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Preface to ”Manufacturing, Characterisation and

Properties of Advanced Nanocomposites”

Advanced nanocomposites stem from the use of small fractions of nanofillers with good 
dispersion to generate remarkable property enhancement as well as favourable cost-effectiveness, 
including but not limited to better mechanical, thermal, electrical, and barrier properties. The 
nanofillers include carbon nanotubes (CNTs), nanoclays, graphene oxides (GOs), cellulose 
nanowhiskers, metal nanoparticles, and electrospun nanofibres. The typical merit of nanocomposites 
lies in their easy processability and their ability to rely on current manufacturing technologies 
like melt compounding, solution casting, in situ polymerisation, and electrospinning. Enormous 
commercial opportunities for advanced nanocomposites have arisen in the automobile, 
aerospace and aerocraft, building structures, and biomedical devices over the last decade.

Well-tailored advanced nanocomposites targeting end-users’ applications are often 
desirable to material engineers and manufacturers, depending primarily on a typical good 
processing-structure-property relationship. For instance, significantly improved mechanical 
properties of nanocomposites are most likely to result from uniform nanofiller dispersion in 
morphological structures, which can directly benefit from an initial optimum material manufacturing 
process with the aid of high shear mixing or ultrasonication to substantially reduce the material size 
from large aggregates, microfillers to nanofillers. Similar cases also apply as far as thermal and 
barrier properties of nanocomposites are concerned. As such, the main focus of this edited 
book is to showcase the latest progress in manufacturing, characterisation and properties of 
advanced nanocomposites in order to provide technical guidance to this new composite family with 
the incorporation of nanoparticles and nanomaterials. This book can also be a good reference to 
material scientists and industrialists working with composites, as well as researchers and 
engineers dealing with nanotechnology and nanomaterials, leading to the ultimate achievement of a 
“bottom-up” scheme.

The editors would like to use this opportunity to thank all of the authors who contributed 
research papers to this book. We are also indebted to the dedicated reviewers who gave invaluable 
and constructive comments and feedback, greatly improving the paper quality. Finally, a 
special acknowledgement goes to the MDPI editorial team at Journal of Composites Science 
including Ms. Wenwei Li, Mr. Loker He, and Ms. Wendy Yang for their kind assistance in the 
book production.

Yu Dong, Alokesh Pramanik, Dongyan Liu, Rehan Umer

Special Issue Editors
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Advanced nanocomposites have demonstrated great potential over conventional composites
owing to the incorporation of well-dispersed nanofillers with extremely small sizes of a few hundred
nanometers in platelet-like, fibre-like, tubular, and spherical shapes. The enormous commercial success
of nanocomposites, such as the use of polypropylene/clay nanocomposites to manufacture General
Motors’ step-assist, sail panels, centre bridges, and box-rail protectors, reveals the material innovation
and development in this field. The breakthroughs in advanced nanocomposites, from the research
and development viewpoint, rely primarily on how to achieve homogeneous nanofiller dispersion
within matrices by means of mechanical processing with high shear stress or chemical modification or
treatment. As such, a good understanding of the processing–structure–property relationship is critical
to design robust and well-tailored nanocomposites for their wide range of applications.

This special issue consists of 10 research papers covering advanced nanocomposites reinforced
with nanoclays, cellulose nanowhiskers, graphene oxides (GOs), metal nanoparticles, electrospun
nanofibres, etc., in relation to their manufacturing, characterisation, and properties. Wang et al. [1]
investigated the effect of polyhedral oligomeric silsesquioxane (POSS) and hydroxyapatite (HA)
nanoparticles on reinforcing chitosan (CS) in biocomposite fibres. Their results revealed that only
fracture-related properties became sensitive to the effects resulting from the interaction between
nanoparticle type and concentration. Rahman and Wu [2] carried out a holistic computational study to
evaluate the effects of processing parameters, such as the extent of clay exfoliation and clay volume
fraction, on the nonlinear elastoplastic behaviour of polymer/nanoclay composites, which was based
on the implementation of representative volume element (RVE) in finite element analysis (FEA). It was
found that large aspect ratios of clay platelets with full clay exfoliation was crucial for achieving
preferable mechanical properties of nanocomposites reinforced with nanoclays. This work also offered
guidelines for the computer-aided design of processing-property-tailored nanocomposites. Liu et al. [3]
electrospun polylactic acid (PLA)/cellulose nanowhisker (CNW) composite nanofibres and confirmed
uniform CNW distribution within PLA nanofibres along the direction of the fibre axis. Besides,
the water absorption of PLA nanofibres were effectively improved with embedded CNWs. It is
anticipated that both CNWs and their composite nanofibres can lead to widespread applications
for biomedical engineering, sensors, and nanofiltration. Pramanik et al. [4] utilised a single insert
milling tool to assess the face milling of nanoparticles reinforced Al-based metal matrix composites
(nano-MMCs). The impacts of feed and speed on machined surfaces of nano-MMCs in relation
to surface roughness, profile and appearance, chip surface and ratio, machining forces, and force

