photocatalyst for advanced oxidation processes.

Keywords: doping; carbon nanotubes; functionalization; optical characterization; DFT; solar cells

1. Introduction

A significant number of works have been focused on exploiting the properties of
nanoparticles [1]. New nano-structured materials with improved properties can be elabo-
rated by inserting nanoparticles into the organic matrix [2,3]. Since the 1990s, considerable
efforts have been devoted for carbon nanotubes (CNTs), due to their form factor and
their unique and reproducible properties. The electronics industry is currently developed
around organic materials [4–6] in an attempt to replace silicon technology with lower cost
and easier processing. Polymer materials are widely studied as active layers for electronic
devices where the majority of handicaps are related to their fragility and their limited
operation lifetime. The addition of the small quantities of CNTs permits not only the
improvement of their mechanical properties [7], but also offers a higher operating life
time [8]. Particularly, the good dispersion of CNTs in the polymer matrix leads to charge
transfer and good transport properties due to their high electron and hole mobilities [9].
Physically, charge transfer is created by nano-junctions imposed by interpenetration of
the donor and acceptor domains [10]. In addition, the resulting interpenetrating network
may improve the electron–hole pairs after photo-excitation, leading to a good collection

387



Polymers 2021, 13, 2595

process. The obtained bulk hetero-nano-junctions lead to high photovoltaic conversion
efficiency [11,12]. Among the conducting polymers, PANI is the most studied due to its
physical and chemical properties that can be easily modified [13,14]. Particularly, PANI
exhibits better environmental stability and easy synthesis [15,16]. In this context, a simple
treatment of PANI results in a new degree of oxidation where its conductivity can be
reversibly switched from the insulating to the conductive state [17]. Recently, it has been
demonstrated that PANI/SWCNTs composites gave enhanced field emission characteristics
due to π–π interaction between the quinoid rings of PANI and the π bond of the SWCNTs
lattice [18]. Moreover, the nanocomposite exhibits significant enhancement in both electri-
cal and thermoelectric properties [19]. On the other hand, the modified PANI/SWCNTs
nanocomposite was used for the electrochemical determination of some metals with good
selectivity and sensitivity [20]. As the leucomeraldine base form is generally an insulator, it
will be useful to carry out a doping process before its functionalization with the CNTs [21].
The procedure of acid doping [22,23] is the easiest method and leads to switching between
its oxidized forms.

In order to establish a good structure property correlation, experimental conclusions
are often supported by theoretical methods [24,25]. Quantum calculations based on func-
tional density theory (DFT) are the most appropriate tools to describe organic materials’
properties [26,27]. Using these calculations, we can predict properties of materials and
their corresponding application field [27,28]. Due to the development of computational
processors, it is currently possible to carry out calculations using higher degrees of freedom
with a higher basis set of computation [26,27].

In this paper, we are primarily interested in establishing a structure–property correla-
tion by means of experimental and theoretical characterization techniques of both doped
and pure PANI states. We also investigate and describe the functionalization of PANI with
SWCNTs, particularly the nature of the resulting nano-junctions at the molecular scale.
Fourier transform infrared (FTIR), differential scanning calorimetry (DSC) and scanning
electron microscopy (SEM) techniques are used to evidence changes in vibrational and
structural properties. However, changes in the optical properties are evaluated by means
of optical absorption and photoluminescence spectroscopies. The obtained results are
correlated with those obtained theoretically using the DFT.

2. Materials and Methods

PANI and SWCNTs were produced by Sigma Aldrich (St. Quentin Fallavier, Cedex
France). At 300 K, the black colored PANI powder was characterized by a purity of
99.99%, an average macromolecular mass Mn > 15,000, a refractive index of 1.85, a melting
temperature above 600 K, and a density of 1.36 g/mL. SWCNTs were obtained by the
electric arc technique where the diameter of the individual tube varied from 1.0 to 1.2 nm,
while they exhibited a typical length of 500 nm [26,29]. The PANI doping process was
similar to the classical method reported by A. G. MacDiarmid et al. [23]. The process
was accomplished in a solution where the PANI was placed for two hours in a mixture
of 20% sulfonic acid (R-SO3H) and 80% dimethyl formamide (DMF). After evaporation
of the solvent and drying, the obtained product was washed three times with DMF to
remove residual acid particles. The functionalization process of SWCNTs with PANI is a
purely mechanical method [30]. SWCNTs’ are dispersed in the appropriate solvent (DMF)
in order to isolate bundled tubes, using the velocity of 8000 rpm for three hours. The
obtained composite is then introduced into an ultrasonic bath and submitted to centrifugal
forces for 30 min in order to homogenize SWCNTs’ distribution and orientation in the
PANI matrix [31–33]. The viscous obtained solutions were deposited with nearly uniform
thickness on glass slides for FTIR and photoluminescence measurements and on silica
slides for optical absorption measurements. All substrates were already cleaned with
deionized water and ethanol in an ultrasonic bath. FTIR measurements were conducted
using a Bruker Vertox 80 V interferometer (Bruker Optics, Ettlingen, Germany) with a
resolution of 4 cm−1. The DSC measurements were recorded on a Perkin Elmer DSC
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8500 analyzer (Perkin Elmer, Inc. Shelton, CT, USA). All samples in the powder state
had nearly the same weight of 2.6 mg. During measurements, the temperature was
scanned from 323 K to 600 K, at the heating rate of 10 K/min, under nitrogen atmosphere,
for which the Gas Switch to nitrogen was 20 mL/min. The optical absorption spectra
were recorded using a UV1800 spectrophotometer (Shimadzu Scientific istruments, Inc.
Colombia, MD, USA) working in the absorption mode with the wavelength varying from
200 nm (6.2 eV) to 2000 nm (0.62 eV). The SEM micrographs were carried out using the
JEOL 7600 F microscope (JOEL, Inc, Peabody, MA, USA) which was equipped with a source
delivering field effect, operating with the voltage of 10 KV, making it possible to obtain
electron beams of a very large smoothness, reaching a space resolution of a few tens of
nanometers. For photoluminescence (University of Monastir, Tunisia), in order to cover
the entire emission spectrum, two excitation wavelengths were used (325 nm and 540 nm).
Theoretical data were obtained from quantum calculations based on density functional
theory (DFT), the most appropriate tool to describe the organic materials’ properties [27,34].
The modeling structure has been fully optimized using the most popular three-parameter
hybrid function, Becke’s B3 [35], with the basis set 6-31-G (d). Calculations applied to
the modeling structure were conducted with the non-local correlation of Lee–Yang–Parr,
LYP, abbreviated as the B3LYP method [36], without constraint, which was often used in
in our previous calculations [37]. Optical absorption spectra were calculated using the
time-dependent density functional theory (TD-DFT) method with the 6-31G (d) basis set
and were fitted into Gaussian curves within the Swizard program [27,37].

3. Results and Discussion

Figure 1 shows the infrared absorption spectra of the PANI in both the pure and
acid-doped states. Band positions and their assignments are summarized in Table 1 [30,38].

Figure 1. FTIR spectrum of pure (a) and acid-doped (b) PANI.

The spectra of Figure 1 have been normalized by referring to the band situated at
1132 (1126) cm−1, attributed to the benzene ring deformation. Spectra show that the same
bands are found after doping but the band intensity and positions are changed (Table 1),
demonstrating that the material skeleton is conserved. The intensity increase/decrease and
the slight frequency shift are the consequences of the geometrical relaxation after doping.
Particularly, the band at 1554 cm−1, attributed to the C=C vibration of the quinoid form,
has been greatly intensified. At the same time, the band at 1656 cm−1, attributed to the
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same group but relative to the aromatic form, is decreased. This demonstrates that the
undoped leucomeraldine form is partially transformed into its oxidized form, inducing the
appearance of a local charge (Scheme 1). This local charge formation is the consequence of
hydrogen departure, leading to a new oxidation degree [23].

Table 1. FTIR vibrational modes of PANI in both pure and doped states.

Frequency (cm−1)
Intensity Ratio

(Idoped/Ipure)
Assignment

Neutralpure Doped
621 619 0.98 Torsion C-N outside the plane
1023 1020 1.02 C-H deformation
1132 1126 1.00 Benzene ring vibration
1257 1255 0.65 C-N of the benzene ring vibration
1382 1386 0.70 CH in the plane switching
1502 1505 1.09 Ring deformation
1554 1555 3.76 Quinoid aromatic C=C vibration
1656 1660 0.78 Benzene aromatic C=C vibration
2877 2866 0.81 Symmetric C-H stretching
2962 2941 0.91 N-H deformation
3643 3646 0.83 N-H stretching

Scheme 1. Mechanism of acid doping of the leucomeraldine base form: transformation to the
oxidized form (EB).

Figure 2 shows SEM pictures of PANI in both the pure and doped states. It is clearly
seen that the structure of undoped PANI is constituted by agglomerations with sizes of a few
tens of microns (20 to 30 microns). These agglomerations are composed of granular features
with 1–2 μm diameters, comparable to those commonly found in the literature [39–41]. We
also note that after doping, the PANI structure still remains granular where the grain size
has been decreased (ranging from 0.5 to 1 μm). We believe that the doping species, which is
a strong acid, leads to the increase in the solubility of PANI and, consequently, the decrease
in grain size.

Figure 3 shows the changes in the optical absorption spectrum after the PANI sulfonic
acid doping. It should be noted that the absorption spectrum of pure PANI exhibits
four absorption bands situated at 207 nm, 219 nm, 252 nm and 286 nm. According to
the literature [42], these bands are, respectively, attributed to σ–σ*, σ–π *, π–σ* and π–π*
transitions. After acid doping, the absorption spectrum is strongly affected. Principally, we
show the creation of a new absorption band at 387 nm, supporting the optical gap reduction.
This broad band is the consequence of the transformation of PANI from leucomeraldine
form to the emeraldine salt/base forms [43], which agrees well with FTIR results. Therefore,
the newly created optical transition is the consequence of a new energetic level in the PANI
band gap [44]. A similar effect has been already observed for HCl-doped PANI [45].
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Figure 2. SEM images of (a,b) PANI and (c) sulfonic acid-doped PANI.

Figure 3. Optical absorption spectra of PANI in the pure (a) and doped (b) states.

Photoluminescence spectra of Figure 4 show that the PANI emits in the spectral range
from 340 nm to 480 nm, similar to the previously reported results [46]. The decomposition
of PL spectrum shows three lines separated by the same amount of energy (in the order of
215 meV). As this energy corresponds approximately to the most intense band observed
on the FTIR spectrum, at approximately 1660 cm−1 [47], we believe that these lines are
derived from 0–0, 0–1 and 0–2 phonon emission. The acid doping is accompanied by a
PL quenching effect, indicating that quinoidal fragments are created, representing inter-
channel energy dissipation [48]. On the other hand, the spectrum has been red shifted by
nearly 14 nm, showing that there is a sufficient decrease in the optical gap.

391



Polymers 2021, 13, 2595

Figure 4. Photoluminescence spectra of pure (a) and sulfonic acid-doped (b) PANI. Black line: experimental; red line:
Gaussian fit; green line: Gaussian components. The inset shows the PL intensity decrease from pure to doped PANI.

As it is often generalized, the optical gap can be elucidated from the variation of the
absorption coefficient as a function of energy, according to the Tauc equation of [49], as
shown in Equation (1) below:

αhν = B(hν− Eg)n (1)
In this expression, α represents the absorption coefficient, B is a band tail parameter,

Eg is the band gap of the material and n is an index representing the transition probability,
taken equal to 2 for indirect transitions in amorphous materials [45,50]. The variation of
(αhν)1/n as a function of hν (Figure 5) makes it possible to give the value of the gap, which
is estimated by extrapolation of the linear part occurring in the absorption threshold [45,51].
The band gap relative to the pure PANI evaluated to 3.75 eV decreases, reaching 2.63 eV
after doping. These values are comparable to those previously published for both the pure
and doped PANI forms [45]. In fact, for low photon energy, the spectral dependence of the
absorption coefficient (α) as a function of energy (hν) is known as Urbach’s empirical law,
in accordance with Equation (2) [52]:

α = α0 exp(
hν
EU

) (2)

Figure 5. Variation of (αhν)1/2 versus hν for pure (a) and sulfonic acid-doped (b) PANI.
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In this expression, α0 is a constant and EU is the band-tail energy that is commonly
referred to as Urbach energy [52]. Generally, this energy is weakly temperature dependent
and is often interpreted as the width of localized states, created within the optical gap. These
states are associated with disorder for amorphous and low crystalline materials [52,53].
Therefore, the variation of Ln (α) as a function of the photon energy presents linearity
behavior in the concerned spectral range. In this case, the Urbach energy e (EU) can be
obtained from the slope shown in Figure 6.

Ln (α) = Ln (α0) +
hν
EU

(3)

Figure 6. Variation of Ln (α) as a function of the photon energy in the case of doped PANI. (o)
Experimental, (—) linear fit.

From Figure 6, we estimate the EU in the order of 380 meV involved by the broad
absorption band created within the PANI band gap. According to the literature, if the
doping rate is high, the doped materials exhibit a continuum of individual levels [54]. Their
recovery leads to a large band, as is observed in our case. This result agrees well with
prior studies for which the doping procedure was carried out at saturation (higher doping
level) [55].

To evidence changes on the molecular structure after SWCNTs’ functionalization
process, the obtained composite was studied by FTIR spectroscopy. In Figure 7, we
represent the FTIR spectrum of the 2.10% SWCNTs weight concentration nano-composite
with those of the PANI in both the pure and doped states.

The decision to use this relatively lower weight concentration for SWCNTs was princi-
pally made with the aim of reaching a good dispersion process. Compared to the doped
PANI, the spectrum shows the creation of new intense absorption bands at 1256, 1412 and
1438 cm−1. These new bands clearly represent the interaction between both components of
the composite. The functionalization process is governed by a grafting reaction between
PANI and carbon nanotubes. In this context, the new vibrational frequencies reflect vibra-
tion modes of SWCNTs and/or those relative to the linking between both constituents of
the composite in the new chemical environment [10,56]. The modes of some frequencies,
such as 664 cm−1 and 1126 cm−1, are shifted. This shift reflects new molecular arrangement
due to the insertion of SWCNTs on the organic matrix. Similar effects were observed for
other CNT-based composites [57].
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Figure 7. FTIR spectra of PANI (a), doped PANI (b) and Doped PANI/SWCNTs (c).

To provide additional information on the functionalization process between D-PANI
and SWCNTs, we present, in Figure 8, DSC thermograms of either doped PANI, SWCNTs
or the resulting nano-composite.

Figure 8. DSC thermograms of D-PANI (a), of SWCNTs (b) and of D-PANI/SWCNTs composite (c).

Compared to the PANI with thermal stability for temperatures lower than 465 K, the
nano-composite results in much higher thermal stability, as is reported for other PANI-
based nano-composites [58]. As a result, if there is no interaction between both components,
the final structure will be a mixture of non-interacting compounds and the corresponding
DSC thermogram will certainly be the superposition of individual thermograms. This
hypothesis is not the case of Figure 8c, since the nano-composite exhibits additional thermal
transitions in comparison to the D-PANI. These additional thermal transitions peaked at
487 K and 514 K, and are also not found in the case of SWCNTs. We think, therefore, that
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these latter transitions are the consequence of new structural modifications, mainly the
de-grafting process between both components. For SWCNTs, the first thermal stage is
observed in the temperature range of 460–470 K, for which there are two apparent thermal
transitions. We think that these transitions are a consequence of the tube defect departure;
they are not envisaged in the case of the nano-composite, proving that these defects are
removed under the functionalization process. The browed peak starting from 575 K has
been attributed to the wall degradation, typically the breaking of the SWCNTs’ C-C bond.
For the PANI, added to the melting point at temperatures higher than 570 K, the DSC
thermogram shows four principal thermal transitions centered, respectively, at 465 K, at
533 K, at 540 K and at 550 K. According to the previously published results [59], the first
and the fourth ones are, respectively, related to the defect in D-PANI (residual doping
agents) and the beginning of PANI degradation. However, both narrow intermediate peaks
are, in our opinion, attributed to the ring opening and chain scission resulting from the
already cross-linked chains under temperature elevation, as suggested in the case of PANI
polymers [60,61]. The same behavior has been also evidenced in our previous work for
annealed PANI/SWCNTs composite [62].

The inserting of SWCNTs on the PANI matrix generally results in the creation of a
charge transfer [63]. If there is compatibility between the junction size and the diffusion
length, the created photo-excitation in the polymer matrix can reach the carbon nanotubes
after the diffusion process [64,65]. In this context, the changes of optical absorption spectra
after the insertion of the SWCNTs in the doped PANI are already published in our previous
work [29]. The spectrum shows that the SWCNTs’ functionalization process is accompanied
by a broadening effect of the already created band caused by doping, and a new absorption
band appears at around 572 nm. The observed feature at lower energy is due to the creation
of localized states [45]. To elucidate the quantitative aspect of these effects, we present, in
Figure 9, the optical gap variation and localized states’ characteristics using, respectively,
Tauc and Urbach relations [49,52] (Equations (1) and (2)).

Figure 9. (1): Variation of the optical gap (a) sulfonic acid-doped PANI and doped PANI functionalized with SWCNTs (2):
Evaluation of the localized states’ parameters (�): experimental. (o): linear fit.

The optical gap after doped PANI is reduced to 2.63 eV, showing energy levels cre-
ation within the band gap. These levels are associated with polaronic and/or bipolaronic
species [42]. However, after adding SWCNTs, the latter is more decreased, reaching the
value of 2.28 eV. Moreover, new localized states are also created at 1.62 eV, with an Urbach
energy (EU) of 80 meV. These states often originate from the charge transfer between PANI
and SWCNTs.
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The effect of the addition of SWCNTs is also evidenced by photoluminescence spec-
trum variation (Figure 10). The spectra show that, independently of the PANI state, (pure,
doped or functionalized with SWCNTs), there is emission in the spectral domain ranging
from 350 to 500 nm. Then, it is clearly seen that the insertion of SWCNTs on the doped
PANI leads to quenching effects. This effect is often envisaged for CNT-based polymer
composites and also in the case of the acid doping process [66,67]. Otherwise, the spectrum
shows a slight shift towards the red region and a new narrow feature at approximately
550 nm. This weak luminescent center corresponds to the already created localized state
due to the charge transfer. The weak intensity of this peak implies that a separation process
has occurred rather than a recombination process for these transferred charges. As the
PANI/SWCNTs composite absorbance exhibits a good compatibility with the solar spec-
trum, it can serve as an active layer for organic photovoltaic solar cells and a photocatalyst
for advanced oxidation processes under solar irradiation.

Figure 10. Photoluminescence spectra of (a) PANI, (b) doped PANI and doped-PANI/SWCNTs
composite at 2.1% concentration (c).

To theoretically support the modifications that occur after doping and the insertion of
SWCNTs, we use the already proposed modeling structures (Scheme 2) [29]. In fact, for the
PANI, justifications are based on DFT calculations of the HOMO-LUMO energy difference
in both the pure and doped states as a function of the chain length (n: monomer number).
The properties of the polymer with infinite chain length are obtained by extrapolation
(1/n → 0) [68]. Principally, it has been found that these energetic levels at the infinite
length take the values of 3.62 eV and 2.29 eV, which are close to the experimental results.

The modeling structure of the nano-composite is, however, evidenced via the selection
of PANI reactive sites based on atomic charge modification, spin density variation and
theoretical infrared spectra. The results demonstrate that reactive sites for the grafting of
SWCNTs are located around nitrogen atoms. A similar result has already been found in a
systematic SERS and FTIR experimental study, but, in that case, the study was conducted
with pure PANI [69]. It is important to note that fragments resulting from non-covalent
bonding may also be present on the final structure. The preponderance of non-covalent
or covalent interacting fragments is strictly dependent on the strength of the SWCNTs’
cohesive Van der Waals force, which inhibits the homogeneous dispersion of carbon
nanotubes [70,71].
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(a) 

 
(b) 

Scheme 2. Modeling structure of PANI (a), and of the D-PAN/SWCNT composite (b).