J. Compos. Sci. 2018, 2, 46; doi:10.3390/jcs2030046 www.mdpi.com/journal/jcs1
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signals were analysed in a systematic manner. Umer [5] studied the processing characteristics and
mechanical properties of glass fabric reinforcements coated with graphene nanoparticles in epoxy
composites via vacuum-assisted resin transfer moulding (VARTM). The relevant results indicated
that flexural strengths of composites decreased with increasing the weight fraction of graphene
nanoparticles despite no change in flexural modulus. On the other hand, the ply-delamination
phenomenon occurred arising from the coating of graphene nanoparticles on glass reinforcements,
which also generated localised damage resistance under low-velocity impact as opposed to pure glass
samples. Chen et al. [6] implemented a sol–gel method to prepare epoxy/multilayer GO composites.
It was evidently shown that both the thermal stability and flame retardancy of composites could
be improved with the addition of GOs with modified silicon. Rao et al. [7] worked on the effect
of electrical conductivity reduction of GOs as effective nanofillers in thin films by using a partial
factorial design of experiments based on the Taguchi method. The experimental findings suggested
that the electrical resistivity of GOs highly depended on the type of acid treatment, and that samples
treated with hydroiodic acid had the lowest resistivity of ~0.003 Ω·cm. Basak et al. [8] examined the
property improvement of Sn–Ag–Cu (SAC) alloys by incorporating two different types of Fe and Al2O3

nanoparticles. The addition of Fe nanoparticles led to the formation of FeSn2 intermetallic compounds
(IMCs) along with Ag3Sn and Cu6Sn5 from monolithic SAC alloys, while Al2O3 nanoparticles acted as
a grain refiner with good dispersion along primary β-Sn grain boundaries without the contribution to
phase formation. Notwithstanding that insignificant effect arose from the inclusion of Fe and Al2O3

on the thermal behaviour of nanocomposites, their nanoreinforcement potentially gave rise to better
mechanical performance when compared with that of conventional monolithic SAC solder alloys.
Nakagaito et al. [9] explored reinforcing PLA by the combination of cellulose and chitin nanofibres
rather than a single reinforcement phase. Such nanocomposites demonstrated higher tensile properties
than those reinforced with cellulose or chitin nanofibres alone. It appeared that chitin acted as a
compatibiliser between hydrophobic PLA and hydrophilic cellulose, which played a complementary
role along with cellulose in view of the formation of a rigid cellulose nanofibre percolated network.
Finally, Garcia et al. [10] focused on understanding the effect of polycaprolactone nanofibres on
the dynamics and impact behaviour of polymer/glass fibre composites, in which a finite element
model was employed to simulate their impact effect. The numerical results coincided with previous
experimental data to prove that composites reinforced with polycaprolactone nanofibres possessed
more damage resistance when subjected to the same impact as pristine composites. More importantly,
interleaving with polycaprolactone nanofibres was revealed to control the vibrations and improve the
resistance of impact damage to structures made of composite mats, which could be used for aircrafts
or wind turbines.

All editors would also like to acknowledge the fine contributions of all the authors for their
paper submissions to this special issue, as well as the dedicated reviewers for providing timely
comments/feedback.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A comparative analysis of the effects of polyhedral oligomeric silsesquioxane (POSS)
and hydroxyapatite (HA) for reinforcing chitosan (CS) is given here. Wet-spun CS nanocomposite
fibres, blended with HA or POSS nanoparticles, at varying concentrations ranging from 1 to 9%
(w/w) were stretched until rupture to determine the mechanical properties related to the elasticity
(yield strength and strain, stiffness, resilience energy) and fracture (fracture strength strain and
toughness) of the composite. Two-factor analysis of variance of the data concluded that only
the fracture-related properties were sensitive to interaction effects between the particle type and
concentration. When particle type is considered, the stiffness and yield strength of CS/POSS
fibres are higher than CS/HA fibres—the converse holds for yield strain, extensibility and fracture
toughness. With regards to sensitivity to particle concentration, stiffness and yield strength
reveal trending increase to a peak value (the optimal particle concentration associated with
the critical aggregation) and trending decrease thereafter, with increasing particle concentration.
Although fracture strength, strain at fracture and fracture toughness are also sensitive to particle
concentration, no apparent trending increase/decrease is sustained over the particle concentration
range investigated here. This simple study provides further understanding into the mechanics
of particle-reinforced composites—the insights derived here concerning the optimized mechanical
properties of chitosan composite fibre may be further developed to permit us to tune the mechanical
properties to suit the biomedical engineering application.

Keywords: hydroxyapatite; polyhedral oligomeric silsesquioxanes; elasticity; fracture; particle shape;
particle concentration; Weibull model

1. Introduction

To overcome the limitations of biopolymers, such as low stiffness and strength, and to enable
these materials to have wide applicability, inorganic particulate fillers are often blended with the
biopolymer to form a composite material that possesses enhanced stiffness and strength [1–3].
This study is concerned with chitosan (CS) biopolymer, a linear polysaccharide that can be
derived from the alkaline N-deacetylation of chitin [4,5]. Chitin is the main structural component

J. Compos. Sci. 2017, 1, 9; doi:10.3390/jcs1010009 www.mdpi.com/journal/jcs4
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of the shells of crustaceans, the exoskeletons of insects and the cell walls of fungi [4–8].
CS polysaccharide is a copolymer comprising β-(1-4)-2-amino-D-glucose (deacetylated unit) and
β-(1-4)-2-acetamido-D-glucose (acetylated unit) [4,5]. When the amount of deacetylated unit is higher
than 50%, the resultant compound is known as chitosan, otherwise it is known as chitin [4,5]. CS has
been a subject of great interest owing to its biocompatibility-related advantages, notably anti-clotting,
biodegradability [4,9], antimicrobial and low toxicity (even in blends) [10–12]. Thus, it can be used
for medical products such as bandages and implants, or grafted with compounds to yield chelating
agents that can be used in water filters [10–12].