The above-presented modeling structures are used to calculate the optical absorption
spectra of both PANI to PANI/SWCNTs composite, as presented in Figure 11.

Figure 11. Optical absorption spectra of PANI—(a): experimental; (b): theoretical and those of
doped-Pani/SWCNTs nano-composite; (c): experimental; (d): theoretical.

Referring to the experimental results, the same optical transitions are found and there
is a decrease in the optical band gap after doping and after adding SWCNTs. It is suggested
that theoretical band intensities are more pronounced than those obtained experimentally,
due to the fact that calculations are carried out on a modeling structure with a higher
concentration of SWCNTs than the real sample. In addition, the real sample presents
additional interchain interactions, since calculations are expected to be performed with iso-
lated fragments. When SWCNTs are added, the theoretical optical absorption spectrum is
considerably affected. Particularly, new absorption band appears at λmax = 535 nm, giving
rise to an absorption edge of 1.7 eV. It is believed that this new band is attributed to charge
transfer creation [57]. If there is compatibility between the diffusion length and the nano-

397



Polymers 2021, 13, 2595

junction size, the created electron–hole pairs after photo-excitation can be easily transferred
to SWCNTs, as already reported for other polymer/SWCNT nano-composites [72]. This
charge transfer is the major parameter leading to improved photovoltaic characteristics [73].
Based on the PL results, the band created in the absorption regime after the insertion of
SWCNTs is not luminescent. From these findings, it was concluded that after photo-exciton,
the separation process is favored rather than the recombination via the electric field created
by the resulting hetero-nano-junctions.

4. Conclusions

The correlation between both the experimental and theoretical results makes it possi-
ble to conclude that the PANI doping process with the sulfonic acid has been successfully
conducted. The easy doping process permits the advantageous modification of the proper-
ties of the pure PANI. The band gap of PANI was reduced from 3.75 eV to reach 2.63 eV.
Moreover, the localized states had a bandwidth of nearly 380 meV, and these were created
with an energy level of 1.62 eV. On the other hand, the functionalization process of the
doped PANI with SWCNTs involves grafting between the nitrogen atoms and the side
wall. The resulting interpenetrating network presents an optical gap in the range of 2.28 eV.
The nano-hetero-junctions give rise to the formation of localized states that result from
the charge transfer with an Urbach energy of 80 meV. The stationary photoluminescence
measurements make it possible to affirm that these localized states do not provide radiative
recombination processes. The luminescence is strongly quenched after either doping or
the insertion of SWCNTs. The correlations found in the experimental results provide
evidence that the created nano-junction leads to the charge transfer, where SWCNTs play
the role of dissociation sites of the exciton constituents. Due to the good compatibility with
the solar spectrum in the absorption process, the resulting interpenetrating network can
be used as an active layer for photovoltaic solar cells and a photocatalyst for advanced
oxidation processes.
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Abstract: The photo-oxidative studies of ethylene vinyl acetate copolymer (EVA) matrix, filled with
Layered Double Hydroxide (LDH) modified with methacrylic anion (MA), were herein reported,
together with gas permeation tests. The formulation of nano-hybrid LDHs was characterized
using X-ray diffractometry (XRD) and thermogravimetric analysis (TGA), demonstrating the partial
intercalation of the 30% of MA anion between the LDH’s galleries. The as-modified filler was
introduced into an EVA matrix by mechanical milling, producing free-standing films subjected
to accelerated aging. Fourier transform infrared spectroscopy (FT-IR) results suggested that the
nanohybrid presence determined a stabilizing effect up to 45 days of UV irradiation, especially if
compared to the EVA/LDH references for all formulated EVA hybrid nanocomposites. Conversely,
the presence of nanohybrid in the matrix did not significantly change the thermal stability of EVA
samples. The dispersion of modified MA-LDH in the EVA matrix produces defect-free samples in
the whole range of investigated loadings. The samples show a slight decrease in gas permeability,
coupled with a substantial stabilization of the original CO2/O2 selectivity, which also proves the
integrity of the films after 30 days of UV irradiation.

Keywords: ethylene vinyl acetate copolymer; EVA nanocomposite; Layered Double Hydroxide
(LDH); photo-oxidation; degradation; gas permeation; ball milling

1. Introduction

The primary worldwide source of energy mainly derives from fossil fuels, whose
reservations are constantly decreasing. In addition, the large consumption of fossil fuels is
harmful for the environment, and a great effort is needed to move from non-renewable
to sustainable energy sources. Among the reliable approaches to satisfy criteria for a new
green deal, the use of solar energy, being the most abundant renewable energy resource,
is considered the winning strategy in different fields of application. Specifically, photo-
voltaics (PV) is currently the fastest growing technology, reaching the most competitive
prices compared to other technologies [1]. To be a cost-effective technology, photovoltaic
modules are expected to operate reliably for about 25–30 years under the interactive con-
ditions in which they are installed [2]. It is known that photovoltaic modules work in
non-controlled field conditions, that greatly influence their efficiency during the aforemen-
tioned working period. In light of this, the understanding of aging processes involved
during outdoor exposure for each component of the photovoltaic module becomes of
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outstanding importance [2–5]. One of these elements comprises the ethylene vinyl ac-
etate copolymer (EVA) as an encapsulation agent. The latter possesses several peculiar
features, such as high transmittance, good adhesion to glass and relative weather and
UV resistance, although degradation phenomena can occur for prolonged light exposure
times [6–9]. Degradation of EVA involves complex chemical and physical phenomena
that mainly depend on temperature, UV radiation and moisture. In this regard, since the
identification of structural and physico-chemical changes involved during EVA aging can
provide useful information to slow down the process, several studies have been devoted
to the comprehension of polymer degradation and its stabilization. Among them, the
addition of fillers by using different formulation technologies was reported as a valuable
solution to extend the material lifetime in terms of light resistance and mechanical and
gas barrier properties [8,10–15]. However, the selection of nanoparticles to improve the
performance of polymer nanocomposites can be a difficult task. Indeed, by adding a
specific filler to a specific matrix, great benefits in terms of mechanical properties can be
obtained, and vice versa, the same filler can determine a depletion of UV durability. This
phenomenon can be tuned, depending on the chemical composition of the nanofiller, its
UV and thermal stability, its morphology and the possible interactions and/or reactions
that may occur between the matrix and nanofiller [16]. In this context, Layered Double
Hydroxides (LDHs) are receiving increasing interest as fillers for polymeric matrices, owing
to their unique versatility. Particularly, their anion exchange capability allows to design a
great variety of nano-fillers, simply by varying the intercalated species. Despite that several
papers have reported the photo-oxidative behavior of polymer nanocomposites filled with
LDHs [17–21], related studies on EVA filled with LDHs are missing in the literature. This
work reports as a novelty the preparation and characterization of LDHs modified with
methacrylic acid and their formulation with the EVA matrix by using a mechanical milling
procedure. As stated, LDHs are able to boost the mechanical and thermal properties of
several polymer matrices, although their introduction can cause serious concerns about the
polymer durability. In this regard, the unusual choice to use MA as an intercalating species
was made assuming that its polymerization, triggered by UV exposure, might assist in
“repairing” the macromolecular structure that is subjected to unrelenting chains’ scission.
Herein, the influence of the filler on degrading or stabilizing the nanocomposite materials
was reported and discussed, also comparing results obtained by loading different filler
concentrations and related references. Finally, transport properties versus O2 and CO2
were also evaluated, tracking the response to photo-oxidation.

2. Materials and Methods

2.1. Materials

MgCl2 × 6H2O, AlCl3 × 6H2O, NaOH and methacrylic acid (MA) were purchased
from Sigma-Aldrich (Italy). Ethylene vinyl acetate (EVA) Green Flex® ML 40 (14% of vinyl
acetate content, Melt Flow Rate (190 ◦C/2.16 kg) 2.5 g/10 min) was kindly supplied by
Versalis. Carbon dioxide (CO2) and oxygen (O2), used in the permeation tests, had a purity
of 99.99% and were purchased from SAPIO (Italy). LDH in carbonate form (cas number:
11097-59-9) was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. MgAl-Methacrylate (LDH-MA) Preparation by Coprecipitation Method

Fifty mL of an aqueous solution of MgCl2 * 6H2O (16.8 g, 82.8 mmol) and AlCl3 * 6H2O
(10 g, 41.4 mmol) was added to fifty mL of a methacrylic sodium salt solution (5.8 g,
66.7 mmol) under stirring and nitrogen flow. The pH slowly reached the value of 9 by
adding 1M NaOH. At the end, the precipitate was washed with distilled water and left
in an oven at 50 ◦C for 24 h, under vacuum [22]. The chemical formula obtained from
the elemental analysis was the following: [Mg0.65Al0.35(OH)2] (C4O2H5)0.35 * 0.7 H2O,
with the value of the molar fraction x = MIII/(MIII + MII) of 0.35 and molecular weight of
101.59 g/mol. The amount of methacrylic anion intercalated in MgAl-MA (LDH-MA) is
30 wt% of the total weight.
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2.3. Preparation of EVA/LDH-MA Composites

Composites based on EVA and 3, 5 and 10 wt% of LDH-MA nano-hybrid were
prepared by milling LDH-methacrylate and EVA powders at room temperature in a Retsch
(Germany) planetarium ball mill (model PM 100), using a cylindrical steel jar of 50 cm3

with 5 steel balls of 10 mm in diameter. The rotation speed used was 580 rpm and the
milling time was 3 h. Films of EVA and composites, having the same thickness ∼= 100 μm,
were obtained by compression molding at 150 ◦C, using a Carver Laboratory press, and
cooled at room temperature. Films of EVA and unmodified LDH were produced using the
same experimental conditions.

2.4. Methods

X-ray diffraction (XRD) patterns were obtained in reflection with an automatic Bruker
diffractometer D8 (Karlsruhe, Germany), using nickel-filtered Cu Kα radiation
(Kα = 1.54050 Å) and operating at 40 kV and 40 mA, with a step scan of 0.05◦ of 2θ
and 3 s of counting time.

The photo-oxidative degradation of neat EVA and composite films was carried out on
a QUV PANEL apparatus at 60 ◦C, with continued exposure to UV radiation up to 60 days,
in the absence of water. At least two separate films were analyzed at each exposure time.
The irradiance (0.68 W/m2) of the UV lamps has a broad band with a maximum at 340 nm
(UVA 340 lamps) [23].

The thermogravimetric analyses (TGA) of LDHs were carried out from 30 to 800 ◦C at
a heating rate of 10 ◦C/min under air flow using a TA Instrument Q500 (TA Instruments,
New Castle, DE, US). The same measurements on the films submitted to photodegradation
were performed under a nitrogen atmosphere at 10 ◦C/min, from 50 to 600 ◦C. Sample
weights were approximately 3–6 mg. The weight loss percent and its derivate (DTG) were
recorded as a function of temperature.

Fourier transform infrared (FT-IR) characterization in ATR mode was performed by a
JASCO FT/IR-4700 spectrometer (average of 10 scans, at a resolution of 4 cm−1).

The permeation rates of O2 and CO2 were measured at a feed pressure of 1 bar and
25 ◦C in a fixed volume/pressure increase apparatus (Elektro & Elektronik Service Reuter,
Germany) [24]. The instrument has a high vacuum system (turbo molecular pump after
a backing pump) in order to evacuate the membrane samples. A pressure transducer
monitors the pressure increase due to the gas permeation in the permeate side, where the
volume is calibrated. The gas permeability (P) is obtained from the slope of the pressure
curve at steady-state conditions. In addition, the diffusion coefficient [D, Equation (1)] of
each gas is evaluated from the gas time-lag (θ) [25] that is obtained by extrapolating the
linear portion of the curve on the abscissa. The solubility coefficient [S, Equation (2)] was
indirectly obtained according to the “solution-diffusion” transport model that describes
the permeation of permanent gases at low pressure in dense polymeric films [26].

D = l2/6θ (1)

S = P/D (2)

The ideal selectivity was calculated as the ratio of the permeability values for two
gases. The film thickness was calculated as the average of multiple point measurements
taken with a digital micrometer (Mitutoyo).

Quantitative determination of metal ions in solution after the sequestration procedure
was performed by an Inductively Coupled PlasmapMass Spectrometry (ICP/MS) Nexion
300X (Perkin Elmer Inc., Waltham, MA, USA), using the kinetic energy discrimination
mode (KED) for interference suppression. Each determination was performed three times.
The accuracy of the analytical procedure was confirmed by measuring a standard reference
material, Nist 1640a trace element in natural water, without observing an appreciable
difference. Results obtained for LDH and LDH-MA were 18.80 and 20.21 ppm, respectively.
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Film transparency was determined through an ultraviolet-visible (UV-Vis) spectropho-
tometer UV-2401 PC Shimadzu (Kyoto, Japan). Light transmission in UV-Vis ranges
(200–800 nm) was determined. A film sample (4 × 1 cm2) was placed into the cell of the
spectrophotometer, and the transmission value at a wavelength of 600 nm was recorded.
The transparency of the films was then evaluated according to Equation (3):

Transparency (%Tr) =
log(T600)

x
(3)

where T600 is the % transmittance taken at 600 nm and x is the film thickness (mm).
According to this equation, the lower the transparency index value is, the higher the film
transparency [27–29].

3. Results

3.1. Materials

The as-prepared LDH-MA nanohybrid was characterized by XRD and TGA measure-
ments. Figure 1 reports the XRD of the pristine LDH with chloride anion (A) and the LDH
modified with MA (B). The pristine LDH shows the peak at 2θ ∼= 11.8◦ corresponding to
the basal reflection (003) and to an interlayer distance of 0.376 nm. The XRD of LDH-MA
shows that part of MA is intercalated into the pristine LDH, as evidenced by the peak at
lower 2θ ∼= 5.8◦, while part of LDH resulted as not intercalated, because of the co-presence
of the peak at 2θ ∼= 11.8◦.

Figure 1. XRD of the pristine LDH with chloride anion (A) and the LDH modified with MA (B).

Figure 2 reports the TGA thermograms of the pristine LDH with chloride anion
(A), the LDH modified with MA (B) and the MA (C). The first weight loss, between 100
and 140 ◦C, is due in both cases to the loss of intercalated water. The second weight
loss, as temperature increases from 300 to 500 ◦C, is due to the dehydroxylation of the
octahedral layers as well as the decomposition of the interlayer anion [30]. In the case
of LDH-MA, the second degradation step resulted as anticipated for the presence of the
intercalated MA. The methacrylic acid (MA) has a degradation temperature at about 75 ◦C.
It is evident that the intercalation into the LDH results in a significant improvement in MA’s
thermal stability, with the main thermal decomposition of the hybrid at around 350 ◦C. The
hydroxide framework is transformed into the corresponding oxide by dehydroxylation
above 400 ◦C. Such behavior, already found for several organic molecules intercalated into
LDH layers [31], confirms that the LDH hosts constitute an interesting protection of the
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organic molecule, providing the possibility to incorporate thermolabile molecules even in
polymers with high melting points.

Figure 2. TGA of the pristine LDH with chloride anion (A), LDH modified with MA (B) and MA (C).

3.2. Photodegradation of EVA and Composites

Samples of neat EVA, EVA + LDH and EVA + LDH−MA were subjected to accelerated
aging by using a UV lamp at 340 nm for up to 60 days. To appreciate variations in chemical
structure during the aging, samples were collected at different irradiation times and ana-
lyzed by TGA and FT-IR spectroscopy. Degradation of the EVA sample became detectable
after 15 days; indeed, at lower exposure times, the characteristic signals remain almost
unmodified (see Supplementary Figure S1). Specifically, at 30 days of photo-exposure,
the EVA sample registered an increase of carbonyl signals at 1775 cm−1 (Figure 3a) due
to the formation of lactone groups derived from UV exposure at 60 ◦C (Scheme 1). At
longer exposure times, this peak continued to increase, confirming data reported in the
literature [32–35]. By increasing the exposure time, oxidation of aliphatic groups bearing to
alcohol, acid and ketone groups occurred alongside, as confirmed by the appearance of the
peaks at 3484 cm−1 assigned to alcoholic species (Supplementary Figure S2).

Scheme 1. Photo-oxidative degradation with formation of acidic acid and lactone via back-biting
process.
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Figure 3. FT-IR spectra in the carbonyl region for EVA (a), EVA-LDH 3% (b) and EVA-LDH 5% (c)
samples at different exposure times.

The latter species were formed by hydrogen abstraction as well as Norrish reactions
occurring in polyethylene (PE) parts (Scheme 2), and reasonably contributed to the for-
mation of lactone, acid and ester bands. Due to the change of chemical surrounding as
a function of irradiation time, the peak at 1735 cm−1 was shifted at lower wavelengths,
whereas a shoulder at 1710 cm−1 assigned to the formation of acetic groups concomitantly
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appeared, becoming the predominant species (Schemes 1–3). The carbonyl band related to
C=O stretching is sensitive to the environment and its blueshift can be related to a strong
H-bonding [36].

Scheme 2. Mechanisms of photo-oxidation of PE moieties in the EVA copolymer [36].

Scheme 3. Mechanisms of photo-oxidation of VA moieties in the EVA copolymer [36].

It is worth noticing that at higher stages of degradation, photoproducts that originated
from different mechanisms were observable [36]. Particularly, photo-processes (Scheme 1)
occurred in the polymer bulk where the permeation of air is restricted, whereas the exposed
material surface is involved in photo-oxidative reaction pathways (Schemes 2 and 3).

As stated in the literature, polymeric matrices filled with nano-clays suffer light
exposure [16,37,38]. Hence, it is not surprising that EVA filled with 5% of LDH showed
an acceleration of photodegradation reactions as a function of exposure time, leading to
the formation of carboxylic groups already evident for low irradiation periods (Figure 3c).
As reported by Bocchini et al., LDH nanofillers can adsorb the antioxidant molecules,
preventing their migration at the polymer surface and thus reducing the oxidative induction
time [18].

From the inspection of samples filled with the LDH-MA at 3%, 5% and 10%, it appears
evident that the presence of LDH-MA nanohybrids changes the fate of the materials during
the exposure (Figure 4). A comparison of these spectra with those recorded for the samples
loaded with the not modified LDH shows a reduced incidence of the photoproducts in the
films loaded with the LDH-MA nanohybrids.
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Figure 4. FT-IR spectra in the carbonyl region for EVA + LDH-MA 3% (a), EVA + LDH-MA 5%
(b) and EVA + LDH-MA 10% (c) samples at different exposure times.

Figure 5 reports the absorbance values registered for acetic acid (Figure 5a) and lactone
(Figure 5b) signals as a function of the irradiation time, collected for all LDH-MA-filled
samples. As observed, a stabilizing effect induced by the presence of LDH-MA over this
time was shown.
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Figure 5. Absorbance values in FT-IR registered at different exposure times for (a) acetic acid and (b) lactone groups with
the EVA samples and the samples of EVA + LDH-MA at different percentages.

Specifically, formation of lactone and acetic acid groups derived principally from the
photodegradation process (Scheme 1) were drastically reduced by the presence of 5% and
10% of LDH-MA in the EVA matrix up to 45 days of exposure.

If compared with both LDH-filled and EVA original samples, the results suggested
an improved UV stabilizing effect due to the presence of nanohybrids in the matrix. It is
reasonable to suppose at least two possible explanations for this experimental evidence:
A different content of impurities, such as transition metal, responsible for the increase
of photo-oxidation rate [18], and alternately, the embedded MA can act as sacrificial
molecules by blocking radicals responsible for UV degradation and employing them in
MA polymerization. To discern between the two scenarios, ICP-MS analysis of LDHs and
LDH-MA were performed. As expected, a similar content of Fe ions for both samples (see
Section 2.4 Methods) was obtained. In light of this, the MA polymerization seems to play a
key role in preventing the photo-oxidative reactions in the EVA matrix.