A key concern about employing CS in a number of these applications is the low mechanical
strength and stiffness [5]. The low values of the mechanical properties of CS limit the
applicability for tissue engineering, particularly as implants for soft connective tissues. According to
Di Martino et al. [13] and the references therein, the hydrated CS has tensile moduli of 0.1–0.5 MPa
(porous membrane) but 5–7 MPa (non-porous membrane). Albanna et al. [14] reported that
dehydrated CS fibres have tensile moduli of 2–10 MPa. CS membranes appear to possess higher
stiffness; tensile modulus for CS (solution-casted) membranes was found to be in the range of
400–800 MPa [15,16]. Electrospun CS membranes could exhibit a lower tensile modulus of about
300 MPa [17]. CS (solution-casted) membranes have an extensibility (i.e., maximum strain to rupture)
of about 0.3 [16]; the extensibility of electrospun membranes varied from 0.3 [13,17] to 1.0 [13];
this variability depends on the pore size and pore orientation [13]. Albanna et al. [14] reported
that CS fibres have extensibility values ranging from 0.10 to 0.25. With regards to tensile strength,
porous CS structures were found in the range of 30–60 kPa (Di Martino et al. [13] and therein).
Liu et al. [15] reported that the CS (solution-casted) membrane has a tensile strength of about 20 MPa.
Albanna et al. [14] reported that the CS fibres have tensile strength of 0.4–1.4 MPa. Overall, the strength
and modulus of CS materials are much lower than those of soft connective tissue [18], such as skin [19],
tendons [20–22] and ligaments [23,24].

To this end, attempts have been carried out to ‘tune’ the mechanical properties of the CS material
by blending with nanoparticles made from, e.g., hydroxyapatite (HA) [25] or silsesquioxane [26,27].
The physical and chemical properties of blends of CS containing HA particles have been well
investigated [25,28–34], and CS/HA composites have been proposed for making implantable scaffolds
to achieve the desired magnitude of the respective mechanical properties by ‘tuning’ the HA
concentration [30]. The optimised composite is then expected to be useful for influencing the
lineage of scaffold-seeded stem cells to generate an extracellular matrix that is compatible with
the microenvironment of the host tissue, as well as provide structural support to the host tissue [14].
Blends of CS containing silsesquioxane, namely polyhedral oligomeric silsesquioxane (POSS) particles,
have attracted some investigations [26,35,36] and may be a potential alternative to CS/HA. POSSs are
compounds having a polyhedral siloxane cage, with the formula (RSiO1.5)n (where n = 6, 8, 10, 12 and
R = H or organic substituents) [27]. The most common molecular formula of POSSs is n = 8; the overall
size of the molecule is about 1–3 nm [27]. The key practical advantages of using POSS for blending
with polymers are summarized as follows (Reno et al. [37], Blanco et al. [27] and therein). (A) POSS
are organosilica three-dimensional, cubic building blocks containing an inorganic inner siloxane core
that can be chemically modified at each of the eight corners of the POSS unit. (B) POSS featuring
reactive organic groups can be employed as cross-link agents for the preparation of hybrid hydrogel
samples. (C) POSS molecules are physically dispersed through weak interactions with the polymeric
matrix. This latter approach has important advantages in terms of low cost and synthesis time. (D) It is
noted that a homogeneous dispersion of POSS in the matrix may be easily obtained [38–41]. However,
only a limited amount of work has been carried out on CS/POSS blends compared to CS/HA blends.
For structural applications, the single most important question that has yet to be addressed adequately
is how do the magnitudes of the mechanical properties of CS/POSS compare to CS/HA, all things
being equal?
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To this end, an in-depth analysis of POSS and HA particles for reinforcing CS composite materials
has been carried out. Here, both CS/POSS and CS/HA fibres were synthesized by a wet spinning
method. The analysis addresses the effects of the particle types (i.e., POSS or HA) and concentration as
well as the interaction between the two factors on CS composite. The arguments that underpin the
effects of particle concentrations have been investigated for the respective particles and reported in
the literature [25,26]. However, most of the reports involve experiments with particle concentration
as a single treatment and the experimental conditions are not necessarily the same. Thus, from the
material design perspective, optimisation-related arguments concerning the effects of particle types
and concentration and the interaction between the two on CS composite seem to be much less well
established. To clarify which types of particle would exhibit advantages over the other, as well as
to broaden our understanding of the underlying mechanisms of nanoparticulates for reinforcing
chitosan composite material, this study investigates the effects of particle type, at varying particle
concentrations, on the chitosan composite elasticity and fracture. We hypothesize that the underlying
shape of the respective particle type and agglomeration, as well as the interaction between the two
factors, influences the mechanical properties of the chitosan composite. A statistical approach, i.e., the
two-factor analysis of variance (ANOVA), was used to evaluate the mechanical data and determine
the influence of particle type and concentration on the mechanical properties of these CS composite
fibres. The mechanical reliability of the nanocomposite was analysed using the Weibull model.

2. Materials and Methods

2.1. Preparation of Chitosan Fibres

The POSS used in this study refers to aminopropylphenyl POSS (AM0272; Hybrid Plastic Inc.,
Hattiesburg, MS, USA). HA was obtained from Sigma-Aldrich, St. Louis, MO, USA. The CS (85%
deacetylated) used in the study were also purchased from Sigma-Aldrich.