As a consequence, an increment of stabilization activity by adding more LDH-MA
nanohybrid to the EVA is also expected. Samples containing 10% of nanohybrid exhibited
a controversy in terms of mechanical properties. Specifically, after 45 days of photo-
irradiation, the sample was extremely fragile, indicating that chain scission processes
were prevalent and mostly extended for these irradiation times. Since the addition of
such hybrid nano-clays can notably accomplish the photostability of the EVA matrix,
suggesting its application for PV or agriculture purposes, transparency measurements
were also performed. In Figure 6, the film transparency calculated by UV-Vis spectroscopy
(see Section 2) revealed that such a peculiar feature, strictly required for application as an
encapsulation agent or greenhouse film, was not significantly affected by the introduction
of the modified LDH filler. In particular, the optical transparency was decreased by only
0.4%, 1.2% and 1.7%, with an LDH-MA content of 3%, 5% and 10% respectively, if compared
to a neat EVA sample.
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Figure 6. Transparency index (%) of neat EVA and EVA + LDH/MA films.

TGA measurements of EVA, EVA + LDH and EVA + LDH−MA films were performed
to appreciate the variation of their thermal stability as a function of UV exposure time.
Tables 1–3 report onset temperature of degradation (a), temperatures at maximum rate
of decomposition (TMD) (b) and residual masses (c) for films based on EVA or on EVA
loaded with 5% of filler. As expected, the addition of LDH fillers (Table 2, Supplementary
Figure S5) increased the thermal stability of the EVA polymer for all formulations if
compared to a neat EVA sample, although values underwent to a slight decrement as a
function of exposure times (Supplementary Figures S4–S6, Tables S3 and S4). It is worth
noting that higher LHD content triggered the formation of insoluble residue for prolonged
photo-oxidation times, indicating the occurrence of crosslinking phenomena (Table 2,
Supplementary Figures S4–S6, Tables S3 and S4). A different trend in thermal stability was
registered for the samples containing nanohybrid at 5% (Table 3). Although LHD is added,
the presence of the 30% of MA into the clay determines an inferior effect in terms of final
thermal stability, resulting quite similar to that exhibited by the EVA film (Table 1). Light
irradiation also induced gel formation, even if the amounts measured along the exposure
time are reasonably inferior if compared with the EVA samples filled with only LHD.
Similar results were obtained by analyzing EVA filled with 3% of nanohybrid.

Table 1. Onset temperatures of degradation, temperatures at maximum rate of decomposition and
residual masses of EVA at 0, 45 and 60 days of exposure.

EVA T95 (◦C) a Tpeak (◦C) b Residue c

t = 0 336 471 -
t = 45 326 471 -
t = 60 323 472 -

a Temperature at 5 wt% of weight loss; b Temperature at the maximum derivate of weight loss; c % of residue at
600 ◦C.
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Table 2. Onset temperatures of degradation, temperatures at maximum rate of decomposition and
residual masses of EVA + LDH 5% at 0, 45 and 60 days of exposure.

EVA T95 (◦C) a Tpeak (◦C) b Residue c

t = 0 337 476 0.5
t = 45 332 473 1.6
t = 60 328 479 5.3

a Temperature at 5 wt% of weight loss; b Temperature at the maximum derivate of weight loss; c % of residue at
600 ◦C.

Table 3. Onset temperatures of degradation, temperatures at maximum rate of decomposition and
residual masses of EVA + LDH-MA 5% at 0, 45 and 60 days of exposure.

EVA T95 (◦C) a Tpeak (◦C) b Residue c

t = 0 336 470 1.5
t = 45 327 438 3.4
t = 60 327 465 3.3

a Temperature at 5 wt% of weight loss; b Temperature at the maximum derivate of weight loss; c % of residue at
600 ◦C.

3.3. Gas Permeation Tests

The prepared films were tested as-prepared and after the prolonged photo-oxidation
treatment. The neat EVA membranes presented a CO2 permeability higher than O2. Indeed,
the polar acetate group (O=C-O-) in the EVA copolymers has a preferential affinity for the
polar CO2. The measured data on the neat EVA films are in agreement with those reported
by Mousavi et al. for EVA membranes prepared by a thermal-wet-phase separation method
using THF as a solvent (referred to as “EVA-28”) [39]. Interestingly, the present values are
higher than those reported for membranes prepared using the thermal-phase inversion
method [38]. The UV exposure reduces the gas permeability in neat EVA samples (Figure 7)
and an accelerated physical aging of the films is evident at treatment times larger than
15 days.

Figure 7. CO2 permeability (a) and CO2/O2 selectivity (b) for the films based on EVA with increasing loadings
of LDH-MA. Film conditions: “as-prepared” (0 days) and photo-exposed (15 and 30 days). 1 Barrer = 10–10 cm3

(STP) cm cm−2 cmHg−1 s−1.

A substantially constant permeability was observed for both gases as LDH content
increased (Supplementary Figure S10). The permeability decay observed in the neat
polymer was also evident in the LDH-filled films upon photo-oxidation (Supplementary
Figure S10). It is coupled to a progressive decrease of CO2/N2 selectivity (Supplementary
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Figure S10) when the treatment time is prolonged. At higher filler content, the selectivity
is further depressed, probably due to the formation of nano-defects at the polymer-filler
interface resulting from the densification of the membrane matrix upon photo-oxidation.

The gas permeation data measured in LDH-MA-loaded films evidenced the stabilizing
role exerted by the modified fillers. The increase in the LDH-MA loading produced a
systematically larger permeability (Figure 7) for both gases that can be attributed to the
channels in the LDHs or to structural changes caused by the exfoliated lamellae within the
polymer matrix. This phenomenon is coupled to a negligible change in CO2/N2 selectivity,
proving the integrity of the tested films (Figure 7). The evaluation of diffusion and solubility
coefficients provided more information on the nanocomposites (Figure 8). In particular, the
incorporation of the modified lamellar LDHs within the EVA matrix resulted in a reduction
in the diffusion coefficient owing to an increased tortuosity for the diffusion pathways.
On the other hand, the calculated solubility coefficient of CO2 increased in the presence
of the fillers, indicating a preferential affinity of the additives. However, the solubility
contribution was predominant.

Figure 8. CO2 diffusion (a) and solubility (b) coefficients for the films based on EVA with increasing loadings of LDH-MA.
Film conditions: “as-prepared” (0 days) and photo-exposed (15 and 30 days).

As already observed on the neat polymer, the photo-oxidative stress reduced the gas
permeability of the films with respect to the “as-prepared” samples. Small differences
were detected after a photo-exposition of 15 days, while a more pronounced permeability
reduction was registered after the prolonged photo-oxidative treatment (30 days). The
films remained defect-free after their photo-oxidation for irradiation times up to 30 days,
and reached a similar permeability, independent of the filler amount. Indeed, the CO2/O2
selectivity remained nearly constant (ca. 5.5). A deeper analysis of the CO2 transport terms
on the photo-oxidized films revealed, in analogy to what was observed in the as-prepared
samples, a reduced gas diffusion coefficient coupled with a larger solubility upon the
increase in the photo-oxidation exposure time (Figure 8). This behavior could be ascribed
to crosslinking phenomena occurring on the films during the oxidation, as suggested by
TGA data (Tables 2 and 3). Song et al. demonstrated the creation of surface-densified layers
for highly permeable PIM-1 membranes upon photo-oxidation treatment [40].

4. Conclusions

In order to take advantage of the great potential of Layered Double Hydroxides
(LDHs) in formulating EVA nanocomposites without sacrificing their light durability,
in this study, they were intercalated with methacrylic anion (MA) and mixed with the
polymer matrix using the sustainable ball-milling process. It was demonstrated that up
to 10% of loading, EVA nanohybrids maintained transparency, while their characteristic
photo-oxidative processes triggered by UV irradiation were postponed at longer exposure
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times, allowing an increase of polymer durability. The presence of MA, that reasonably
underwent to polymerization upon UV exposure, seems to play a key role in mitigating
the photodegradation also triggered by the loading of nano-clays into the EVA matrix.
Furthermore, the addition of LDH-MA is more effective in providing enhanced resistance to
UV radiation, also noticeable in terms of gas transport properties. Indeed, their selectivity
remained almost unchanged up to 30 days of exposure, whereas a slight permeability decay
was observed in both neat EVA and LDH-filled samples. In general, the EVA/LDH-MA
nanocomposite films demonstrated a good structural stability, since the post-treatment had
no detrimental impact on their gas selectivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13152525/s1, Figure S1: ATR infrared spectrum of EVA at different exposure time,
Figure S2: ATR infrared spectra of EVA (a), EVA-LDH 3% (b) and EVA-LDH-MMA 3% (c) as prepared,
and after 45 days of exposure time, Figure S3: TGA profiles of EVA TQ as prepared, and after 45 and
60 days of exposure time, Figure S4: TGA profiles of EVA + LDH 3% as prepared, and after 45 and 60
days of exposure time, Figure S5: TGA profiles of EVA + LDH 5% as prepared, and after 45 and 60
days of exposure time, Figure S6: TGA profiles of EVA + LDH 10% as prepared, and after 45 and 60
days of exposure time, Figure S7: TGA profiles of EVA + LDH +MMA 3% as prepared, and after 45
and 60 days of exposure time, Figure S8:TGA profiles of EVA + LDH +MMA 5% as prepared, and
after 45 and 60 days of exposure time, Figure S9:TGA profiles of EVA + LDH +MMA 3, 5 and 10%,
Figure S10: CO2 Permeability and CO2/O2 selectivity for the films based on EVA with increasing
loadings of LDH and photo-exposed (15 d, 30 d and 45 d).Table S1: Onset temperature of degradation,
temperature at maximum rate of decomposition and residual masses of EVA+LDH+MMA 3% at 0,
45 and 60 days of exposure, Table S2: Onset temperature of degradation, temperature at maximum
rate of decomposition and residual masses of EVA+LDH+MMA 10% at 0, 45 and 60 days of exposure,
Table S3: Onset temperature of degradation, temperature at maximum rate of decomposition and
residual masses of EVA+LDH 3% at 0, 45 and 60 days of exposure, Table S4: Onset temperature of
degradation, temperature at maximum rate of decomposition and residual masses of EVA+LDH
10% at 0, 45 and 60 days of exposure, Table S5: CO2 Diffusion coefficient extracted from values in
Figure S8.
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Abstract: Carbon fiber-reinforced polymers are considered a promising composite for many indus-
trial applications including in the automation, renewable energy, and aerospace industries. They
exhibit exceptional properties such as a high strength-to-weight ratio and high wear resistance and
stiffness, which give them an advantage over other conventional materials such as metals. Various
polymers can be used as matrices such as thermosetting, thermoplastic, and elastomers polymers.
This comprehensive review focuses on carbon fiber-reinforced thermoplastic polymers due to the
advantages of thermoplastic compared to thermosetting and elastomer polymers. These advantages
include recyclability, ease of processability, flexibility, and shorter production time. The related
properties such as strength, modulus, thermal conductivity, and stability, as well as electrical con-
ductivity, are discussed in depth. Additionally, the modification techniques of the surface of carbon
fiber, including the chemical and physical methods, are thoroughly explored. Overall, this review
represents and summarizes the future prospective and research developments carried out on carbon
fiber-reinforced thermoplastic polymers.

Keywords: carbon fibers; polymer-matrix composites (PMCs); thermoplastic resin; surface treatment

1. Introduction

In an ever-evolving world, developing new sustainable materials with excellent prop-
erties while ensuring they fall into the category of circular economy materials is essen-
tial to meet industrial demands and prevent environmental pollution. New materials
must overcome existing challenges such as high cost, recyclability, reliability, and energy
consumption. For example, such materials for high-performance products need to be
lightweight and strong to take diverse loading conditions, such as turbine blades in wind
energy applications. They also must not create new problems regarding safety, availability,
and processability. One of the main challenges of developing a new product is reducing the
weight and increasing load-bearing capability at the same time [1–4]. One of the promising
lightweight materials is carbon fiber (CF), characterized by high-strength, high-temperature
resistance, and good chemical resistance. CF is non-toxic, low-density, has high wear resis-
tance, and is a non-corrosive, recyclable material with an outstanding strength-to-weight
ratio. Overall, it has exceptional thermal, mechanical, and electrical properties. CF is made
when source materials such as synthetic polymers (polyacrylonitrile, pitch resin, or rayan
spun) are carbonized through oxidation and thermal treatments (hydrolysis) at high tem-
peratures while applying tension with final CF products’ appropriate controlled properties.
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It is well known that higher carbonization temperatures (up to 2500 ◦C) can achieve a
high carbon content in CF. Today, CF-reinforced polymer matrix composite products are
widely used in various applications due to their excellent mechanical, thermal, electrical,
structural, and tribological properties. These applications include use in wind energy,
aerospace, automobile, infrastructure, marine, and building and construction industries, as
well as in sporting goods [4–7].

The global CF-reinforced polymer matrix composites demand is shown in Figure 1.
This figure shows significant CF use in several industrial applications. CF can be classified
into several categories depending on the properties, precursor materials, and final heat
treatment temperatures. They can also be classified based on length or orientation within
a matrix as long, short, continuous, and discontinuous fibers. Consequently, the various
architectures of CF enable different applications. For example, discontinuous fiber compos-
ites are used in high-volume applications where nearly isotropic mechanical properties are
desirable. Continuous fiber (CCF) composites are best used in low-volume applications
that require maximum mechanical properties in one or two directions, such as impact
panels, support beams, and containment vessels. Several studies reported the effect of CF’s
orientation on the properties of polymer composites [8–18].

Figure 1. Global CFRP consumption in 2018 is categorized by (a) application, (b) sales, (c) region, and (d) manufacturing
techniques. Global CF consumption in 2020 (e) by application and (f) estimated worldwide CFRP waste in 2050 from the
aeronautical sector by region [6].

Carbon fiber reinforced polymers (CFRP) have been widely investigated. Many types
of research have focused on using CF-reinforced thermosetting polymers such as epoxy and
polyester resins. Many published reviews have explored state-of-the-art CF-reinforced ther-
mosetting polymers. Moreover, manufactured thermoset composites are unrecyclable due
to thermosetting polymers’ characteristics. Hence, in large-scale production aspects, they
exemplify environmental and economic issues [19]. A recent review by Hegde et al. [17],
who reviewed CFRP materials and their mechanical performance, stated that such materi-
als’ prices considerably dropped in the 1990s. Subsequently, these materials were utilized
in sports equipment. Additionally, between 1998 and 2006, the utilization of CFRP doubled
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in the world market. The compound annual growth rate for the utilization of CFRP in 2018
was predicted to be 12.5%.

On the other hand, another class of promising lightweight materials is thermoplastic
polymers. They are also called thermosoftening plastics that become modulable at certain
temperatures and solid upon cooling. Most thermoplastic polymers are recyclable and
easily shaped to the desired requirements. Thermoplastic polymers can be combined
with unidirectional CF, discontinuous (short and long CF), or CCF to achieve composite
materials with improved mechanical, thermal, and electrical properties in one or multiple
directions. Thermoplastic polymers can further be classified as the following: (1) com-
modity or general plastics such as polyethylene (PE), polypropylene (PP), polystyrene
(PS), and acrylonitrile butadiene styrene (ABS) resin. (2) High performance or engineer-
ing plastics including polyamide (PA), polyethylene terephthalate (PET), polycarbonate
(PC), polyetheretherketone (PEEK), polyetherimide (PEI), polyethersulfone (PES), and
polyphenylene sulfide (PPS) [1,4,7]. Table 1 shows some thermoplastic polymers, chemical
formulas, and related applications. Therefore, thermoplastic polymers have received vital
consideration as a matrix due to the lack of prerequisites in curing stages and less danger-
ous chemical compositions, and better recycling suitability and mass production capability
compared to thermosetting polymers. These characteristics give thermoplastic polymers
an advantage over thermosetting polymers. Furthermore, the final composite products
have enhanced properties compared to the individual components, i.e., thermoplastic and
CF. Carbon fiber-reinforced thermoplastic polymers (CFRTP) offer weight reductions of
about 50% compared to steel and 20% compared to aluminum [5,20,21].

Table 1. Types of thermoplastics include commodity and high-performance engineering plastics.

Thermoplastic Polymers

Commodity Plastics High Performance Engineering Plastics

PE PP PS PA PEEK PET

(C2H4)n
Electrical high

voltage
applications in

cables and water
storage

applications such
as pipes and tanks.

(C3H6)n
Manufacturing

parts of
automobiles,
refrigerators,
medical use,

clothing, washing
machines.

(C8H8)n
Electrical and

thermal insulation
applications. Used
frequently in the

building and
construction.

(CO-NH)n
Used in

manufacturing
fibers and yarns as

well as bearings,
valves, and gears
plus packaging

industry.

(C19O3)n
Used in

manufacturing
parts in

automobiles and
airplanes including

gears, valves.

(C10H8O4)n
Mostly used in
food packaging,

bottles, cloth,
fibers, tapes,
thermal and

electrical
insulations.

CFRTPs are frequently manufactured using conventional molding approaches, such as
injection, rotational, extrusion, vacuum, and compression moldings. Although CFRTP has
attracted many researchers recently due to its excellent mechanical and thermal properties,
recyclability, flexibility, less production time, and environment-friendly manufacturing, it
is still in the development stages for some applications, and there are existing issues with
high manufacturing costs to be overcome [1,7,19].

It is well known that synthesized CF materials have a smooth, natural surface with
chemical inertness and are non-polar, while the polymer is generally polar. Due to this
different polarity, the reinforcing process must be preceded by treating the CF’s surface.
The treatment is conducted by creating functional groups on the surface of CF to ensure
good interfacial adhesion between the polymer (matrix) and the CF (reinforcement), which
is required to achieve high-performance composite materials; this is essential to their
practical application. Many researchers have noticed the importance of strong bonding
between the reinforcement and the matrix for high-performance composites [21–25].

Moreover, during the manufacturing process, many aspects must be taken into account
to ensure a high quality of the final product while maintaining an efficient manufacturing
process. For instance, the manufactured CF must be wear resistant, handle loads without
cracking, and function successfully in a wide range of conditions such as high temperatures
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and humidity. Additionally, during the manufacturing process, energy consumption,
cost of equipment and labor, environmental sustainability, and large-scale production
ease are essential factors that must also be taken into account [4,25–27]. To improve the
composites’ potential in the mentioned sectors and others, it is important to make a strategic
road-mapping activity. Europe has a competitive composites industry. However, many
challenges are still to be addressed. A roadmap for the challenges and the industrial
uptake of CF and advanced high-performance composites’ supply chain in Europe has
been published recently by Koumoulos et al. [25].

In this review, we explore the state-of-the-art of CF-reinforced thermoplastic polymers
and their future, focusing on the modification methods for CF reinforcement. These possible
modification processes are needed to improve the interfacial adhesion between the matrix
and the CF. In conclusion, this review offers a comprehensive overview of the CFRTP
properties necessary for scientists and decision makers to decide if CFRTP is a suitable
material for their objectives and how this composite material could be utilized to achieve
a more sustainable and circular economy of the materials for several high-performance
applications including in the automotive aerospace industries and in turbine blades used
in wind energy.

2. Properties of CFRTP

Researchers and developers have shown a great deal of interest in CFRTP composite
due to its tremendous and wide range of properties and the potential of utilizing it in
many industrial applications. Moreover, these properties can be altered or enhanced by
determining which materials and methods to use. For example, what is the length of the
fibers? In which direction are they aligned in the matrix? Was the surface of CF treated
or not? Every choice made during the process will affect the composite properties; hence,
it will either limit or expand the possibility of utilizing the material in specific industries.
Some of these properties are crucial in every thinkable application, such as the mechanical
strength of CFRTP.