CS-based solutions were prepared at the predetermined particle concentrations of the respective
HA and POSS, following a protocol that had been reported in a previous study for CS/POSS fibres [26].
Here, a 1.5% w/v concentration of CS to acetic acid was prepared (NB: 1% w/v is equivalent to
0.01 g/mL), and 10 mL of 1% concentration acetic acid was used as a solvent to dissolved 0.15 g of
CS. The solution was then stirred at a constant rate of 700 rpm at room temperature. HA and POSS
of concentrations 1% (w/w), 3% (w/w), 5% (w/w), 7% (w/w) and 9% (w/w) were added to the CS.
(These concentrations corresponded to the masses of 0.0015 g, 0.0045 g, 0.0075 g, 0.0105 g, and 0.0135 g,
respectively.) For the CS/POSS blending process, first of all the CS solution was stirred at a constant
rate of 700 rpm for 4 h to ensure that the CS was completely dissolved. Consequently, after the POSS
was added, the blend was stirred at a constant rate of 700 rpm at room temperature for 18 h before
it was introduced into the wet spinning device. Similary, for the CS/HA blending process, the CS
solution was stirred at constant rate of 700 rpm for 4 h before the HA was added. After the HA was
added, in order to avoid prolonged exposure of HA in an acidic pH environment, the CS/HA blend
was stirred at constant rate of 700 rpm for 2 h before it was subjected to the wet spinning process.

CS-based fibres were processed by a wet spinning method, outlined as follows. Figure 1A
illustrates a setup of the apparatus for this method. Overall, the process involved (A) extruding
the CS solution (containing the particles), through a spinneret, into a coagulation bath containing a
non-solvent where the precipitation of the CS-based fibres occurred [25,26,42]; (B) washing the fibres to
remove coagulant remains; and (C) winding up the fibres using a bobbin [25,26,42]. The dope (i.e., the
blend solution) was made to flow through a syringe pump set at rate 5 mL /min. This dope was then
pumped through an epoxy-cured silicone tube into a bath of 1 M of NaOH (i.e., a coagulation bath).
Before starting to pump the dope through the system, the tube was first used to deliver a 1 M NaOH
solution at a rate of 5 mL/min. Then, the dope was mixed with the coagulant solution at a junction;
it was in this bath that the CS would precipitate into a fibre-like form. The CS-based fibres were left
in the coagulant solution for 15 min (Figure 1B); thereafter they were removed from the coagulant

6



J. Compos. Sci. 2017, 1, 9

solution and rinsed with deionised water. Removing the fibres from the solution by winding them
around a cylindrical bobbin helped to laterally deform the fibre to achieve a ribbon-like cross section
(inset in Figure 1B). The result of the ribbon-like shape resembled a near-triangular cross section when
viewed under a field-emission scanning electron microscope (FE-SEM, JEOL JSM-6390LA, JEOL Ltd.,
Tokyo, Japan) (results not shown).

 
Figure 1. The chitosan composite fibres. (A) Set-up of the wet spinning process; (B) wet-spun
chitosan-based fibres in a petri dish (inset shows a micrograph of the fibre taken using an optical
microscope). Low magnification scanning electron micrographs (SEMs) of the cross-section of chitosan
fibre reinforced by hydroxyapatite (HA) (C) and polyhedral oligomeric silsesquioxane (POSS) (D);
panels (E) and (F) show the SEMs of the respective fibres at higher magnification.

2.2. Tensile Testing

The fibres were tested to rupture using a custom-built micromechanical tester [26]. Ten tensile
specimens were prepared—according to a method described in previous study [26]—for each of the
different combinations of particle type and concentration. Before the test began, the gauge length
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(i.e., grip-to-grip distance) and cross-sectional area (identified with the area of a triangle) of each fibre
specimen were recorded. Specimens were stretched to rupture at a displacement rate of 0.067 mm/s.
The fracture morphology of the microstructure was examined using a FE-SEM. The force versus
displacement data for the respective specimen were evaluated to derive the stress–strain curve. Here,
stress was determined from the force divided by the cross-sectional area of the fibre; strain was
determined from the ratio of the fibre displacement to the gauge length. Following the definition based
on previous reports [26], the yield point (which is identified by the point of inflexion between the origin
and the maximum stress point on the stress–strain curve) was used to determine the yield strength
(σY), yield strain (εY), stiffness (E), and strain energy density to yielding (uY), otherwise known as
resilience energy). The maximum stress point was identified to correspond to the fracture strength
(σU) and the fracture strain (εU, otherwise known as extensibility); the strain energy density to fracture
(uF, otherwise known as fracture toughness) was determined up to this point [26,43].

2.3. Statistical Analysis

Two-factor ANOVA was primarily used to test our hypotheses (Section 1), i.e., that the particle
type and concentration have significant effects on the respective mechanical properties and that
interactions occur between the two factors, at an alpha level of 0.05. When interaction effects caused a
masking of the results (such as in the case of CS/HA versus CS/POSS), a Student’s t-test was used to
analyse for differences at the respective levels. A test was regarded as significant when p value < 0.05.

2.4. Weibull Model

To analyse the mechanical reliability of the composite fibres, the Weibull model was
applied to evaluate the mechanical data. Let β and σ0 represent the Weibull modulus and the
characteristic strength, respectively. Adapting the method for fracture analysis (probabilistic approach)
from a previous study on CS/HA with respect to particle concentration versus crystallisation
temperature [34], according to Weibull’s empirical law [44], the cumulative distribution function
(C) of the yield/fracture stress of the CS composite fibre, σ, for determining failure due to flaws is
given by C(σ) = 1 − exp(−[σ/σ0]β).

To apply the Weibull law to the probabilistic analysis of the yield/fracture of the CS composite
fibre, first one notes that β quantifies the variability of σ; low β values correspond to high variability
and vice versa [44]. Second, one notes that σ0 is the stress value at which 63% of the fibres have
yielded/fractured [44]. Normally, for the convenience of analysis the C function is replaced by the
reliability function, R (= 1 − C), which describes the proportion of the population of specimens sampled
that survive at fracture stress σ. Thus the expression for R is given by

R(σ) = exp(−{σ/σ0}β). (1)

Additionally, the median rank position,

M = {i − 0.3}{n + 0.4} − 1, (2)

where n represents the size of the treatment group and i is the position of the corresponding σ, is
numerically identified with the R. It then follows that M is used to compute the R as an intermediate
step in the Weibull analysis.