Meanwhile, enhancing the electrical conductivity needed in specific industrial sectors
such as electronics, energy storage, or in the automotive industry, when it is being used as
a multifunctional part in addition to electromagnetic shielding effectiveness (EMI shielding
effectiveness), is crucial when the composite is meant to be used in an application that
requires an electromagnetic attenuation material, for example, when it is used in the wings
of airplanes to protect them from lightning strikes. The following sections will explore CF
surface modification and CFRTP’s properties as reported in the previous literature. It is
essential to keep in mind that certain properties were enhanced for specific applications.
Therefore, what seems like an excellent result for a particular application might be viewed
as an obstacle in another sector, as shown in Figure 2.

2.1. CF Surface Modification: A Primary Factor Affecting the Performance of CFRTP

The interfacial property is a primary factor because when the bond is strong, the load
is transferred successfully from the matrix to the CF without causing any damages to the
product. The interfacial bond between the CF and the thermoplastic matrix is seemingly
weak due to their unidentical polarities. Thermoplastics are mostly polar, while CF is
not. Several CF surface treatment methods have been investigated to solve this issue,
including both chemicals and physical treatment approaches [7,12,21,22,24,28–37]. It has
been reported that the adsorption of some polymeric particles using the electrophoresis
process could be used for controlling the interfacial properties and adhesion between
carbon fibers and thermoplastic resins through the control surface adhesion between CF
and polymer matrix [38]. Figure 3 displays a schematic diagram showing bad and excellent
interfacial adhesion between the polymer matrix and CF. Figure 4 shows the most common
treatment methods of CF surfaces used in this field.
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Figure 2. Properties and their connections to different industrial sectors.

Figure 3. Schematic diagram of poor and excellent interfacial adhesion between the polymer matrix and the reinforcement.
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Figure 4. The standard treatment methods of CF surfaces.

2.1.1. Chemical Treatments

Coupling agents and compatibilizers improve the adhesion characteristics in bonds
between the reinforcement and matrix in composite materials. For instance, the addition
of three types of maleic anhydride grafted polypropylene (MAPP) as coupling agents
with different molecular weights and maleic anhydride contents were investigated by
Wong et al. [28]. They studied their effects on the interfacial adhesion of recycled carbon
fiber (RCF)-reinforced PP composites. They concluded that the compatibility was strongly
dependent on the molecular weight and anhydride groups in the coupling agent. Various
coupling agents also have been investigated by Han et al. [39], who used a silane coupling
agent for CF-reinforced PP composites. The authors concluded that treating the CF surface
using coupling agents significantly impacts the CF-PP matrix interaction and composite
materials’ performance. A similar study has been carried out by Unterweger and his col-
leagues [35], who evaluated the influence of short carbon fiber (SCF) surface properties and
the amount of modified homo PP (MAPP) as a coupling agent. Strong adhesion between CF
and PP matrix has been reported by Cho et al. [40], who used a bi-functional group grafted
as a coupling agent to modify long carbon fiber (LCF) to enhance PP/LCF composites’
mechanical strength. An aminated polyphenylene sulfide (PPS-NH2) as a compatibilizer
agent has been investigated by Zhang et al. [41], who studied PPS/CF composites. The
results showed that such amination chemical treatments improved the compatibility be-
tween the CF and PPS matrix, which enhanced the adhesion at their interface. Additionally,
three different PE copolymers as compatibilizers have been used by Savas et al. [42], who
fabricated a CF-reinforced high-density polyethylene (HDPE) matrix. It was found that
interfacial adhesion depended on the type of copolymers. However, all compatibilizers’
addition improved interfacial properties of the investigated composites compared with
the composites without any compatibilizers. Park et al. [43] investigated PC/CF compos-
ites’ interfacial properties using two coupling agents, including tetrahydrofuran-soluble
graft copolymers and a water-dispersible coupling agent. His results indicated that both
copolymers caused an enhancement in the interfacial shear strength (ILSS) due to chemical
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bonding at the interface between the functional group at the surface of CF and the groups
in the copolymers. Liu et al. [44] stated that an enhancement of surface energy between
CF and PVDF had been achieved after using a novel maleic anhydride grafted PVDF as a
coupling agent. In a similar study, three different modification techniques were combined
by Tran et al. [45], who fabricated PVDF/CF composites. The PVDF was modified by a
maleic anhydride grafted PVDF, and the surface of CF was treated by electrochemical
oxidation and/or epoxy sizing materials. The sizing materials are a coupling agent coating
coated over a CF surface to improve CF’s binding capacity to the polymers. The term sizing
is frequently used to remove the confusion between the coupling agent’s size and the size
relating dimension [36].

Consequently, sizing materials have been applied to modify the surface of CF. The
properties of CF-reinforced polyamide 6 (PA6) Composites have been evaluated by
Karsli et al. [46], who used different sizing materials including polyurethane (PU), PA, poly-
imide (PI), phenoxy, and epoxy/phenoxy. The results obtained in this study confirmed that
the selection of sizing materials had a critical effect on the final properties of CF-reinforced
polyamide 6,6 (PA6,6) composites. As a result, PA and PU were determined to be suitable
CF sizing materials for the PA6,6 matrix compared with phenoxy and epoxy/phenoxy.
In an attempt to produce high-quality PA6 incorporated with long CF (LCF) composites,
Luo et al. [47] used an isocyanate modified epoxy emulsion and silane coupling agent
as sizing treatment of CF first to achieve the desirable interfacial bonding between CF
and PA6. Another set of sizing material, i.e., epoxy/phenoxy, PI, and phenoxy and their
effect on the mechanical properties of CF-reinforced PC composites, has been investigated
by Ozkan et al. [48], who concluded that these sizing materials protected CF during the
processing leading to better interactions between sized CF and PC matrix. In another study,
PC polymer was used as a sizing agent for PA6/CF composites by Zhang et al. [49]. It
was concluded that the sizing alters the chemical composition of the CF surface, including
the (oxygen/carbon) O/C ratio, and the percentage of activated carbon atoms gradually
increases as the sizing concentration increases. The interfacial strength between CF and
PA6 matrix improved remarkably. Considering the composites’ interfacial strength, the
most effective sizing concentration is determined to be 1.0–1.2%. The transverse fiber
bundle test was completed to determine the interfacial adhesion between CF and PA6
matrix. Liu et al. [50] prepared poly (phthalazinone ether ketone) (PPEK)/CF composites,
and they used PPEK as a sizing material for CF with three different concentrations: 0.1,
0.5, and 1 wt%. They studied the compatibility between sized CF and PPEK resin using
contact angle and found that the uniformly sized CF was more compatible with PPEK resin
than unsized CF. A similar result was observed by Wen Bo et al. [51], who investigated the
interfacial properties of CF-reinforced PPEK composites. In contrast, Yu et al. [52] reported
weak interfacial adhesion between the PC matrix and CF reinforcement after coating its
surface by PET following by coupling agent treatment. A similar observation was noted for
CF-reinforced PP composites by Unterweger and his colleagues [35]. It has been reported
that, due to the complexity of the CF’s surface, sizing material composition, and differences
in chemistry, a more comprehensive investigation into a cross-section of sizing materials
should be conducted in future research [53].

Acid treatments have also been utilized to improve the interfacial properties of CFRTP
composites. For example, the chemical interaction of HDPE with CF without using any
coupling agent has been reported by Khan et al. [54]. They concluded that significantly
proliferated fracture strain, flexural modulus, and flexural strength increased the CF layers
in composites up to 20 layers. However, Shengbo et al. [55] reported that treated CF
(with nitric acid) is more compatible with the HDPE matrix than the untreated one. They
explained that the hydrophilic carboxylic group of benzoic acid reacted with a hydroxyl
group of treated CF, which improved their compatibility with the PE matrix. Additionally,
Chunzheng et al. [56] reported an enhancement of the interfacial interaction between ultra-
high-molecular-weight polyethylene (UHMWPE) and CF after acid treatments. The CF
was exposed to nitric acid oxidation treatments and introduced into polyoxymethylene
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composites (POM/CF) in an experiment conducted by Zhang et al. [57]. They concluded
that the introduction of reactive functional groups, the surface’s roughness, and increased
disordered carbon on the surface of nitric acid-treated fiber were proved. The nitric acid
treatment altered the fiber’s surface roughness in a way that significantly enhanced the flex-
ural strength and modulus relative to virgin POM for POM/CF composites. Liang et al. [58]
used chloroform as a solvent for treating the surface of SCF.

Two methods of improving the interfacial interaction between CF and PS were in-
vestigated by Li et al. [59]. They used the modification of the PS matrix by adding the
compatibilizing agent maleic anhydride grafted PS and functionalization of the CF sur-
face with nitric acid. As expected with the surface treatment of carbon fiber, the authors
concluded that the surface oxygen and nitrogen content increased, leading to a rise in the
overall surface energy of the fibers, which resulted in an excellent interfacial interaction
between CF and PS matrix. Both physical and chemical techniques (oxidation and coating)
were used by Yan et al. [60], who modified the surface of CF with the oxidation method
and coated it with a layer of PA12. The results showed improvements in dispersion and
interfacial bonding between CF and thermoplastic matrix after these treatments. Qiu-
jun et al. [61] manufactured UHMWPE/CF composite materials; they used acid-treated
carbon nanotubes (CNTs) to enhance the resin, and CF’s interfacial adhesion is a combina-
tion of physical and chemical treatment methods. CF was immersed in CNTs solution. The
results showed a significant improvement in interfacial interaction. This enhancement was
attributed to CNTs interlock, which improved the compatibility between the UHMWPE
matrix and CF reinforcement.

The electrochemical method was used to modify the CF’s surface by Shengbo et al. [55],
in which packs of CF were connected to positive electrodes and immersed in nitric acid
(HNO3). Their results indicated an enhancement in the interfacial strength due to CF’s
functionalized surface. Li et al. [62] found that HNO3 treatment efficiently improved
the CF-reinforced ABS composites’ interfacial adhesion. Additionally, ozone treatment
was found to increase the oxygen concentration on the CF surface, which improved the
interfacial adhesion with the matrix, by Fu et al. [63]. They reported no changes in the other
properties, such as the tensile strength of the fibers themselves. Ozone modification and
air-oxidation modification were used to improve the interfacial adhesion of CF-reinforced
PI composites by Li et al. [64]. They found that ozone treatment effectively improved the
interfacial adhesion between CF and PI. The strong interfacial adhesion of the composite
made CF not easily detachable from the PI matrix and prevented the rubbing-off of PI,
which, accordingly, improved the friction and wear properties of the composite. Similar
observations were reported by Li et al. [65] for PA6/CF composites.

2.1.2. Physical Treatments

Furthermore, plasma treatment for treating CF surfaces was reported by Montes et al. [66],
who studied its effect on the interfacial properties of CF-reinforced PC composites. The
authors concluded that the interfacial adhesion between CF and PC increased due to
increased functional groups after the plasma treatment. A plasma treatment (oxygen
and helium) at atmospheric pressure for different time treatments was conducted by
Xie et al. [67]. The researchers found an improvement in the PA6/CF composite systems’
interfacial properties due to the increase in oxygen concertation in the surface of CF,
roughening, and its energy surface. Additionally, microwave plasma treatments on CF have
been reported by Lee et al. [34]; they reported an improvement in the interfacial properties
of CFRTP composites due to the enhancement in the mechanical interlocking between the
modified CF and cyclic butylene terephthalate (CBT) matrix. Lee et al. [68] investigated
the effects of RCF plasma treatment at dry air and CO2 plasma conditions. They reported
that the gas types and exposure time are the main factors for the modification’s efficiency
for improving the adhesion properties. Recently, the effect of the atmospheric plasma
treatment of RCF-reinforced PP composites at different plasma powers was investigated
by Altay et al. [69]. Similarly, Han et al. [39] concluded that the hydroxyl group’s density
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was the highest among the specimens with 1 min of plasma treatment, but it reduced the
plasma treatment time (at 3 min). Moreover, it has been reported that low-pressure plasma
treatment was found to increase the amount of oxygen on the CF’s surface [67,69].

Additionally, the irradiation method is to enhance the adhesion performance of CFRTP
composites. For example, an irradiated PP was used by Karsli et al. [70] as a compatibilizer
for fabricating PP/CF composites. Their results concluded that the irradiated PP as a
compatibilizer enhanced the interfacial adhesion between the CF and PP matrix, leading to
improved mechanical properties. A similar achievement for adhesion has been reported
by Mao et al. [71]. They used amino-functionalized CF using an electron beam irradiation
technique, which gave a better surface and interfacial properties of their composites. An
overview of new oxidation methods for PAN-based CF conducted by Shin et al. [24]
selected PAN precursor fibers as the subject of focus and studied three major categories
of radiation-induced polymer stabilization processes: electron beam, γ-radiation, ultra-
violet, and plasma treatment. Therefore, it is concluded that further development of these
radiation-based oxidation processes can significantly improve the speed of CF production
and reduce its environmental impact. Additional recent studies by Jung et al. investigated
the radiation effect on CF-reinforced HDPE composites [72], who concluded that the
adhesion between CF and HDPE was improved, and the surface properties of CF HDPE
were changed by irradiation. It was also supposed that irradiation provided two main
effects on CFRTP. One was cross-linking of thermoplastic resin for efficient load transfer
from resin to CF and the formation of surface functional groups and attractive interaction
of these functional groups at the fiber and matrix interface.

Materials coating is also one of the methods that have been used to improve inter-
facial adhesion. For instance, metal coating with Ni-plated CF improves the desirable
properties and the interfacial adhesion reported by Lu et al. [73], who manufactured dif-
ferent commodity plastics and reinforced CF composites, respectively. Still, this is not a
favorable choice due to increased possibilities of corrosion occurrence. This degradative
process is attributed to the electrically conductive nature of CF and its surface chemistry.
The Ni-plated CF was used as a tracer to investigate the CF orientation in thermoplas-
tic/CF composites by Nagura et al. [10]. Ofoegbu et al. [33] carried out a recent review that
highlighted the potential corrosion challenges in multi-material combinations containing
CFRP, the surface chemistry of carbon, its plausible effects on the electrochemical activity
of carbon, and, consequently, the degradation processes on CFRP.

Furthermore, there are examples of grafting nanoparticles to the surface of CF to
enhance the interfacial adhesion between CF and thermoplastic matrices. For instance,
excellent interfacial adhesion has been reported by Li et al. [74], who investigated the
performance of PES/SCF composites. They coated CF’s surface with graphene oxide (GO)
and reported a remarkable improvement in the interfacial adhesion properties. Similar
results were observed by Wang et al. [75], who investigated the effect of GO coating on
PP/SCF composites’ properties. These improvements were attributed to the excellent
progress in the chemical and mechanical interaction (interlocking) between GO on the
surface of CF and the PP matrix as superior interfacial bonding. Yongqiang et al. [76]
deposited CNTs and GO on CF. They reported an enhancement in the interfacial adhesion,
roughness, and wettability of the CF surface to increase adhesion between the PI matrix
and the CF due to hydrogen bonding and mechanical interlocking.

Ma et al. [77] prepared PA6/CF, and to enhance compatibility between CF and PA6,
they modified the surface of CF by grafting GO on its surface using a coupling agent.
The results showed an enhancement in the interfacial properties compared to untreated
specimens. Li et al. [78] coated SCF with GO to enhance the PES/CF composite’s interfacial
properties. They found an enhancement in the composite’s interfacial and mechanical
properties compared to uncoated SCF with 0.5 wt% as the highest concentration of GO
to enhance the composite properties. Irisawa et al. [79] studied the effect of nanofiber
for CF-reinforced PA6 and concluded that nanofiber’s addition increased the bending
properties of such composites. These results showed that nanomaterials are a promising
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candidate for improving interfacial adhesion between thermoplastic and CF to achieve
maximum mechanical properties. A better interfacial adhesion for CF-reinforced vinyl
ester composites was observed by Li et al. [80]. They concluded that better interfacial
adhesion between CF and PEEK matrix was noticed after adding/grafting CNTs to the
CF-reinforced composites’ surface. An article that reviews interfacial bonding techniques
used to increase the fiber-matrix interfacial bond strength of CF-reinforced polyaryl ether
ketones (PAEK) polymer has been published by Veazey et al. [81].

2.2. Mechanical Strength and Modulus of CFRTP

Due to excellent mechanical properties, the use of CF has grown remarkably. The CF-
reinforced thermoplastic composites enhanced mechanical properties of final composites,
including tensile strength, tensile modulus, flexural modulus, flexural strength, creep
resistance, wear resistance, and toughness alongside other properties such as thermal
and electrical conductivity. In the automotive, aerospace, and many other manufacturing
industries, the usage of CF-reinforced polymers has rapidly improved in the last ten
years due to the features mentioned above. However, the CF-reinforced composites have
low wettability with most polymers because of their nonpolar surface characteristics.
The low-interfacial bonding strength between the fibers and polymer matrices results in
inadequate mechanical performance in composites [17,35,56,63,69]. The apparent ILSS
of the composite is usually used to characterize adhesion quality between the fiber and
matrix [39,51,56]. Likewise, a transverse fiber bundle test technique has been proposed to
assess the fiber/matrix interfacial adhesion without making composite materials [48,82].

The ILSS increased by 300% for PP/SCF composites prepared with the addition of
CNTs and MAPP as a coupling agent, as reported by Arao et al. [83]. Additionally, an
increase of 115.4% and a 27% increase in impact toughness have been reported after grafting
CNTs on CF as hybrid fibers for a CF-reinforced PPEK composite by Liu et al. [84]. Wen
Bo et al. [51] reported that about 80% of the apparent ILSS in the PPEK/CF composite
system was attributed to residual radial compressive stress at the fiber/matrix interface.
A similar conclusion has been reported by Qiujun et al. [61], who studied the mechanical
properties of CF-reinforced UHMWPE composites and stated that a 70% increase in ILSS
was observed. Ma et al. [77] found that the ILSS increased by 40.2% of PA6/CF com-
posites when GO was grafted onto CF’s surface compared with unmodified composites.
Li et al. [78] investigated the mechanical properties of PPS/SCF composites. The maximum
improvement was 12.1% and 31.7% for the tensile strength and Young’s modulus, and
the maximum gains were 12.4% and 17.3% for the flexural strength and flexural modulus,
respectively. These improvements were attributed to existing of GO in the composites.
Khan et al. [54] reported that flexural properties of HDPE increased significantly upon
increasing the layer of CF in the composites. Wang et al. [75] found that all flexural, tensile,
and impact strength of PP increased by about 43% upon addition of 10 wt%.

Han et al. [39] reported an increase of up to 47.8% in ILSS in treated composites using
coupling agents followed by plasma treatments compared with the untreated composites.
Other mechanical properties were also enhanced after the treatment. A study was carried
out by Tran et al. [45] in which they concluded that the ILSS increased by 184% due to
the enhancement in the interfacial bonding for CF-reinforced poly (vinylidene fluoride)
(PVDF) composites. Liu et al. [50] reported that CF improved the ILSS after coating its
surface with PPEK. The authors also stated that the value of ILSS for sized CF was about
51.50 MPa, higher than the unsized CF, which was around 39.50 MPa.

Moreover, the enhancement of surface energy and mechanical interlocking between
CF and PVDF has been investigated by Liu et al. [44]. The authors noticed that the surface
of CF roughness and H-bonding improved and wettability of the treated CF-reinforced
PVDF matrix. Additionally, they found that the flexural strength and modulus of the
composites containing modified CF were also improved by 47% and 74%, respectively,
compared to unmodified CF did. Connor et al. [85] found an increase in ILSS of 33% for
the CF-reinforced nylon composites. Park et al. [43] reported an improvement of ILSS
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up to 70% for PC/CF composites. These variations in ILSS values could be attributed to
several factors including interfacial area properties, matrix type, CF type, CF loading, and
surface treatments.