We have adopted the following practical approach to evaluate β and σ0 for the different treatment
groups, namely CS/HA versus CS/POSS and particle concentration levels. First, we determined
the M for each experimentally derived value of σ (i.e., σY or σU). This was carried out by ranking
the magnitudes of the σ (i.e., σY or σU) in ascending magnitude. The corresponding estimates of
M were evaluated using Equation (2). Second, we fitted straight lines to the so-called Weibull plot
of log(log(1/{1 − M(σ)})) versus log(σ) for each group. Finally, the value of β was identified with
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the slope of the respective straight lines; the value of σ0 was found after equating −βlog(σ0) to the
y-intercept of the straight line.

3. Results

3.1. Fracture Morphology

The overall fracture morphologies for the CS/HA and CS/POSS fibres (Figure 1) appear somewhat
similar. The fractured planes are near-perpendicular to the axis of the fibre, suggesting that the fibres
fail by brittle fracture. All fibres exhibit similar fissures and projection features. These could be
attributed to a combination of the following modes of failure: (A) detachment (i.e., pullout) of the HA
or POSS particles from the chitosan matrix (inter-granular failure); (B) fracture of the HA or POSS
particles (trans-granular failure). POSS compounds are in the form of nanoparticles; in principle
these could be observable in the fibres using a SEM with high magnification. So far, these are the
best images that one could derive from SEM imaging. Here we also noted that the images reported
elsewhere by other researchers reveals POSS in large particulates on the order of 1 μm, when blended
in a chitin matrix [8]. Note that the ribbon-like profile of the fibre cross section was the result of lateral
compressive forces that were generated by the extruded fibre by winding around a bobbin during the
wet spinning process. Of note, the ribbon-like profile could present an advantage as it possesses a
greater surface area for cell adhesion. Additionally, if the fibres could be laid down in the form of a
mesh, the ‘pores’, i.e., the space between the fibres, need to be sufficiently large for cells to migrate
into the mesh, where they eventually become bound to the surfaces in the scaffold. Nevertheless,
the design of a scaffold mesh made from such CS fibres is promising but further work is required to
optimise the fibre surface area per unit volume (ASA) and pore size (Dpore) [45,46].

We have not attempted to mesh our fibres as the main focus is on the properties of the single fibre.
In our samples, the ribbon-like profile provides a broad surface of about 2pi × 40/2 (μm) = 126 μm.
To this end, we could expect that the pore sizes are on the order of 100 μm or more. Fibroblasts are on
the order of magnitude of 40–60 μm [47]. Osteoblasts and chondrocytes are on the order of 10 μm [48].
More importantly, the sizes of these cells are consistent with the dimensions of the fibre thickness, as
well as the predicted size of the pore.

If a scaffold (meshed) is to be fabricated from CS/HA or CS/POSS fibres, the first issue to address
is how to lay down the fibres with regards to having a fibre orientation predominated by primary
fibres in one direction (to provide certainty in strength and stiffness) and randomly oriented secondary
fibres. What then is the mechanical property of this configuration? It turns out that for such a design,
the strength of the mesh (which is related to the probability of rupturing of a fibre section) is dictated
by the Weibull distribution of stresses (Section 3.4). The overall tensile strength of the mesh (when
gripped at both extreme ends to stretch to rupture) would be lower than that of a single fibre [49].

3.2. Effects of Particle Type and Concentration on the Elastic Properties

To begin, we have found significant differences (p < 0.05) for the respective E (Figure 2A) and σY

(Figure 2B) versus particle concentration and particle type. No significant interaction between the two
factors is observed (p > 0.05). For the main effects of particle type, the mean E and σY of the CS/POSS
fibres are higher than those of the CS/HA fibres. As for the main effects of particle concentration,
the mean E and σY are highest at 3% (w/w) and lowest at 9% (w/w) particle concentration. It can be
concluded that (A) the CS/POSS fibres are stiffer and have higher yield strength than those of CS/HA;
and (B) an optimal particle concentration that leads to the highest stiffness and yield strength occurs at
3% (w/w).

9



J. Compos. Sci. 2017, 1, 9

Figure 2. Interaction (left panel) and main effects (right panel) of particle concentration (% w/w) and
particle type on the elasticity-related properties of chitosan-based fibres reinforced by hydroxyapatite
(HA) versus polyhedral oligomeric silsesquioxane (POSS) particles. Symbols: (A) E, elastic modulus;
(B) σY, yield stress; (C) εY, yield strain; (D) uY, strain energy density for resilience.

The p value for the effects of particle type on εY is small (p = 0.002), revealing strong evidence
of the influence of particle type on εY (Figure 2C). However, this is not the case for εY versus particle
concentration (p = 0.707). Since the p value for the interaction between particle concentration and
particle type is much greater than 0.05 (interaction p = 0.314), this suggests that there is no evidence of
an interaction between the factors. We conclude that εY is sensitive to variation in particle type but not
to particle concentration. In considering the main effects of particle type, it is observed that the mean
εY from the CS/HA fibre is higher than that of the CS/POSS fibre. We conclude that CS/HA fibres are
more deformable, i.e., they yield at larger strains than CS/POSS fibres.