Li et al. [86] studied the tensile properties of a treated CF-reinforced ABS matrix and
reported that when the oxidized SCF content increased in the ABS matrix from 10 to 30 wt%,
the tensile strength and tensile modulus improved significantly. However, these properties
enhanced dramatically when PA6 was blended with ABS. Similar observations were
reported by Li et al. [62] for an ABS/AP6 blend composites reinforced SCF system. A similar
observation was noted by Anish et al. [87], who found that CF enhanced ABS’s hardness
and compression strength in different wt%. However, ABS/CF in 30 wt% exhibited the best
mechanical results. These improvements were due to better enhancements in the surface
properties of CF reinforcement.

A different blend of polymers was fabricated by Zhou et al. [88], who studied the
effect of CF reinforcement (5, 10, and 15 wt%) on the mechanical properties of PA6/PPS
blend composites. This study’s mechanical results showed that the strength, modulus,
wear resistance, and hardness of the composites improved significantly, although the
strain values at break and impact strength were slightly decreased. A similar study was
carried out by Luo et al. [89], who studied the effect of SCF on composites based on a
PPS/polytetrafluoroethylene (PTFE) blend as a polymer matrix. They concluded that the
strength, modulus, hardness and wear resistance, the elongation at break, and hardness
of the PPS/PTFE composites were improved by introducing 15 vol.% of CF compared
with the unreinforced blend matrix. Different composites based on polymer blends have
been carried out by Zheng et al. [90], who prepared a blend of PEI/PES thermoplastics
and introduced them into poly(phthalazinone ether sulfone ketone) (PPESK) polymers
as a matrix and CCF as the reinforcement of PPESK/CF composites. They investigated
both PPESK/PEI/CF and PPESK/PES/CF composites’ mechanical properties. The results
indicated that the mechanical properties were enhanced. The improvement was attributed
to good interfacial adhesion and low porosity resulting from PEI and PES’s addition into
the PPESK matrix. This also improved the rheological properties of the PPESK matrix and
gave enough impregnation during the preparation process of the composite materials.

Sharma et al. [15] studied the effect of the CCF orientation on PEI/CF composites’
mechanical properties with a loading of 80 vol.% CF, and the orientation angles were (0◦,
30◦, 45◦, 60◦, and 90◦). Their results indicated that CF orientation influenced mechani-
cal properties remarkably, including Young’s modulus, toughness, Poisson’s ratio, and
percentage strain with respect to the loading direction. For instance, composites having
CF in a direction parallel to loading (0◦) proved most beneficial, while fibers beyond 45◦
deteriorated in performance excessively. Fibers at 75◦ were shown to have the poorest
strength properties, followed by those at 90◦. In conclusion, the aligning of fibers in a
proper direction leads to better mechanical properties.

Luo et al. [47] prepared LCF-reinforced PA6 composites. The authors concluded that
the tensile strength of PA6 composites containing LCF was much higher than the tensile
strength of other composites having SCF by 24%. These enhancements were attributed
to the excellent adhesion properties between PA6 and CF and the high aspect ratio of
such LCF. The optimal loading of CF and sizing was 20 and 22 wt%, respectively, which
exhibited the highest flexural and tensile strengths of PA6/LCF composites.

The tensile properties of poly(trimethylene terephthalate) (PTT)/CF composites have
also been investigated by Vivekanandhan and colleagues [91], who reported an enhance-
ment in mechanical properties as the concentration of CF increased. The addition of 30 wt%
of CF into PTT resulted in significant tensile enhancement up to 120% and flexural strength
up to 30% compared to neat PTT.

Yan et al. [60] fabricated PA12/CF composites to investigate their mechanical prop-
erties upon the addition of CF loading. They concluded that the incorporation of 50 wt%
CF greatly enhanced both flexural strength and modulus of the investigated PA12/CF
composites by 114% and 243.4%, respectively. Yan et al. [92] reported the flexural properties
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of PA6/CF composites. They stated that the addition of 30 wt% CF significantly enhanced
flexural strength and modulus by 208% and 438%, respectively. These improvements in
the flexural properties were attributed to good interfacial bonding, filler dispersion, and
surface CF chemistry after surface treatment of CF.

Ma et al. [93] prepared a higher performance unidirectional CF-reinforced PA6 ther-
moplastic composite and investigated its mechanical properties. The results indicated that
excellent tensile properties, including tensile modulus and strength of PA6/CF composites
and uniform CF distribution, have been proved. Similar results have been reported for
CF-reinforced nylon composites by Hassan and colleagues [94] and Dickson et al. [16].

A comparison between the mechanical behavior of PA6/CF and PA66/CF composites
was carried out by Botelho et al. [95]. They concluded that both matrices showed slight me-
chanical behavior improvements, including tensile, compressive, and ILSS behavior when
reinforced by both fabric and unidirectional CF. The microscopic damage progress in both
composites was observed through optical and scanning electron microscope techniques. It
was shown that shear failure at the/PA/CF interface was mostly responsible for damage
development, initiated at relatively low stress.

The performance of plastic gear made of CF-reinforced PA12 was investigated and
compared with PA6/CF, PA66/CF, and PA46/CF composites by Kurokawa and col-
leagues [96]. The authors reported that the PA12/CF composites having grease showed an
excellent load-bearing characteristic among all investigated PA composites, and this load
increased by increasing the molecular weight of PA12.

Wu and coworkers [97] reported that the interlaminar fracture toughness and trans-
verse properties enhanced the PES matrix’s molecular weight. Their results also concluded
that the CF distribution was uniform and with reasonably good wetting with the inves-
tigated matrix. This resulted in a higher longitudinal flexural modulus and PES/CF
composites’ strength compared with the pure PES matrix.

Numerous studies have focused on the relationship between fiber length and the
mechanical performance of CFRP. For instance, Karsli et al. [98] studied the effect of both
loading and size of CF-reinforced PA6 on the tensile properties of resultant composites.
Their results showed that increasing the CF loading led to improvements in tensile strength,
modulus, and hardness, but reduced strain at the break values of composites. Meanwhile,
the investigated length ranges of CF (0 to 50 μm) had no effect on these mechanical proper-
ties except that strain at break was improved. Kim et al. [99] analyzed the impact of CF
length, CF loading, and processing speed on PU/CF composites’ mechanical properties.
They concluded that these parameters have a substantial effect on the mechanical prop-
erties of the composites. It was noticed that the CF length decreased from 163 to 148 μm
after the extrusion process. This indicates that the manufacturing process impacts the final
properties of the prepared composites. Li et al. [82] stated some details about interfacial
parameters between such materials, which may be useful for further simulation studies
for optimizing all related parameters that affect mechanical properties such as CF length,
loading and processing conditions, annealing temperature, and cooling rate. They used
a transverse fiber bundle test which was proposed to assess the fiber/matrix interfacial
adhesion without manufacturing composite materials. Furthermore, fiber length distribu-
tions have been reported to depend on the processing conditions by Fu et al. [100]. They
investigated the fracture resistance of PP/CF composites under Charpy impact load. They
concluded that the composite impact resistance was shown to depend on the CF’s length
and hence on processing. The notched Charpy impact energy of the PP/CF composites
increased with decreased CF loading in the PP matrix. Similar observations have been re-
ported by Rezaei et al. [101], who studied the effect of fiber length on the thermomechanical
properties of SCF-reinforced PP composites. Similarly, Unterweger et al. [102] evaluated the
effect of fiber length distributions and content on SCF-reinforced PP polymer’s mechanical
properties. They concluded that tensile strength, tensile modulus, and impact strength
were improved upon the increasing amount of SCF despite reducing fiber length, tensile
strength, tensile modulus, and impact strength. The longest CF in the final composites
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was reported in their study. This result seems to contrast with the result obtained by
Kim et al. [99], who noticed that the tensile strength of the PC/CF composites decreased.
This reduction was attributed to the decrease in the CF length after the fabrication process.

Ozkan et al. [48] considered the effect of SCF on tensile strength and modulus of the
PU matrix. They found that the unseized CF improved the tensile strength and modulus of
composites by 105% and 450%, respectively. In comparison, sized CF improved the tensile
strength and modulus of composites by 150% and 540%, respectively, compared to the
simple PU matrix.

Different thermoplastic composites were synthesized by Hwang [103], who investi-
gated the effect of CF loading on the tensile strength of foamed and solid polybutylene
terephthalate (PBT) composites. The author stated that the addition of 8 wt% loadings of
CF to PBT resulted in improved tensile strength; however, further addition of CF led to a
reduction in such property. This reduction is attributed to agglomeration/aggregation of
CF into the PBT matrix and a reduction in the foams’ cell size.

Gabrion et al. [104], who fabricated CF-reinforced PI composites, investigated the
influence of temperature on the tensile properties. The authors concluded that the tensile
strength was higher than 1200 MPa in the fiber direction at a temperature range varying
from −50 to 250 ◦C but with low ILSS at high temperatures. The material also had
outstanding fatigue strength under tension in this material direction.

Yu et al. [52] reported that the strength and modulus of shopped CF-reinforced PET
composites continuously increased along with a clear ductile–brittle transition by increasing
the amount of CF with different length and aspect ratios. They stated that the tensile
strength and modulus of PET/CF composites increased with an increasing aspect ratio
of CF (under the same loading of CF); this increase accompanied the decreased impact
strength and elongation at break 20 wt% of the CF. Hamilton et al. [105] reported that
20 wt% of CF could increase thermoplastic composites’ wear resistance based on the PEEK
matrix. Similar observations have been noted by Karsli and Aytac [106], who reported an
enhancement of wear properties by incorporating CF into PEEK composites.

Kada et al. [107], who investigated the effect of tensile properties of SCF-reinforced
PP composites, reported that a 30 wt% SCF content in the PP matrix improved the tensile
strength and modulus of composites by 455% and 168%, respectively, when a MAPP was
used as coupling agent during the preparation process. However, without MAPP, although
the tensile modulus increased, the tensile strength decreased due to poor adhesion between
inert hydrophobic CF and the hydrophobic PP matrix. The MAPP treatment had a direct
influence on the mechanical properties of the composite. Do et al. [108] investigated the
effect of PP on PA6/CF composites’ mechanical properties. Their results showed that the
investigated mechanical properties, including ultimate tensile strength, elastic modulus,
and elongation at break, were exceptional for the composites containing PP compared to
those composites without PP as a coupling agent. The composite with 30% PP had the
lowest ratio of tensile strength and elastic modulus reduction by 18% and 15%, respectively,
compared with the composites with 0% PP loading.

Cho et al. [40] analyzed the tensile and flexural strengths of PP/LCF thermoplastic
composites by increasing the adhesion between the PP and CF matrix. The mechanical
strength of the resulting composite was significantly enhanced. These improvements can
indicate better interfacial bonding between fiber and matrix as discussed earlier in Section 2.1.

Cho et al. [109] investigated the mechanical properties of polyketone (PK)/CF novel
composites, and they found an enhancement in Young’s modulus of 520% and tensile
strength by 189% at 30 wt% CF content. In contrast, a significant decrease in the elongation
at break was observed in the PK/CF composites even at very low loading (5 wt%) of CF.

The tensile strength of the as-received and plasma-treated CF-reinforced CBT com-
posites was enhanced by ~362.5% and 436.3%, respectively, compared with that of the
pure CBT matrix as reported by Lee et al. [34]. They incorporated 70 vol.% of CF into
CBT without any defects and pores in the final composites. However, Tobias et al. [110]
reported a 60% increase in the strength of the CF-reinforced CBT matrix when the latter
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was chemically modified with a small number of chain extenders. They stated that the
composites samples show poor ILSS, and cracks were observed.

Different PC/vapor-grown carbon fiber (VGCF) composites prepared by Choi et al. [111]
were investigated for their mechanical properties before and after the CF rolling process.
Their results indicated that the mechanical properties improved significantly due to CF’s
orientation within the PC matrix. In contrast, Carneiro and colleagues [112] found that
the tensile properties improved after adding VGCF into the PC matrix, but the impact
resistance property was reduced significantly. They suggested that the rolling process could
be used for further improvements in mechanical properties. Recently, Maqsood et al. [113]
characterized both CCF and SCF’s influence on the tensile strength of CF-reinforced poly-
lactic acid (PLA). They concluded that the tensile strength and flexural stress increased by
460% and 121%, respectively, for composites containing CCF compared to those having SCF.

Li et al. [114] reviewed the analysis of the properties of the CF and the tensile and
dynamic mechanical properties of the UHMWPE hybrid composites (charcoal wood and
CF in the matrix). Young’s modulus with tensile strength was significantly augmented
with increasing loading of CF. They increased by 415% and 46% correspondingly. However,
the elongation/strain at break decreased substantially by 95%. There is no doubt that
whenever we increase CF concentration, it always increases the storage modulus. The
storage modulus reached ~20 GPa for the samples containing 8 wt% CF compared to
~2 GPa for unreinforced UHMWPE/charcoal samples at room temperature.

Unterweger et al. [115] provided a good overview of the mechanical and physical
properties, cost, and reinforcement effectiveness of synthetic and thermoplastic fibers
and their characterization. Most materials are affected in some manner by environmen-
tal effects such as temperature and humidity. The properties and characteristics may
change, and the material could be degraded. Research has explored this aspect, and it
has shown several outcomes [93,116–121]. Table 2 summarizes the variety of composite
materials, modification techniques, and the obtained mechanical properties of CFRTP over
the last decade.

Table 2. The type of thermoplastic polymer and CF, modification techniques for CF, and mechanical properties of a variety
of CFRTP composites.

Composite Material CF Modification Method Mechanical Properties
[Reference No.]

(Publication Year)

PEI/CCF Not mentioned
Young’s modulus, toughness, and % strain
with respect to the loading direction were

increased remarkably.

[15]
(2010)

PP/RCF Coupling agents followed by
plasma treatments An increase of up to 47.8% in ILSS. [28]

(2012)

CBT/CF Microwave plasma treatments Tensile strength enhanced by ~436.3%. [34]
(2014)

PP/SCF
Sizing materials followed by

plasma treatment. A coupling agent
was added to all samples

An increase of up to 47.8% in ILS. [39]
(2014)

PP/LCF Coupling agent The mechanical strength of the resulting
composite was significantly enhanced.

[40]
(2014)

PVDF/CF Coupling agent Flexural strength and modulus improved
by 47% and 74%, respectively.

[44]
(2016)

PA6/CF Coupling agent and sizing
treatment

The tensile strength of composites
containing LCF was much higher than
other composites having SCF by 24%.

[47]
(2014)

PC/CF Sizing materials The tensile strength and modulus
improved by 150% and 540%, respectively.

[48]
(2014)

PPEK/CF Sizing materials
The value of ILSS of sized CF is about
51.50 MPa, higher than the unsized CF,

which was around 39.50 MPa.

[50]
(2013)
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Table 2. Cont.

Composite Material CF Modification Method Mechanical Properties
[Reference No.]

(Publication Year)

PPEK/CF Sizing materials

About 80% of the ILSS in PPEK/CF
composite system was attributed to

residual radial compressive stress at the
fiber/matrix interface.

[51]
(2013)

PC/shopped CF Material coating followed by
coupling agent treatment.

The strength and modulus of composites
continuously increased along with a clear
ductile-brittle transition by increasing the

amount of CF.

[52]
(2018)

HDPE/CF Without using any coupling agent
Flexural properties increased significantly

upon increasing the layer of CF in the
composites.

[54]
(2016)

POM/CF Oxidation treatments The flexural strength and modulus were
enhanced remarkably.

[57]
(2015)

PA12/CF Oxidation method followed by
coating with a layer of PA12

The flexural strength and modulus
improved by 114% and 243.4%,

respectively.

[60]
(2011)

UHMWPE/CF Acid treatment A 70% increase in ILSS was observed. [61]
(2017)

PA6/ABS/SCF Acid treatment

The tensile strength and tensile modulus
improved significantly. However, these
properties were enhanced dramatically

when PA6 was blended with ABS.

[62]
(2011)

PI/CF Ozone modification and
air-oxidation modification.

Improved friction and wear properties of
the composite.

[64]
(2010)

PP/RCF Different plasma powers treatment
The tensile and flexural strength values of
composites increased considerably by 17%

and 11%, respectively, at 100 W.

[69]
2019

PP/CF Irradiated PP as compatibilizer
agent. The tensile strength improved by 30%. [70]

(2013)

PP/SCF Material coating All flexural, tensile, and impact strength
increased by about 43%.

[75]
(2018)

PA6/CF Material coating ILSS increased by 40.2%. [77]
(2018)

PES/CF Material coating

The maximum improvement was 12.1%,
31.7%, 12.4%, and 17.3% for the tensile

strength, Young’s modulus, flexural
strength, and flexural modulus,

respectively.

[78]
(2015)

PP/CF Material coating The ILSS increased by 300%. [83]
(2013)

PEEK/CF Material coating An increase of 115.4% and a 27% increase
in impact toughness.

[84]
(2017)

Nylon/CF Not mentioned An increase in ILSS of 33%. [85]
(2019)

ABS/CF Not mentioned An enhancement in hardness and
compression strength was reported.

[87]
(2014)

PPS/CF Not mentioned

The strength, modulus, wear resistance,
and hardness were improved significantly,

although the strain values at break and
impact strength were slightly decreased.

[88]
(2013)

PTFE/CF & PPS/CF Sizing materials
The strength, modulus, hardness and wear

resistance, the elongation at break, and
hardness were improved.

[89]
(2016)

PTT/CF Sizing materials
A significant tensile enhancement of up to
120% and flexural strength up to 30% were

observed.

[91]
(2012)
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Table 2. Cont.

Composite Material CF Modification Method Mechanical Properties
[Reference No.]

(Publication Year)

PA6/CF Not mentioned
The addition of CF significantly enhanced

flexural strength and modulus by 208%
and 438%, respectively.

[92]
(2014)

PA6/CF Not mentioned

The results indicated that excellent tensile
properties, including tensile modulus and
strength and uniform CF distribution, have

been proved.

[93]
(2018)

PA6/CF Not mentioned

An increasing CF loading led to
improvements in tensile strength, modulus,
and hardness, but reduced strain at break

values of composites. Meanwhile, the
investigated length ranges of CF (0 to

50 μm) had no effect on these mechanical
properties except that strain at break was

improved.

[98]
(2013)

PP/SCF Sizing materials

Tensile strength, tensile modulus, and
impact strength were improved upon the

increasing amount of SCF despite reducing
fiber length, tensile strength, tensile

modulus, and impact strength.

[102]
(2020)

PBT/CF Not mentioned

Improvements in tensile strength up to a
certain amount of CF; however, further

addition of CF led to a reduction in such
property.

[103]
(2016)

PI/CF Not mentioned

The tensile strength was higher than
1200 MPa in the fiber direction on a

temperature range varying from
−50 to 250 ◦C but with low ILSS at high

temperatures.

[104]
(2016)

PEEK/CF Not mentioned Improvements in wear resistance were
reported.

[105]
(2019)

PEEK/CF Coupling agent The tensile strength and modulus increased
by 455% and 168%, respectively.

[107]
(2018)

PA6/CF Coupling agent
The ultimate tensile strength, elastic

modulus, and elongation at break values
were exceptional.

[108]
(2016)

PK/CF Not mentioned

An enhancement in Young’s modulus of
520% and in tensile strength by 189%. In

contrast, a significant decrease in the
elongation at break was observed in the

PK/CF composites even at very low
loading.

[109]
(2019)

PLA/SCF&CCF Not mentioned The tensile strength and flexural stress
increased by 460% and 121%, respectively.

[113]
(2021)

UHMWPE/CF Not mentioned

Young’s modulus with the tensile strength
significantly increased by 415% and 46%,

correspondingly. However, the
elongation/strain at break decreased

substantially by 95%.