As for uY, we note that the p values for particle type (p = 0.053) and particle concentration
(p = 0.597) are both greater than 0.05 (although the former may be regarded as marginal). Thus,
there is no evidence that uY is sensitive to particle type and concentration (Figure 2D). The p value
for the interaction is much greater than 0.05 (p = 0.308), showing that there is no evidence of an
interaction between the factors. Altogether, this suggests that uY is not sensitive to variations in particle
concentration and type.
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3.3. Effects of Particle Type and Concentration on Fracture Properties

With regards to σU, the ANOVA results (Figure 3B) reveal a significant interaction between particle
type and particle concentration (p < 0.001). Thus the main effects may not be interpreted independently
of one another. Figure 3A shows that σU is sensitive to variations in particle concentration (p < 0.001)
but not particle type (p = 0.216). It appears that the optimal particle concentration occurs at 3% or
7% (w/w) depending on the particle type. The main effects due to particle type could be masked
by interaction effects and warrant further analysis. To address the effects arising from interaction,
a two-sample t-test was conducted to investigate the differences in σU between the CS/HA and
CS/POSS at the respective particle concentration levels. The results of the t-test reveal no significant
difference in σU between the CS/HA and CS/POSS for all levels of particle concentration except at
7% (w/w) (p < 0.001)—the mean σU of the CS/HA fibres is smaller than that of CS/POSS fibres at 7%
(w/w).

Figure 3. Interaction plots (left panel) and main effects (right panel) plots of particle concentration
(% w/w) and particle type on the fracture-related properties of chitosan-based fibres reinforced by
hydroxyapatite (HA) versus polyhedral oligomeric silsesquioxane (POSS) nanoparticles. Symbols:
(A) σU, fracture strength; (B) εU, extensibility; (C) uF, strain energy density to fracture.

With regards to εU, a significant interaction between particle concentration and type occurs
(p < 0.001). Thus the main effects may not be interpreted independently of one another. Here,
significant differences are observed for εU versus particle type (p < 0.001) and particle concentration
(p = 0.025) (Figure 3B)—the εU is sensitive to variations in particle type and particle concentration but
the effects of particle type on εU is modified by particle concentration and vice versa. We conclude that
(1) the mean εU from the CS/HA fibre is higher than that of the CS/POSS fibre (except at 7% w/w,
where both result in similar magnitudes of εU); and (2) the optimal particle concentration resulting in
the highest εU occurs at 7% (w/w).
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Finally, with regards to uF, the p value for the interaction between particle type and concentration
is very small (p < 0.001), showing that there is evidence of an interaction between the two factors. Thus,
the main effects of particle type and particle concentration on uF may not be interpreted independently
of one another. Nevertheless, significant differences are observed for uF versus particle type (p = 0.001)
and particle concentration (p < 0.001) (Figure 3C). In considering the main effects of particle type, it
is observed that the mean uF from the CS/HA fibres is about 40% higher than that of the CS/POSS
fibres. For the consideration of the main effects of particle concentration, the mean uF appear to peak
at 3 or 7% (w/w), depending on the particle type. We conclude that the optimal particle concentration,
corresponding to maximum uF occurs at 3 and 7% (w/w) for HA- and CS/POSS fibres, respectively.

3.4. Mechanical Reliability

Table 1 lists the values of the Weibull modulus, β, and the characteristic strength, σ0, of the CS
composite fibre reinforced by HA and POSS nanoparticles, associated with the yield strength and
fracture strength parameters. Inspection of the values of β in the table reveals the following trends.
With regards to the yielding of CS/HA composite fibre, it is observed that β increases with the increase
in POSS concentration, peaks at 7% w/w, and decreases somewhat thereafter. As for the yielding of
the CS/POSS composite fibre, it is observed that β increases rapidly with an increase in POSS and
peaks at 3% w/w (as compared to 7% w/w for the case of CS/HA), followed by a decrease in β, with
increasing POSS concentration. On the other hand, with regards to the fracture of the CS fibre, the β

from both CS/HA and CS/POSS appears to fluctuate with increasing particle concentration, and no
appreciable trend is observed.

Table 1. Analysis of the Weibull modulus, β, and the characteristic strength, σ0, of chitosan (CS) fibres
reinforced by hydroxyapatite (HA) and polyhedral oligomeric silsesquioxane (POSS) nanoparticles.

Particle
Concentration

% w/w

CS/HA CS/POSS

Yield Strength Fracture Strength Yield Strength Fracture Strength

β (MPa) σ0 (MPa) β (MPa) σ0 (MPa) β (MPa) σ0 (MPa) β (MPa) σ0 (MPa)

1 4.58 37.53 7.21 69.43 2.40 31.76 13.00 58.96
3 4.80 38.31 12.90 86.26 7.90 48.11 4.70 85.35
5 4.90 35.57 9.80 70.46 4.40 42.52 3.50 83.81
7 5.30 32.80 15.80 62.76 2.60 37.17 13.30 97.41
9 3.70 24.27 7.80 55.30 2.50 32.46 9.40 50.68

Inspection of the values of σ0 in the table reveals the following trends. With regards to the yielding
of CS composite fibre, both CS/HA and CS/POSS show that σ0 increases with an increase in the
particle concentration, peaks at 3% w/w, and decreases somewhat thereafter. On the other hand,
as for the fracture of the CS/HA fibre, σ0 increases with increasing HA concentration, peaks at 3%
w/w, and decreases thereafter. In contrast, for the CS/POSS fibre, σ0 increases with increasing POSS
concentration, peaks at 7% w/w, and decreases thereafter.