[114]
(2014)

2.3. Electrical Conductivity and Electromagnetic Shielding Effectiveness of CFRTP

Besides the great mechanical properties of CF, it can be used for other tasks based
on its multifunctional properties, including electrical conductivity and electromagnetic
interference shielding. These properties of CF used as reinforcement in composite structures
are the basis for several multifunctional applications. The significance of carbon is the
extremely stable hexagonal plane grid and the planes’ delocalized electron cloud. The
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deformation and separation of the hexagonal carbon rings require high energy, which
provides the CF’s strength at the macro level. The free electrons in the electron cloud make
it an excellent electrical conductor. The electrical resistance of CFRTP depends mostly
on the type of material used (precursors), the manufacturing conditions, the crystalline
structure of polymer matrices, and treatments [2,3].

Lu et al. [73] studied the preparation of CF-filled ABS composites and investigated
their electromagnetic interference (EMI) shielding effectiveness (SE) and electrical conduc-
tivity with and without metal coating (thickness of the layer was 0.2–0.5 μm). With the
increase in the CF content, the composites’ resistivity with the nickel-coated CF decreased.
The further decrease in the composites’ resistivity with the same nickel-coated CF was
higher than that with the uncoated CF. They reported a resistivity of around 10–4 Ωcm, an
order of magnitude less than that for the uncoated fibers. The composites’ EMI SE with
10 vol.% content of the CF coated with nickel was found to be 50 dB.

Similarly, Huang et al. [122] reported an enhancement in PC/ABS/nickel-coated CF
composites’ EMI shielding. The best EMI shielding effectiveness was about 47 dB. The
same group also reported some promising results in enhancing the EMI shielding of a
Ni-coated ABS/CF composite. The best EMI shielding effectiveness was 44 dB [123]. A
similar composite was prepared by Nishikawa et al. [124], who reported the electrical
properties with different CF loadings. The composites’ electrical resistivity decreased
with an increase in the CF-reinforced ABS plastic content, and the critical volume fraction
(percolation threshold value) was found to be 0.11 vol.%. The EMI SE was not as expected
due to the composites’ low conductivity in the out-of-plane direction.

Rahaman et al. [125] reported the EMI SE of SCF-reinforced ethylene-vinyl acetate
(EVA) and acrylonitrile butadiene copolymer and their blend composites. They reported a
marginal increase in EMI SE with the increase in electromagnetic radiation frequency, but a
sharp increase was observed with an increase in the SCF contents of 20 phr. Das et al. [126]
reported an SE of 34.1 dB at a similar fiber loading (30 phr) in NR- and EVA-based compos-
ites. The authors stated that the composites having a CF loading of ≥20 phr could be used
for EMI shielding applications.

Zhang et al. [127] aimed to improve the blend composite’s electrical properties by us-
ing an electric conductive reinforcement, VGCF. They used HDPE and isotactic polypropy-
lene (iPP) (50/50) as a matrix. They reported an enhancement in the electrical conductivity
and lower percolation threshold of CFRTP when the CF loading was 1.25 parts per hundred
parts resin (phr), compared with the neat polymers. To explain the results, SEM was used,
and they attributed the improvements to the particular locations of CF; in other words,
the dispersion of the filler within the matrix plays a role in enhancing the composite’s
properties. A similar VGCF was utilized by Choi et al. [111], who reported the electrical
conducting properties of PC composite sheets reinforced with VGCF reinforcement. The
composites’ resistivity was found to be 10 and 0.5 Ωcm at a VGCF content of 10 and 25 wt%,
respectively. The dispersion of the VGCF in the polymer matrix was found to be homo-
geneous, and the electrical conductivities of the composites increased. Simultaneously,
percolation threshold values decreased with an increase in the loading of the VGCF, leading
to better conduction networks.

An ultra-low percolation threshold value was observed by Zhao et al. [128], who
studied the effect of CF with a large aspect ratio of carbon black on the conductive properties
of the PP composites. The addition of 0.155 vol.% CF resulted in a significant decrease
in the percolation threshold value. The reduction in the percolation threshold observed
in the scanning electron microscope was ascribed to the increase in interparticle contacts,
resulting in developing a shish–calabash-like conductive network. A similar morphology
observation was reported by Cipriano et al. [129], who investigated the influence of carbon
nanofibers on the electrical properties of PS composites. They found that the unfilled
PS matrix’s electrical conductivity was around 10–8 S/cm, which increased to about
10−2 S/cm for the composites filled with 15 wt% carbon nanofibers. The authors also
reported that annealing processes could improve the electrical conductivities of composites
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at high temperatures. Similarly, Thongruang et al. [130] studied the effect of graphite filler
on the HDPE/CF composites system. They demonstrated that the addition of graphite to
the composites increased the conductivity compared to the composites without graphite.
The conductivity increased from ~0.1 (Ωcm) to 5 (Ωcm) for a composite having 10 wt% CF
compared to HDPE matrix; however, it jumped to 18 (Ωcm) for a composite containing
10 wt% CF and 50 wt% graphite. Microscopic analysis of the composites showed that
the CF depicted favored alignment according to their length compared to the composite
film’s thickness.

Liang et al. [58] reported composites’ resistivity prepared by incorporating SCF in
ABS resin matrix. The ABS composites with an SCF loading of up to 2 vol.% showed
no improvement in the conductivity of the composites. However, above 2 vol.%, the
composites’ resistivity showed a steep decline in resistivity from 1013 to 8.83 Ωcm and 1014

to 884 Ωcm for the 6 mm and 3 mm length of SCF, respectively, thereby providing good
electrical conductivity to the resultant composites. The ABS composites rapidly changed
from the inductor phase to conductor at a critical percolation threshold value between
1 and 2 vol.%. Another study was carried out by Tzeng et al. [131], who reported the
EMI SE of on ABS/CF composites coated with nickel and copper metals. The electroless
nickel-coated CF-reinforced ABS composites demonstrated higher electrical conductivity.
Hence, the better EMI SE ability compared to the copper-coated CF was due to the excellent
bonding between the nickel coating and CF surfaces. It has been reported that double-layer
metals covering CF increased the EMI SE of composites effectively [132]. Ozkan et al. [48]
reported the electrical properties of SCF-reinforced PC composites. These composites’
highest electrical conductivity containing 30 wt% CF was around 0.0035 S/cm compared to
about 0.0005 S/cm for a pure PI matrix. Additionally, Hong et al. [133] reported an EMI SE
of 30 wt% for CF-reinforced PP composites with the addition of 1 wt% of carbon nanotubes.
A decrease in volume resistivity and an increase in the PP/CF composites’ EMI SE were
observed. Increasing the CF length from 200 to 250 μm in the PP composites showed
the best results; moreover, a long blending time and high speed can lead to good CF
dispersion in principle, but there was an optimal saturation point in this composites system.
A similar study was conducted by Unterweger et al. [102], who evaluated the impact of
CF length and content on PP/CF composites’ electrical conductivity. They concluded that
electrical conductivity showed a strong dependence on the fiber length and showed a
linear correlation with the weight and average fiber length in the investigated range of
100–350 μm. When the CF content was raised from 5 to 10 vol.%, more than two orders of
magnitude were in the electrical conductivity. However, a further growth to 15 vol.% CF
only had a minor impact on the conductivity.

Xi et al. [134] studied the electrical properties of SCF-reinforced PEs including both
UHMWPE and low-molecular-weight polyethylene composites. An excellent positive tem-
perature coefficient was achieved. The conductivity increased with an increase in the heat
treatment time due to the formation of better reconnection of SCF networks in the polymer
matrix. A similar study was conducted by Shen et al. [135]. They investigated the combined
effects of carbon black and CF on composites’ electrical properties based on PE or a PE/PP
blend. The volume resistivity of the HDPE/carbon black/CF and HDPE/PP/carbon
black/CF with 2 wt% CF decreased by around 3.0 and 11.2 orders of magnitude, respec-
tively compared to that of the HDPE/carbon black and HDPE/PP/carbon black composites.
The intensity of the positive temperature coefficient and the temperature coefficient of
resistivity of the HDPE/carbon black/CF and HDPE/PP/carbon black/CF composites
increased significantly with increasing CF loading.

The negative temperature coefficients were neglected because CF is not as easily
agglomerated as other reinforcement such as carbon black and graphite. Another study was
carried out by Ameli et al. [136], who investigated EMI SE and the electrical conductivity of
a CF-reinforced PP composite containing carbon black in two forms, i.e., solid and foams.
At 5 vol.% CF content, both composite samples’ conductivity decreased proportionally
with frequency in the whole range. However, the electrical percolation threshold was
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8.75 and 7 vol.% for solid and foams composites, respectively. The dielectric permittivity
improved, and the through-plane electrical conductivity increased by up to six orders of
magnitude, resulting in an increase of 65% in these foamed composites’ specific EMI SE.
These results indicate that processing and matrix form could affect the electrical properties
of the final composite materials. Hwang [103] reported the EMI SE property of solid and
microcellular (foamed)-injected PBT/CF composites with various fiber contents and aspect
ratios. He found that the microcellular composites showed better electrical conductivity
for any particular CF content than those of the solid ones. The foaming process distorts the
CF’s orientation, increasing the end-to-end fiber contacts, thereby increasing the electrical
conductivity. The composites showed almost no EMI SE at 13 wt% CF content; however,
at 30 wt%, it improved significantly to around 10 and 11.16 dB for solid and foamed
composites, respectively. This result indicated the advantages of foamed composites over
solid one to enhance the final composites’ electrical conductivity.

Saleem et al. [137] reported CF-reinforced composites of PEEK and PES as polymer
matrices. They observed that the percolation threshold for the PES/CF and the PEEK/CF
composites occurred at a CF loading of 10 wt% and 35 wt%, respectively. The higher
percolation threshold for the PEEK was because the PEEK is a highly crystalline polymer
compared to PES. Hence, the formation of the conducting pathways is not as easy in PES.
At the percolation threshold, the measured electrical resistivity for both the composites was
around 106 Ωcm. The authors observed that the heat treatment of CF at a higher tempera-
ture improved the graphitic structure, resulting in the CF’s better electrical conductivity.
This observation is in good agreement with previous results reported by Xi et al. [134]. It
has been reported that the electrical resistivity of the CF treated around 2000 ◦C showed a
resistivity of around five orders of magnitude lower compared to the untreated ones [138].
Table 3 summarizes the variety of composite materials, modification techniques, and the
obtained electrical properties of CFRTP over the last decade.

Table 3. The type of thermoplastic polymer and CF, modification techniques of CF, and electrical properties of a variety of
CFRTP composites.

Composite Material CF Modification Method Electrical Properties
[Reference No.]

(Publication Year)

PC/CF Sizing materials
The highest electrical conductivity was
around 0.0035 S/cm compared to about

0.0005 S/cm.

[48]
(2014)

PP/SCF Sizing materials

The electrical conductivity showed a strong
dependence on the CF length. Two orders of
magnitude in the electrical conductivity were

reported.

[102]
(2020)

PBT/CF Not mentioned
The EMI SE improved significantly to around

10 and 11.16 dB for solid and foamed
composites, respectively.

[103]
(2016)

ABS/EVA/SCF Coupling agent

A marginal increase in EMI SE with an
increase in electromagnetic radiation

frequency, but a sharp increase was observed
with an increase in the SCF contents.

[125]
(2011)

PP/CF Not mentioned The addition of CF resulted in a significant
decrease in the percolation threshold value.

[128]
(2014)

PP/CF with the addition of
1 wt% of CNTs Material coating A decrease in volume resistivity with an

increase in the EMI SE was observed.
[133]

(2014)

PP/CF Not mentioned

The electrical percolation threshold was 8.75
and 7 vol.% for solid and foam composites,

respectively. The dielectric permittivity
improved, and the through-plane electrical
conductivity increased by up to 6 orders of

magnitude, resulting in an increase of 65% in
these foamed composites’ specific EMI SE.

[136]
(2013)
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2.4. Thermal Stability and Thermal Conductivity of CFRTP

The primary thermal properties of CFRTP are thermal stability, thermal conductivity,
melting temperature (Tm), and glass transition temperature (Tg). Researchers have inves-
tigated these properties extensively in an attempt to enhance them. The Tg of polymer
composites normally depends on several factors such as the chemical structure and confor-
mation of the polymers, degree of crystallinity, fiber dispersion, and interactions between
the fiber and the polymer. Several studies have confirmed that the addition of fillers affects
the Tg and the breadth of the transition due to changes in the mobility of the polymeric
chains in the host matrix. By improving thermal properties, CFRTP becomes more suitable
for fulfilling the already existing demands in various high-temperature sectors such as the
aerospace, oil, and gas industries.

Kada et al. [107] reported the thermal properties of PP composites reinforced with
varying quantities of SCF (9, 15, 20, 25, and 30 wt%). The results showed that the PP
matrix and their CF composites exhibit a single-step decomposition. The PP molecular
degradation started at around 408 ◦C, and the decomposition maxima occurred at 468 ◦C,
and the maximum rate of degradation was 2.3%/min. An improvement in the initial
degradation temperature was observed on the incorporation of the SCF into the PP matrix.
Compared to the neat PP, the composites with 9% and 30% SCF content showed an increase
of 10 ◦C and 20 ◦C in initial degradation temperature, respectively, which was attributed to
the higher heat absorption capacity of the CF and the delayed decomposition temperature
results from the reduced heat release rate of the CF. The enhancement in the composites’
thermal conductivity with an increasing volume fraction of the CF was due to the CF’s
higher thermal conductivity than that of the PP matrix.

On the other hand, Yilmaz et al. [139] reported that the melting behavior of CF-
reinforced PP composite was considerably influenced by the thermal history rather than
the CF’s presence. Their results show melting over a wide range of temperatures, with
two peaks appearing for the samples with no thermal treatment and those annealed at
lower temperatures irrespective of the CF’s presence. Wang et al. [75] reported PP/SCF
composite’s thermal properties containing 10 wt% of SCF. Their results exhibited that the
composite exhibited improvement in thermal stability and crystallization temperature.
Cho et al. [109] studied the thermal properties of the PK/CF composite and reported an
enhancement of thermal conductivity up to 300% with an increase in CF content up to
30 wt% in the PK matrix. It has been reported that thermal stability increased in EVA,
acrylonitrile butadiene copolymer, and their blend composites due to the restraint of their
chain motion into the polymer composites generated by adding CF [125].

Khan et al. [54] reported the thermal properties of multi-layered laminated compos-
ite panels of CF-reinforced HDPE. The thermal degradation of the neat HDPE and the
HDPE/CF composite showed a single continuous decline in the residual weight mainly
due to the HDPE chains’ unsystematic scission. The composites’ thermal degradation tem-
perature started at around 30 ◦C higher than that of the neat HDPE. Similarly, the maximum
decomposition temperature for the composites was about 15 ◦C higher compared to pure
HDPE. The multi-layered laminated composite panels’ thermal stability also improved by
41%, making these composites suitable for applications at higher temperatures.

In contrast, Thongruang et al. [130] found that SCF does not significantly affect the
HDPE matrix’s thermal properties. They stated that the effect of long CF was more
pronounced at high temperatures on the thermal properties. Additionally, Liu et al. [50]
concluded that the CF coated by thermoplastic resin was more stable than untreated CF
and had increased surface energy and wetting performance.

Rezaei et al. [101] used SCF of five different length sizes (10, 5, 2, 1, and 0.5 mm) as a
reinforcing fiber (10 wt%) in PP as a matrix. They reported that compared to the shorter
CF, the longer CF showed better thermo-mechanical properties as fillers in the matrix. The
thermogravimetric analysis results showed that increasing the incorporated CF’s length
led to an increase in the composites’ thermal stability. The glass transition temperature (Tg)
of composites combined with 10 mm length CF increased by 19.5% compared to that of the
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unfilled PP. Overall, the thermal degradation of the PP/SCF composites was improved for
all investigated lengths compared to plain PP.

Gabrion et al. [104] studied two types of composite structures (plates and tubes) of
a unidirectional CF-reinforced PI composite. The authors reported a longitudinal and
transversal coefficient of thermal expansion of 1.7 × 10−6/◦C and 30 × 10−6/◦C, respec-
tively, clearly depicting the materials’ high anisotropy. They reported that above 200 ◦C, the
expansion with an increase in temperature was non-linear. Two transitions were observed
at approximately 235 ◦C and 385 ◦C, attributed to Tg and Tm of the polymeric material,
respectively. They reported that the weight loss depended strongly on the environmental
conditions. The weight loss in the inert atmosphere due to degradation was significant
above 500 ◦C; however, the degradation started at a lower temperature (~400 ◦C) in an
oxidizing atmosphere. A similar study was carried out by Karsli et al. [52], who examined
the performance of CF-reinforced PA6,6 composites. The initial decomposition tempera-
ture and the decomposition temperature at the maximum rate of the composite material
were determined. It was found that the lowest decomposition temperature was about
270 ◦C, and the highest temperature at which no further weight loss was observed was
approximately 500 ◦C for all composite samples used in their study.

Samyn et al. [140] reported the thermal properties of PI/CF composite materials. PI
filled with 30 wt% CF showed an improvement in the heat distortion temperature or heat
distortion temperature value by 10 ◦C. Tg and melting points showed no considerable
change in the values with the incorporation of the CF. The thermal conductivity improved
from 0.17 W/(mK) for the neat PI to 0.49 W/(mK) in the molding direction and 0.22 W/(mK)
in the transverse direction for the composites. In a similar composite, Dong et al. [141]
reported PI/CF composites’ thermal properties. The Tg value obtained showed an increase
in the Tg values with the increase in CF content in the composites. At 5 vol.% CF contents,
a slight decrease in Tg was reported but was found to increase to 241 ◦C and 244 ◦C at a CF
content of 20 and 30 vol.%, respectively, compared to that of the neat PI value of 231 ◦C.
The number of these confined chains increased with an increase in the CF content. The
segmental motion and relaxations can occur only at higher temperatures and over a broad
range of temperatures leading to an enhancement in Tg values. Similar observations have
been reported by Vivekanandhan et al. [91], who fabricated PTT/CF composites. They
reported that PTT composites containing 30 wt% exhibited an increase of more than 150 ◦C
in the heat deflection temperature, and no significant changes in the melt temperature
were observed. Additionally, Karsli et al. [98] investigated the effect of SCF content and
its length on the thermal properties of CF-reinforced PA6 composites. The results showed
no change in the values Tg and Tm for the composites even with the CF loading increase.
However, the heat of fusion and the degree of crystallinity of the composites decreased
with the rise in the composites’ CF loading. The higher fiber content restricts the mobility
of polymer chains in the matrix and obstructs the crystal growth. On the other hand, CF
length at the studied range did not significantly affect the thermal properties.

Yan et al. [92] studied PA6 composite with 30 wt% CF with a length of 7 mm and a
diameter of 7 μm. The thermal conductivity of PA6 annealed at 80 ◦C and was 0.21 W/mK,
and increased by about 24% when the annealing temperature was increased to 190 ◦C. The
thermal conductivity of PA6/CF composites increased to 0.32 W/mK and improved by 13%
in the annealing process. The heat deflection temperature value for PA6 lies between 64 ◦C
to 77 ◦C based on its annealing temperature; however, for the PA6/CF composites, it was
around 214 ◦C with a negligible effect for thermal annealing. The results also showed that
the Tg of PA6 increased from 60 ◦C to 78 ◦C with the incorporation of the CF and thermal
annealing, which led to an improved Tg for both the PA6 and the PA6/CF composites.

A variation in Tg reported by Munirathnamma et al. [142] characterized the PBT and
PES polymer composites reinforced by CF. Their result showed a Tg of 44 ◦C for neat
PBT, whereas the PBT composites containing 30 and 40 wt% CF showed a Tg of 46 and
44 ◦C, respectively. The incorporation of 30 wt% CF in the PBT matrix led to a nominal
increase in Tg, suggesting a restriction on the matrix’s segmental chain mobility due to the
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CF’s presence. However, a Tg of 218 ◦C for pure PES decreased to 212 ◦C for composites
containing 30 and 40 wt% CF. This reduction in Tg suggests compact molecular packing
due to interface development. Connor et al. [85] reported the thermal properties of CCF
incorporated in nylon. Filaments were used to fabricate composite layers by printing with
a CF content of around 35 to 41 vol.%. The nylon filament composites showed no melting
peak attributed to the addition of CF in the thermal processing history of this polymer.

Yu et al. [46] reported PC composites’ thermal conductivity with different loadings of
chopped CF coated with PET and treated using 3-aminopropyl triethoxy silane. The results
revealed that incorporating the chopped CF enhanced the thermal stability of composites
by restricting the pyrolytic degradation of the polymer matrix. They reported an increase
in the composites’ in-plane and through-thickness thermal conductivities with the increase
in chopped CF content. The in-plane and through-thickness thermal conductivity for a
50% fiber content was 2.45 W/mK and 0.59 W/mK, compared to that of 0.20 W/mK for
the neat matrix. Sun et al. [13] reported the thermal conductivity of a polysulfone/CF
composite. The thermal conductivity was 1.82 W/mK at a CF loading of 26 vol.%. Similar
results have been reported by Yoo et al. [143]. They stated a significant difference (up
to 25 times) between the in-plane and the through-plane thermal conductivities of PA6
composites reinforced by CF. Saleem et al. [137] investigated the thermal conductivity
of CF-reinforced PEEK and PES matrices. They stated that the thermal conductivity of
the matrices improved upon the incorporation of 20 wt% CF. The further addition of CF
resulted in a slight improvement in the conductivities. They also concluded that composites
containing PES had better thermal conductivity due to the deficiency of crystallinity. Table 4
summarizes the variety of composite materials, modification techniques, and the obtained
thermal properties of CFRTP over the last decade.

Table 4. The type of thermoplastic polymer and CF, modification techniques of CF, and thermal properties of different
CFRTP composites.

Composite Material CF Modification Method Thermal Properties
[Reference No.]

(Publication Year)

Polysulfone/CF Not mentioned The thermal conductivity was 1.82 W/mK at a CF
loading of 26 vol.%.

[13]
(2017)

PA6/LCF Sizing materials
The in-plane and through-thickness thermal

conductivity were 2.45 W/mK and 0.59 W/mK,
respectively.

[46]
(2013)

PEEK/CF Sizing materials Sized CF was more stable than untreated CF with an
increase in surface energy and wetting performance.

[50]
(2013)

PC/CF Material coating followed by coupling
agents

It was found that the lowest decomposition
temperature was about 270 ◦C, and the highest

temperature at which no further weight loss was
observed was approximately 500 ◦C.

[52]
(2018)

HDPE/CF Without using any coupling agent

The thermal degradation temperature started at
around 30 ◦C higher than that of the neat HDPE.

Similarly, the maximum decomposition temperature
was about 15 ◦C higher compared to pure HDPE.
The multi-layered laminated composite panels’

thermal stability also improved by 41%.

[54]
(2020)

PP/CF Material coating An improvement in thermal stability and
crystallization temperature was reported.

[75]
(2018)

nylon/CCF Not mentioned
The nylon filament composites showed no melting
peak attributed to the addition of CF to the thermal

processing history of this polymer.

[85]
(2019)

PTT/CF Sizing materials

PTT composites containing CF exhibited an increase
of more than 150 ◦C in the heat deflection

temperature, and no significant changes in the melt
temperature were observed.

[91]
(2012)
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Table 4. Cont.

Composite Material CF Modification Method Thermal Properties
[Reference No.]

(Publication Year)

PA6/CF Not mentioned

The thermal conductivity at 80 ◦C was 0.21 W/mK,
and increased by about 24% when the annealing

temperature was increased to 190 ◦C. The thermal
conductivity of composites increased to 0.32 W/mK
and improved by 13% in the annealing process. The

heat deflection temperature value for PA6 lies
between 64 ◦C to 77 ◦C based on its annealing

temperature; however, for the composites, it was
around 214 ◦C with a negligible effect for thermal
annealing. The results also showed that the Tg of

PA6 increased from 60 ◦C to 78 ◦C with the
incorporation of the CF.

[92]
(2014)

PA6/CF Not mentioned

The effect of SCF content and its length on the
thermal properties of CF-reinforced PA6 composites.
The results showed no change in the values Tg and

Tm for the composites even with the CF loading
increase. However, the heat of fusion and the degree
of crystallinity of the composites decreased with the

rise in the composites’ CF loading.

[98]
(2013)

PI/CF Not mentioned

The authors reported a longitudinal and transversal
coefficient of thermal expansion of 1.7 × 10−6/◦C

and 30 × 10−6/◦C, respectively, clearly depicting the
materials’ high anisotropy. They reported that above

200 ◦C, the expansion with an increase in
temperature was non-linear. Two transitions were

observed at approximately 235 ◦C and 385 ◦C,
attributed to Tg and Tm of the polymeric material,

respectively.

[104]
(2016)

PEEK/CF Coupling agent

The degradation started at around 408 ◦C, and the
decomposition maxima occurred at 468 ◦C, and the

maximum rate of degradation was 2.3%/min.
Improvement by 20 ◦C in the initial degradation

temperature was observed.

[107]
(2018)

PK/CF Not mentioned An enhancement of thermal conductivity up to 300%. [109]
(2019)

CBT/SCF Sizing materials
The Tg increased by 19.5%. Overall, thermal
degradation of improved for all investigated

composites compared to plain PP.

[110]
(2016)

ABS/EVA/SCF Coupling agent An enhancement in thermal stability was reported. [125]
(2011)

PP/CF Not mentioned No change in the melting behavior was reported. [139]
(2012)

PI/CF Not mentioned

An improvement in the heat distortion temperature
by 10 ◦C. Tg and Tm showed no considerable

changes. The thermal conductivity improved from
0.17 W/(mK) to 0.49 W/(mK) in the molding
direction and 0.22 W/(mK) in the transverse

direction.

[140]
(2010)

PI/CF Not mentioned The Tg value obtained showed an increase to 241 ◦C
and 244 ◦C.

[141]
(2018)

PBT/PES/CF Oxidation treatment followed by
material coating

Their result showed improvement in Tg from 44 ◦C
to 46 ◦C for composites containing PBT. However,

the Tg of composites containing PES decreased from
218 ◦C to 212 ◦C.

[142]
(2019)

3. Future Prospects

In the future, CFRTP research and development activities will be focused on manu-
facturing techniques, recycling methods, cost reduction, and improving properties. These
materials are attractive characteristics for various industrial applications as many types of
thermoplastic polymers can be utilized as matrices for CFRTP composites. Ongoing devel-
opments in the processability and engaging CFRTP in terms of a cost-effective viewpoint
and synergies between industrial sectors will pave the way to high-volume production
that industries need to meet progressive demands. Advancements are also required for
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the preparation of efficient, cost-effective, and facile CFRTP materials. The progressive
ideas are likewise vital for the high production rate of such materials. The overall growth
of polymer composite materials having embedded functionality is anticipated to exceed
five kilotons by 2029 [144]. CFRTP are lightweight polymer composite materials that show
excellent properties and great potential for low-cost manufacturing when compared to
thermosetting composite materials. As for CF, the worldwide industry manufacturing
CF is set to grow enormously over the next ten years. This tremendous growth will be
led by various factors, such as high demand for low-weight materials and creative design
that needs solutions related to composite technology [145]. The future perspectives of CF
are undoubtedly on a positive track. However, the integration of CF into huge markets
and several common utilizations mainly depends on the capabilities of the manufacturers.
CFRTP will achieve a wide potential if both polymer and CF manufacturers [146] continue
to observe new applications and develop creative and low-cost technologies. The major
CFRTP consumption sectors include the aerospace, defense, automotive, renewable ener-
gies, sports equipment, and construction industries [147]. For instance, aircraft makers have
also been focusing on reducing the overall weight of aircraft so as to increase the efficiency
of the product. The use of CFRTP helps in drastically lowering the overall weight. Rising
demand for CFRTP as an alternative to metals such as steel and aluminum is expected to
stimulate growth in such applications [148]. Similarly, the use of CFRTP-based parts is
increasing compared with the use of metallic-based parts in airplanes and automobiles,
which could decrease weight, greenhouse gas emissions, and consumption of energy. For
example, CFRTP manufacturing processes have been recognized for automotive body panel
applications including structural and non–structural components such as seat structures,
bumpers, hoods, and fuel tanks [5,6,149]. In general, the strength and stiffness of a CFRTP
material remain very much a function of the reinforcing material, but its mechanical natures
are determined not only by the CF alone but by a synergetic influence between the CF and
the polymer matrix. Particularly, the mechanical testing results of CFRTP materials can
provide a 40–50 percent saving in weight for an equivalent bending stiffness in comparison
with steel panels [150–153]. In terms of cost, CFRTP composite materials offer the cheapest
processing technologies, as stated by Friedrich et al. [154] who suggested CFRTP compos-
ites as a future possibility in automotive applications. Another possible application for
CFRTP is in pipelines in the oil and gas industries. The progress of reinforced thermoplastic
polymer pipes for oil and gas applications have been reviewed by Morozov et al. [155],
who stated that reinforced thermoplastic polymer pipes have been gradually recognized as
a significant alternative to metallic pipes due to their diverse advantages such as a higher
stiffness-to-weight ratio, enhanced fatigue resistance, and improved corrosion resistance.
Venkatesan et al. [156] studied the mechanical properties of CF-reinforced composites in
the deep sea. Their results showed that the investigated mechanical properties were not
affected by the sea environment, and corrosion or degradation and bio-film formation was
not observed. Therefore, CFRTPs are increasingly being utilized in oil and pipeline appli-
cations, especially those in deep water, as they can maintain their mechanical properties
in seawater and provide additional cost savings in terms of strength-to-weight ratio in
comparison with steel [157–159], which has a direct impact on lowering the consumption of
energy. Extensive research on developing such materials is underway to improve the prop-
erties and performance of CFRTP for many industrial sectors to reduce corrosion effects,
energy consumption, and overall manufacturing costs. Furthermore, CFRTP can be an
alternative to other composite materials in blade production for wind energy applications.
Prabhakaran et al. [146] and Mishnaevsky et al. [160] discussed the suitability of CFRTP and
thermoplastic resin for future turbine blades and associated challenges for producing large
blade structures from such materials. Additionally, the aerospace industry has recognized
that CFRTP composite materials provide outstanding cost savings compared to traditional
materials such as thermosetting composite materials and metal [25].

Despite these promising advantages of CFRTP, there are some drawbacks and chal-
lenges. One of the challenges is the high cost of virgin CF; although the cost dropped
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considerably in the past few years. Thus, the manufacturing cost of CFRTP is relatively
high, however; it costs less than CF reinforced thermosetting polymers since it consumes
less energy. These are some of the challenges that face the incorporation of the composite as
a highly demanded material in many industries. Researchers have focused on developing
recycling methods of CF and CFRTP composites, which are expected to lower the cost by
50% [161]. This will make using CFRTP material composites more economically sound
in terms of the life cycle of the composites. Meanwhile, one of the main challenges in
manufacturing CFRTP is that CF is non-polar while thermoplastics are polar materials.
This disagreement in polarity results in poor interfacial adhesion of the manufactured
composite unless the surface of CF was treated prior to the manufacturing process. Al-
though the treatment process increases the manufacturing time and the cost of the end
product, it is essential to ensure compatibility between CF and the polymer. In addition,
polymers cannot withstand high temperatures and oxidation, unlike CF which must be
taken into consideration when choosing a manufacturing process [22–25]. CFRTP are
favorable composite materials due to their high strength-to-weight ratio compared to other
conventional materials; however, it is rather difficult to estimate the fatigue of CFRTP,
unlike metals. The lack of the fatigue (endurance) limit of CFRTP makes it challenging
for engineers and designers to predict the exact fatigue failure properties of CFRTP. Also,
CFRTP composites are hard, tough, and extremely abrasive which makes machining CFRTP
a challenge. Without tools designed to withstand the damage CFRTP can cause, tool life
can be very short when machining CFRTP composites. These challenges attracted many
researchers into building trusted models that can accurately predict fatigue failure of the
composite and achieve an ideal machining process [117,155,162].

Overall, CFRTP composite materials have become a progressively used class of
lightweight materials. The research and development activities carried out to investigate
the relationships between processing, structure, and properties of CFRTP have resulted
in a better fundamental understanding of these materials and led to an enhancement of
their properties, offering more flexibility in the design for several possibilities applications.
Therefore, CFRTP is a promising candidate in a variety of industrial applications. The
properties of CFRTP composite materials such as high strength, low weight, and good
thermal and electrical properties make it a preferred composite material compared to neat
polymers, CFRPs, and even other metallic materials. However, the polymer matrix and the
treatment method of CF prior to the manufacturing process is crucial and will affect the
composite properties; hence, it will also affect the applications of the composite material.
Thus, the large-volume market applications of CFRTP are still to be discovered. Neverthe-
less, with the huge demand of emerging industries, the opportunities for improvements,
and the support of developing standardizations for testing and using CFRTP composite,
more high-efficiency CFRTP products will be developed.

4. Conclusions

In this comprehensive review, developments in the research on carbon fiber-reinforced
polymers thermoplastic (CFRTP) have been explored extensively with a focus on the
properties of the composite, such as the mechanical, electrical, and thermal properties.
The outstanding properties exhibited by CFRTP are the primary motivation for further
research and development. For example, these properties improved significantly with the
addition of carbon fiber (CF) as a reinforcement compared to the neat polymer properties,
which paves the way for CFRTP products in many industrial sectors. Furthermore, the
modification of the CF’s surface is essential to improve the interfacial bond between the
CF and the thermoplastic matrices. Either a chemical or physical modification technique
will increase the oxygen concentration on the CF’s surface. Increasing oxygen makes the
surface of CF more similar to the thermoplastic matrix in terms of polarity. Moreover,
modifications have improved the filler/matrix bond and have had excellent positive effects
on the mechanical properties of the composite compared to the untreated thermoplastic
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polymer/CF composites. A variety of modifying techniques for the surface of CF prior to
the manufacturing process were discussed.

In general, the properties of various thermoplastic composites improved significantly
with the addition of CF as a reinforcement compared to the neat thermoplastic properties.
However, there is a variety in such improvements. This could be attributed to several
factors, including manufacturing technique, processing parameters, thermoplastic type,
CF type and orientation, loading, dimension, and surface treatment techniques, leading
to interfacial adhesion and dispersion statues. All such aspects are essential to attain
the anticipated properties, particularly mechanical properties, and to understand the
relationships of the modification methods and mechanical properties of the final CFRTP
composites. Therefore, this review provides the required stepping-stone to fully exploit the
potential of CFRTPs in the manufacturing industry.

Author Contributions: B.A.A.: conceptualization, methodology, and writing of original draft; M.S.A.:
writing and editing; A.M.A. (Alaa M. Almushaikeh): writing, visualization and editing; N.B.A. and
B.M.A.: reviewing and discussion; A.M.A. (Asma M. Alenad) and A.G.A.: funding acquisition and
reviewing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deputyship for Research & Innovation, Ministry of
Education, in Saudi Arabia, through project number 375213500.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & In-
novation, Ministry of Education, in Saudi Arabia, for funding this research work through project
number 375213500. The authors also would like to acknowledge King Abdulaziz City for Science
and Technology and Jouf University for their facilities and support.

Conflicts of Interest: The authors declare that no conflict of interest.

Abbreviations

ABS Acrylonitrile butadiene styrene
CBT Cyclic butylene terephthalate
HDPE High density polyethylene
PA Polyamide
PA6 Polyamide 6
PA6,6 Polyamide 6,6
PA12 Polyamide 12
PAEK Polyaryl ether ketone
PBT Poly butylene terephthalate
PC Polycarbonate
PE Polyethylene
PEEK Polyetheretherketone
PEI Polyetherimide
PES Polyether sulfone
PET Polyethylene terephthalate
PI Polyimide
PLA Polylactic acid
POM Polyoxymethylene
PP Polypropylene
PPEK Polyphthalazinone ether ketone
PPESK Phthalazinone ether sulfone ketone
PPS Polyphenylene sulfide
PS Polystyrene
PES Polyethersulfone
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PTFE Polytetrafluoroethylene
PTT Polytrimethylene terephthalate
PU Polyurethane
PVDF Poly vinylidene fluoride
UHMWPE Ultra-high-molecular-weight polyethylene
PK Polyketone
CF Carbon fiber
CCF Continuous carbon fiber
SCF Short carbon fiber
LCF Long carbon fiber
VGCF Vapor-grown carbon fiber
RCF Recycled carbon fiber
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Abstract: Low dielectric loss and low-cost recycled borosilicate (BRS) glass-reinforced polytetrafluo-
roethylene (PTFE) composites were fabricated for microwave substrate applications. The composites
were prepared through a dry powder processing technique by dispersing different micron sizes
(25 μm, 45 μm, 63 μm, 90 μm, and 106 μm) of the recycled BRS filler in the PTFE matrix. The effect of
the filler sizes on the composites’ thermal, mechanical, and dielectric properties was studied. The
dielectric properties of the composites were characterised in the frequency range of 1–12 GHz using
an open-ended coaxial probe (OCP) connected to a vector network analyser (VNA). XRD patterns
confirmed the phase formation of PTFE and recycled BRS glass. The scanning electron microscope
also showed good filler dispersion at larger filler particle sizes. In addition, the composites’ co-
efficient of thermal expansion and tensile strength decreased from 12.93 MPa and 64.86 ppm/◦C
to 7.12 MPa and 55.77 ppm/◦C when the filler size is reduced from 106 μm to 25 μm. However,
moisture absorption and density of the composites increased from 0.01% and 2.17 g/cm3 to 0.04%
and 2.21 g/cm3. The decrement in filler size from 106 μm to 25 μm also increased the mean dielectric
constant and loss tangent of the composites from 2.07 and 0.0010 to 2.18 and 0.0011, respectively,
while it reduced the mean signal transmission speed from 2.088 × 108 m/s to 2.031 × 108 m/s. The
presented results showed that PTFE/recycled BRS composite exhibited comparable characteristics
with commercial high-frequency laminates.

Keywords: recycled borosilicate; PTFE; sintering; permittivity; high-frequency; substrates

1. Introduction

The last decade has seen rapid and unprecedented developments in information
technology driven by military and consumer markets [1–3]. This change creates demands
for high-speed, light and low-cost microwave substrate. A microwave substrate that meets
specific criteria supports microwave circuits [4–6]. Microwave substrates are dielectric
materials with low permittivity and a low loss tangent at microwave frequencies [5]. The
substrate materials should have the following properties: low permittivity and loss tangent
for rapid signal propagation, low coefficient of thermal expansion (CTE) for dimensional
stability, high thermal conductivity for transporting the heat generated away from the
microwave circuit and good mechanical strength for material rigidity [7].

Polymers are employed for substrate applications due to their excellent electrical prop-
erties. Polytetrafluoroethylene (PTFE) is the most widely used among polymers because
of its low permittivity, dielectric loss, moisture absorption and chemical inertness [8–10].
However, it has a high CTE (~109 ppm/◦C) and melting point (~327 ◦C) that hinder its
utilisation [11]. It also lacks rigidity for practical substrate applications. These limitations
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can be overcome by adding inorganic and rigid fillers such as glass with lower CTE and
moderate dielectric properties. That is possible because the properties of polymers depend
on their microstructure and composition [12]. The high melting point of PTFE can also
be circumvented by employing a processing technique, such as the powder processing
method, that does not require heat treatment to mix PTFE-glass composites [13].