Figure 4 shows plots of R versus σ for the CS/HA and CS/POSS fibres corresponding to the
cases of yielding and fracture. These plots illustrate the sensitivity of the reliability to the β and σ0

parameters at the respective levels of particle concentration and type. With the exceptions of the
yielding of CS/POSS at 1%, 7% and 9% w/w and the fracture of CS/POSS fibre at 3% and 5% w/w, the
form (i.e., parameterized by β) of the curves corresponding to CS/HA and CS/POSS features a very
narrow spread of strength variability, for the respective case of yielding and fracture. The scatter of the
curves deserves some attention. With regards to the respective HA and POSS particles, over the range
of particle concentration considered here, the curves for the yielded CS fibre (Figure 4A (C)) are less
scattered compared to those of fractured CS fibres (Figure 4B (D)). The implications of these results are
discussed in Section 4.2.
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Figure 4. Plot of reliability function, R (a dimensionless quantity), versus stress (σ, MPa) in the
chitosan-based composite fibre, reinforced by hydroxyapatite (HA), for the case of (A) yield strength
and (B) fracture strength, and polyhedral oligomeric silsesquioxane (POSS), for the case of (C) yield
strength and (D) fracture strength, in the presence of varying particle concentrations (% w/w). Note:
σ0 and β represent the characteristic strength and the Weibull modulus, respectively.

4. Discussion

4.1. Study Findings

In this study, both CS/POSS and CS/HA fibres were synthesized by a wet spinning method, with
varying particle concentrations from 1% to 9% (w/w). Wet spinning is a simple and effective method
that involves a combination of rheological and diffusional mechanisms to synthesize fibres with
controlled thickness [25,26,50,51]. Methods such as melt spinning are not feasible as the CS polymers
degrade upon heating [25,51]. It is important to note that the wet spinning method can produce useful
fibres because the flow action during extrusion helps to align both the CS polymer molecules and the
nanoparticles in the direction of the fibre axis, thus contributing to axial reinforcement [26]. From the
perspective of tissue engineering scaffolds, it makes sense to synthesize CS fibres of micrometre
thickness for several reasons, namely they can lead to large surface area for cell attachment as well
as enhanced interconnected pore architecture that provides pathways for the diffusion of gases,
transportation of nutrients, and migration of cells [11,52–54].

According to some reports, isolated particles of HA and POSS are physically distinguished by their
shapes: HA are generally described as having a needle-like (generally rods or with straight-taper ends)
profile [55,56] while POSS particles may be described as having globular profiles [57]. While these
descriptions are not based on a detailed analysis of the particle shapes, the precise form of these
particles (at least for HA particles [25]) is expected to depend on the precipitation temperature, which
ranges from ambient [58,59] to 40 ◦C [29,50,51,60]. More importantly, both particle types provide a
unique perspective to study the effects of non-uniform cylindrical profiles of a nanoparticle-reinforced
composite and its mechanical properties [30]. Although the exact forms of these particles in the
composite are not observable, predictions from finite element models of composites reinforced by

13



J. Compos. Sci. 2017, 1, 9

ellipsoidal particles and needle-like particles with straight tapered ends reveal that the stress uptake in
these particles is somewhat evenly distributed throughout during elastic loading [61]. On the other
hand, uniform cylindrical (i.e., rod shape) particle-reinforced composites feature a peak stress at the
particle centre; the stress decreases non-linearly to zero at the particle ends [62]. In principle, the
non-uniform cylindrical particles are less likely to break owing to lower stress concentrations, and
hence are more effective than uniform cylindrical ones for composite reinforcement [62,63] Nonetheless,
these predictions have yet to be supported by experimental results.

There are some reports of ‘hybrid’ composites, notably from the study based on computer
modelling of a composite comprising (i.e., non-fibre-like) particles and fibres blended in polymer
composites [64], and banana/sisal fibres blended in epoxy resin [65]. Of note, the mechanical
properties of a banana/sisal fibre-reinforced epoxy resin composite have been evaluated based on the
rule-of-mixture for hybrid composites [49]. However, to the best of our knowledge, there is no study
hybridizing chitosan by blending with POSS and HA particles. This would be an interesting study
with regards to optimising the chitosan composite mechanical properties.

In principle, the magnitudes of the mechanical properties (such as strength and stiffness) are
expected to increase linearly with particle concentration in good order-of-magnitude agreement
with the simple rule-of-mixture for strength and stiffness [30]. In practice, composites reinforced by
nanoparticles (such as those shown in this study for the CS/HA and CS/POSS, and in other studies,
namely (A) SiO2 particles reinforcing polyimide [1], (B) BaSO4 particles reinforcing polypropylene [66],
and (C) carbon nanotubes reinforcing ceramic [67]) do not follow the rule-of-mixture at large particle
concentration levels. In fact, there exists a particle concentration level beyond which a further
increase in particle concentration leads to a diminution in the mechanical properties. This effect
is often attributed to the extensive agglomeration of nanoparticles beyond the optimal particle
concentration [1,30,68]. Further discussion of the underlying causes of agglomeration is found in
Section 4.2. Nevertheless, the low particle concentration is a cause for concern as it severely constrains
the tunability of the mechanical properties of the composite to a narrow range of particle concentrations.
Interestingly, the peak value of different mechanical parameters appears to differ. For instance, the
highest stiffness occurs at 3% w/w but the highest fracture strength occurs at 7% w/w. This means
that if the material designer is required to design the CS composite fibre for high fracture strength, the
trade-off would be lower stiffness.