Recently, recycled glass fillers have attracted considerable attention for microwave
applications due to their rigidity and moderate dielectric properties [14]. Recycled glass
is cheaper and reduces environmental pollution. In this work, the preparation and char-
acterisation of recycled borosilicate glass filled PTFE substrate is reported. Borosilicate
(BRS) is an industrial glass with a thermal conductivity ranging from 1–1.3 W/mK. It has a
low CTE of 3.2 ppm/◦C–4.0 ppm/◦C and tensile strength of about 22 MPa–32 MPa. The
glass is also an excellent electrical insulator with a dielectric constant and loss factor of
4.65–6.00 and 0.01–0.017 [15,16]. These excellent properties of BRS glass make it a perfect
filler when recycled for PTFE-based substrate applications. To the best of our knowledge,
no systematic study of the effect of the recycled BRS filler size on PTFE/recycled BRS com-
posites has been reported. Therefore, this work investigated the dielectric, thermal, and
mechanical properties of PTFE/recycled BRS. In addition, signal propagation speed across
the composites with different filler sizes was calculated and analysed. The PTFE/recycled
BRS composite was also compared with commercial high-frequency laminates.

2. Materials and Methods

2.1. Materials

The PTFE of type MF90C with an average particle size of 50–110 μm was obtained
from Fujian Sannong New Materials Co., Ltd., Sanming, China. At the same time, BRS glass
was acquired from Top Globe Sdn. Bhd. Selangor, Malaysia, in the form of waste moulds.

Glass Powder Preparation
The BRS glass moulds were initially cleaned, washed, and dried at room temperature

for 24 h. After that, the moulds were crushed with a hammer into glass pebbles. A Plunger
was further used to grind the glass pebbles into coarse glass powder. In addition, the
coarse glass powder was transferred to a grinding mill jar with a powder-to-ball ratio of
20:1, which was then milled. The milling was conducted at room temperature for 24 h at
45 rpm using the U.S. Stoneware Jar Mills (U.S. Stoneware, East Palestine, OH, USA). After
the milling stage, the recycled BRS powder was sieved to 25 μm, 45 μm, 63 μm, 90 μm,
and 106 μm particle sizes. The range of these representative filler particle sizes is given in
Table 1.

Table 1. Particle size distribution.

Representative Particle Size (μm) Range of Particle Size (μm)

25 X1 ≤ 25
45 25 < X2 ≤ 45
63 45 < X2 ≤ 63
90 63 < X2 ≤ 90
106 90 < X2 ≤ 106

2.2. Preparation of PTFE/Recycled BRS Composites

The PTFE/recycled BRS composites were prepared by mixing 25 μm, 45 μm, 63 μm,
90 μm, and 106 μm of the recycled BRS filler with PTFE through a dry powder processing
technique. The mixing was conducted via a Wing dry mixer for 10 min, and filler content
in each composite was fixed at 5 wt.%. Then, the compositions were pressed into preforms
using a hydraulic press at a pressure of 10 MPa for 5 min. The compacted composites were
mechanically weak due to air voids. Hence, sintering is required for the removal of the
voids. The samples were sintered from room temperature to 380 ◦C with a temperature
rising time of 3 ◦C/min and held for 1 h to allow for particles fusion, coalescence and void
elimination in the composites. The cooling rate was set at 1 ◦C/min from 380 ◦C to room
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temperature to complete the sintering cycle. A Drying Oven (Jiangsu Sunkoo Machine
Tech Co., Ltd., Changzhou, China) was utilised for the sintering.

2.3. Characterisations
2.3.1. Phase, Morphology and Composition

In this work, XRD was employed to analyse the phase formation of recycled BRS
powder and PTFE/recycled BRS composites. The XRD data were collected using an auto-
mated Philips X’pert system (Model PW3040/60 MPD) with Cu–Kα radiation operating at
a voltage of 40.0 kV and a current of 40.0 mA with a wavelength of 1.5405 Å. The 2-theta
range of 10◦–70◦ with a scanning speed of 2.0 ◦/min was used to record the diffraction
patterns. All data were exposed to the Rietveld analysis on X’Pert Highscore Plus v3.0
software (PANalytical B.V., Almelo, The Netherlands). The samples were classified by
comparing their diffraction peaks with the Inorganic Crystal Structure Database (ICSD).

The shape, arrangement and dispersion of the recycled BRS particles in the composites
were investigated using LEO 1455 Variable Pressure Scanning Electron Microscope (VPSEM,
Leo Electron Microscopy Group, Oberkochen, Germany). The elemental composition of
the samples was obtained via an Oxford Inca energy dispersive X-ray micro-analyser (EDX,
Oxford Instruments, Buckinghamshire, England) attached to the Leo 1455 VPSEM. Five
spots on each sample were examined with the EDX for accurate determination of the
elemental compositions of the composites qualitatively.

2.3.2. Moisture Absorption

The presence of moisture within a material increases its dielectric properties [17].
This change degrades the performance of the materials. Thus, determining the moisture
absorption of materials is essential to identify suitable environmental operating conditions.
PTFE/recycled BRS composites were cut into 25.4 mm by 76.2 mm following the ASTM
D570 standard. The samples were then immersed in distilled water at 25 ◦C for 24 h.
The percentage of moisture absorption for the composites was calculated according to
Equation (1) [18].

MA (%) =
w f−wi

wi
× 100 (1)

where w f and wi are the respective wet and dry weights of the samples.

2.3.3. Density

The density of the PTFE/recycled BRS composites was measured at room temperature
using the Archimedes principle. An electronic densitometer (Alfa Mirage Co., Osaka,
Japan) was utilised for the measurement. Distilled water was then used as the reference
liquid. Hence, the density of the sample was calculated using the following equation [19].

ρc =
Wair

Wair − Wdistilled water
× ρdistilled water (2)

where ρc is the density of the composite, ρdistilled water is the density of distilled water, and
wair and wdistilled water are the weights of the sample in air and distilled water, respectively.

2.3.4. Tensile Strength

The dimensions of PTFE/recycled BRS composites were cut according to the ASTM
D638 to determine the tensile strength of the composites [20]. The tensile strength test was
conducted at room temperature using a Shimadzu AGS-X 100 kN computerised universal
testing machine (UTM, Shimadzu, Kyoto, Japan). The UTM stretched the samples at a
5 mm/min stroke rate with a 10 kN load cell.
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2.3.5. Coefficient of Thermal Expansion (CTE)

The CTE of the composites was measured in line with ASTM E228-17 [21]. A push-rod
dilatometer, Linseis L75 Platinum (Linseis, Selb, Germany), was used. The measurement
was done at room temperature, and the heating rate was set at 10 ◦C/min.

2.3.6. Complex Permittivity

The complex permittivity of PTFE/recycled BRS composites was characterised using
the open-ended coaxial probe (OCP) technique in the 1–12 GHz frequency range [22]. The
probe was connected to an Agilent N5227A vector network analyser (Agilent Technologies,
Santa Clara, CA, USA), as shown in Figure 1. A one-port reflection calibration technique
was used. The one-port calibration technique consists of air, a shorting block and distilled
water at 25 ◦C. After complete calibration, the probe was placed flat on the surface of the
samples for characterisation to avoid air gaps between the sample and the open probe
that may affect measurement accuracy. A standard (unfilled PTFE) material was first
characterised to confirm the accuracy of the calibration. In addition, the dimensions of the
composites were 6 cm × 3.6 cm × 0.7 cm.

 

Figure 1. OCP measurement set-up.

The following equation gives the complex permittivity:

ε∗ = ε′ − jε′′ (3)

where ε∗ is the complex permittivity, ε′ is the dielectric constant denoting energy storage,
and ε′′ is the loss factor, representing energy loss. The loss tangent, being the ratio of loss
factor and dielectric constant, is therefore evaluated as follows [23]:

tanδ =
ε′′

ε′ (4)

2.3.7. Signal Propagation Speed

A fast signal transmission with minor delay is required to transmit high data. Gener-
ally, electromagnetic waves are attenuated when passing through a denser medium. Thus,
investigating the influence of filler size on the signal propagation speed is critical to the
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design of microwave circuits for efficient data transmission. The signal transmission speed
can be calculated using the following equation [24].

Vs =
c√
ε′μ′ (5)

where Vs is the signal transmission speed, c is the speed of light in vacuum, ε′ is the
dielectric constant, and μ′ is the permeability of the material.

3. Results and Discussion

3.1. Phase, Morphology and Composition

The X-ray diffraction patterns of 63 μm recycled BRS powder and PTFE/recycled
composites are shown in Figure 2. In the 63 μm recycled BRS XRD profile, a broad peak at
2θ = 15◦ − 30◦ is observed, confirming the amorphous nature of the recycled BRS glass.
This pattern is consistent with the work presented [25], which affirms that no impurities
were introduced during the glass powder preparation. The same figure depicts the XRD
pattern of PTFE. The diffractogram of the PTFE displays a sharp peak and five low-intensity
peaks positioned at 2θ = 18.05◦, 31.53◦, 36.60◦ 37.13◦, 41.18◦, and 49.07◦. These peaks relate
to the (100), (110), (200), (107), (108), and (210) planes and are matched with the ICSD
index of PTFE (ICSD 00-047-2217) [26,27]. Furthermore, the intensity of the peak located
at 2θ = 18.05◦ can be seen to decrease slightly as different sizes of recycled BRS filler are
introduced to the PTFE matrix. In addition, no unwanted peaks in the pattern of the
composites indicate that chemical interaction did not occur between the PTFE matrix and
recycled BRS particulate.

Figure 2. XRD patterns of PTFE, recycled BRS powder and PTFE/recycled BRS composites.

The scanning electron microscope (SEM) images of pure PTFE, 63 μm recycled BRS
powder, and PTFE/recycled BRS composites are illustrated in Figure 3. It can be observed
that the BRS particles are of arbitrary geometry. The recycled BRS particulates are also more
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dispersed in the PTFE matrix at larger filler sizes, indicating a good connection between the
PTFE matrix and recycled BRS filler. It is reported that effective dispersion of recycled BRS
particulate in the PTFE promotes a homogeneous structure that enhances the properties of
the composites [28,29].

Figure 3. SEM micrographs of (a) PTFE, (b) recycled BRS powder, (c) PTFE/recycled BRS at (at 25 μm BRS) and (d)
PTFE/recycled BRS composites at (106 μm BRS).

EDX analysis was conducted to determine the elemental composition of PTFE, 63 μm
recycled BRS and PTFE/recycled BRS composites qualitatively. In Figure 4, the spectra
show that PTFE comprises mainly C at 0.1 keV and F at 0.5 keV. In addition, the same figure
reveals that the 63 μm recycled BRS powder consists of B, O, Na, Al and Si, validating the
purity of recycled BRS glass [30]. Further analysis shows that PTFE and recycled BRS glass
elements were all present in the PTFE/recycled BRS composites except Na and Al at 25 μm
and 106 μm recycled BRS filler loadings. This incidence happens when the concentration
level of the respective element falls below the detection limit [31]. Thus, the findings attest
to the suitability of the dry powder-processing technique for composite fabrication.
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Figure 4. EDX spectra of (a) PTFE, (b) 63 recycled BRS powder, (c) PTFE/recycled BRS at 25 μm BRS and (d) PTFE/recycled
BRS at 106 μm BRS.

3.2. Moisture Absorption

Moisture absorption significantly affects composite’s dielectric properties because
water has a high dielectric constant and loss. It is reported that moisture absorption of
<0.1% is ideal for electronic packaging applications [6,8,32]. Figure 5 shows the variation in
the moisture absorption of PTFE/recycled BRS composites. It can be seen that the moisture
absorption increases from 0.011% to 0.040% when the recycled BRS filler size is reduced
from 106 μm to 25 μm. It is worth noting that the composite records moisture absorption
lower than the ideal value recommended. The increase in moisture absorption is attributed
to the higher surface area of the smaller-sized recycled BRS particles [8]. Furthermore, the
deterioration of moisture absorption is related to the enhanced porosity and density in the
composites [33].

3.3. Density

The effect of recycled BRS filler size on the density of the PTFE matrix is shown in
Figure 6. The 106 μm, 90 μm, 63 μm, 45 μm, 25 μm, recycled BRS composites had density
values of 2.17, 2.18, 2.19, 2.20, and 2.21 g/cm3, respectively. Thus, decreasing recycled BRS
particle size led to the increase in the density of the composites. A similar result has been
reported by Jiang and Yuan [8]. The enhanced density is related to introducing a denser
recycled BRS filler than the PTFE matrix [34]. In addition, smaller-sized particles possess
more particles per unit volume than larger-sized particles. Therefore, the smaller-sized
filler particles occupy less volume, leading to the increased density of the composites. The
increase in the density is also due to the higher moisture absorbed by the composites [6,35].
This variation significantly affects the PTFE matrix’s CTE, tensile strength and dielectric
properties [11].
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Figure 5. Variation of moisture absorption with filler size.
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Figure 6. Variation of density with filler size.

3.4. Tensile Strength

The change of tensile strength as a function of recycled BRS particle size is presented
in Figure 7. The 106 μm, 90 μm, 63 μm, 45 μm and 25 μm recycled BRS composites had
respective tensile strength values of 12.93, 12.93, 12.92, 9.18 and 7.12 MPa. It could be
seen that the reduction in particle size corresponded with a decrease in tensile strength
consistent with the studies reported [36,37]. Although, the differences in tensile strength at
106 μm, 90 μm and 63 μm BRS sizes are smaller than at 45 μm and 25 μm filler sizes. This
reduction in tensile strength is due to poor adhesion between the recycled BRS filler and
PTFE matrix [36]. In addition, the smaller-sized particles with a higher surface area tend to
absorb more water, which reduced the tensile strength of the PTFE matrix [38,39].

458



Polymers 2021, 13, 2449

 

6.5

9

11.5

14

25 45 65 85 105

Te
ns

ile
 s

tr
en

gt
h 

(M
pa

)

Recycled BRS( m)

Figure 7. Variation of tensile strength with filler size.

3.5. Coefficient of Thermal Expansion (CTE)

The variation in CTE with recycled BRS particle size is shown in Figure 8. The
composites showed a respective CTE of 64.8, 62.33, 60.45, 55.08 and 55.77 ppm/◦C at 106
μm, 90 μm, 63 μm, 45 μm and 25 μm filler sizes. It is, therefore, evident that the decrease
in filler size matched the drop in the CTE of the composites [8,36]. The variation is first
attributed to the mismatch in the CTE of the PTFE matrix (∼109 ppm/◦C) and the recycled
BRS filler (~4 ppm/◦C [40,41]. In addition, smaller-sized filler particles have a larger surface
area and higher density. Thus, the matrix volume decreases with smaller-sized particles,
restricting the matrix expansion, which further reduces the CTE of the composites [12].
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Figure 8. Variation of CTE with filler size.

3.6. Complex Permittivity

The influence of recycled BRS filler size reduction on the dielectric constant and loss
factor of PTFE/recycled BRS composites was studied. The variation of ε′ and ε′′ in the
1–12 GHz range is presented in Figures 9 and 10, while the calculated tanδ is shown in
Figure 11. It can be seen that the ε′ and ε′′ slightly decreased with the frequency [42–44].
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In addition, the ε′′ had a similar pattern for all composites, which is attributed to the
calibration consistent with the loss factor result presented in [45]. The higher values of
the ε′ and ε′′ at lower frequencies are due to the significant influence of charge relaxation
and interfacial polarisation [46]. Generally, as frequency increases, the composite’s over-
all polarisation lags the alternating electric field. Thus, each polarisation process stops
contributing, decreasing its dielectric constant and loss factor [47].
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Further analysis showed that the ε′ and ε′′ of PTFE/recycled BRS composites in-
creased with the reduction in recycled BRS filler size (Table 2), in agreement with previous
work [12,36]. This behaviour is attributed to the higher densification and stronger inter-
facial polarisation [3]. Composites reinforced with smaller grain-sized particles tend to
possess a more significant interfacial area, leading to extra interfacial polarisation, which
increases the dielectric properties [12,48]. Moreover, at the same filler content, the number
of particulates in the smaller-sized filler is higher than that in the bigger-sized filler. This
occurrence leads to a denser composite, which increases the ε′ and ε′′ of the composite [12].
At 1 GHz, the values ε′ and tanδ increased from 2.07 and 0.0010 to 2.18 and 0.0011 with
a decreament of filler size from 106 μm to 25 μm. Additionally, the values of ε′ and tanδ
varied from 2.06 and 0.0010 to 2.17 and 0.0011 at 12 GHz.

Table 2. Mean complex permittivity and loss tangent of PTFE/recycled BRS composites at different
filler sizes.

Recycled BRS Size (μm) ε
′

ε
′′ tanδ

25 2.18 0.0026 0.0011
45 2.14 0.0024 0.0011
63 2.11 0.0022 0.0011
90 2.08 0.0021 0.0010

106 2.07 0.0020 0.0010

3.7. Signal Transmission Speed

The variation of signal transmission speed across the PTFE/recycled BRS composites
at different recycled BRS sizes and frequencies is depicted in Figure 12. It can be seen that
transmission speed decreases with filler size reduction. The higher transmission speed is as-
sociated with lower relative permittivity at larger filler sizes. At 1 GHz, PTFE/recycled BRS
composites had Vs of 2.032 × 108 m/s, 2.046 × 108 m/s, 2.062 × 108 m/s, 2.075 × 108 m/s
and 2.086 × 108 m/s at 25 μm, 45 μm, 63 μm, 90 μm and 106 μm of recycled BRS filler
sizes, respectively. The Vs increased to 2.034 × 108 m/s, 2.050 × 108 m/s, 2.065 × 108m/s,
2.080 × 108 m/s and 2.092 × 108 m/s at 12 GHz for the same filler sizes.
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The comparison of the PTFE/recycled BRS composite at a filler size of 63 μm with
commercial high-frequency laminates is presented in Table 3. The laminates are PTFE-
based materials produced by [49,50]. It can be seen that the PTFE/recycled BRS composite
shows a lower dielectric constant, loss tangent, moisture absorption and CTE than the
laminates. The highest tensile strength is achieved by the TLX-8 laminate, followed by the
PTFE/recycled BRS composite. This result proves that recycled BRS glass can reinforce
PTFE to produce a low-cost substrate for microwave applications.

Table 3. Comparison between PTFE/recycled BRS composite and commercial high-frequency laminates.

Name
ε
′ tanδ Tensile

Strength (MPa)
CTE (ppm/◦C)

Moisture
Absorption (%) Reference

At 10 GHz

PTFE/recycled
BRS composite 2.11 ± 0.05 0.0011 ±

0.00005 12.92 ± 0.005 60.45 ± 0.01 0.02 ± 0.00001 This study

AD250C 2.50 0.0013 6.00 196.00 0.04 [49]
AD255C 2.60 0.0013 8.1 196.00 0.03 [49]

TLX-8 2.55 0.0017 245 215.00 0.02 [50]

4. Conclusions

The PTFE/recycled BRS composites were fabricated through the dry powder pro-
cessing technique by varying the recycled BRS filler size. XRD profiles of the composites
exhibited no unwanted peaks. The scanning electron microscope showed better dispersion
of the filler at a larger recycled BRS size. EDX analysis indicated that no foreign element
was present in the composites. The complex permittivity of PTFE/recycled BRS composites
showed an increasing trend with recycled BRS filler size reduction. The moisture absorp-
tion and density of the composites also increased for the same reason. However, the tensile
strength, CTE, and signal transmission speed decreased with recycled BRS filler size reduc-
tion. At 10 GHz, the 63 μm recycled BRS composite showed suitable dielectric properties
(ε′ = 2.11 and tanδ = 0.0011), CTE of 60.45 ppm/◦C, low moisture absorption of 0.02% and
favourable tensile strength of 12.92 MPa, ideal for microwave substrate applications.
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