An interesting study has been carried out by Aranaz et al. [69] to investigate the type of
calcium phosphate formed in the CSCaP monoliths. There are two key findings according to this
study [69]. (A) Calcined samples showed a pattern similar to enamel (highly crystalline apatite mineral,
ca. 96 wt. %), and non-calcined samples showed a pattern similar to dentin (partially amorphous
apatite, which also contains an organic matrix and water). (B) The amount of calcium phosphate in the
CSCaP composites can significantly influence the efficacy of cell proliferation: it is found that higher
calcium phosphate content in the composite enhances cell attachment and proliferation and vice versa.
With regards to our CS fibres, it would be interesting as part of future work to assess the extent of
the crystallinity in the CS fibres. This could come together with plans for cell studies. With regards
to cell studies, one key area of interest is in developing a consistent technique to lay down the fibres
into a mesh. The study of osteoblast and chondrocyte cells in tissue engineering with regards to cell
adhesion, spreading, and viability is an ongoing interest [48]. With regards to our CS fibres, one future
work of interest would be to investigate how these cells respond to the fibrous mesh when they are
seeded into the mesh. A method will be developed to enable consistency in the seeding process using
an in-house developed automated cell dispensing machine; such a machine may be modified from an
open-sourced 3D printer [70].

Although the mechanical properties of the CS/HA composite are well established and a few
reports have been published on the CS/POSS composite, most reports have been concerned with
singly applied treatments. In other words, these experiments have attempted to investigate only one
synthesis parameter, notably the effects of particle concentration [25,26]. Here, the results from the
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two-factor ANOVA reveal that particle concentration and particle type do interact. With regards to the
sensitivity of the mechanical properties of CS composite fibre to particle concentration and particle
type, the findings are listed as follows: (A) Only the fracture-related mechanical parameters, i.e., σU,
εU and uF, are sensitive to interaction effects. Since these parameters are also sensitive to particle
concentration and type, the trending variation of the values of each of these parameters with varying
particle concentration (type) depends on particle type (concentration). As for the elasticity-related
parameters (i.e., E, σY, εY and uY), the results suggest that the main effects (where applicable) of particle
concentration and particle type on these parameters may be interpreted independently of one another.
(B) With regards to effects from particle type, by and large the σY and E of CS/POSS fibres are higher
than CS/HA fibres but CS/HA fibres possess higher εY, εU and uF than CS/POSS fibres. This suggests
that CS/POSS fibres are stronger and stiffer than CS/HA fibres but CS/HA fibres are not only less
brittle but also tougher than CS/POSS fibres. The uY is not sensitive to particle type. (C) With regards
to effects from particle concentration, only E and σY reveal a clear trending increase up to an optimal
particle concentration; thereafter a trending decrease occurs. The optimal particle concentration differs
for different mechanical properties. In particular, E and σY peak at 3% (w/w). The εY and uY are not
sensitive to particle concentration. Interestingly, due to the presence of interaction between the particle
concentration and particle type, σU, εU and uF peak at 3% or 7% (w/w), depending on particle type.

The E, uY and uF may be regarded as ‘derived parameters’, defined in terms of both stress and
strain components. By considering the results from the main effect study (Sections 3.2 and 3.3), we
infer that (A) the stress component predominates in E as demonstrated by σY; (B) the strain component
(from initial loading until εU) predominates in uF, as demonstrated by εY. While further discussion
concerning the basis for the absence of sensitivity of the uY of chitosan composite fibre to nanoparticles
of HA and POSS could be valuable, the answer is not as clear-cut as we might wish. Nevertheless,
the underpinning arguments suggest that the mechanics of nanoparticles of HA for modulating the
stress and strain (by directing low stress uptake at high strains) is in direct contrast to that of POSS (by
directing high stress uptake at low strains). However, in either case, these lead to similar results arising
from a similar amount of strain energy absorbed per unit volume (i.e., uY) causing yielding in the fibre.

4.2. Design for Reliability

It is possible that defects in the CS fibre may originate from agglomerates of HA or POSS, as well
as localised non-uniform dispersion of the respective particles within the CS fibre—these defects then
act as stress intensifiers. Failure in the fibre may begin at these stress intensifier site as the load on the
fibre increases; yielding occurs when chemical bonds within the defects are partially disrupted but
rupture, i.e., formation of new crack surfaces, occurs when all the chemical bonds at a particular site
are dissociated.

The reliability predictions reveal that the CS/HA composite fibres have more consistent (in other
words, narrower spread of σ values) yield and fracture strengths as compared to CS/POSS composite
fibres. Thus this could be attributed to two factors: (A) the agglomeration of particles and (B) the
directionality of the particles. The agglomerates could compromise the mechanical properties of
the composite fibre. As these agglomerates are weakly bonded together, the dissociation of these
agglomerates could in turn contribute to increased unpredictability in the yield and fracture strength
of the CS/POSS fibre. Additionally, as the POSS particles are described as having globular profiles
(Section 4.1), this means that in some POSS particles the long axis may be comparable in length
to the short axis. Thus, during the processing of the CS/POSS fibre, as the POSS particles flow
though the tube and spinneret, the flow effect may not be sufficient to cause the long axis of all
POSS particles to point in the direction of the fibre axis. Consequently, the directionality of the POSS
particles is less defined than that of HA particles, which are described as having needle-like profiles.
The directionality of the particulates plays an important role in determining the mechanical properties
of the CS composite fibre. According to the principles of particle-reinforced composites, a composite
that contains well-aligned particles will have higher strength when an external load is applied in the
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direction of these particles [26]. For composites that contain particles that are not well aligned, only a
proportion of the particles that are aligned in the direction of the applied load would be able to provide
effective reinforcement by taking up stress from the matrix [26].

The possible contribution of particle agglomeration to the decrease in the magnitude of the
respective mechanical parameters, at high particle concentration levels, is an issue of great concern [68].
As these agglomerates are weakly bonded, individual agglomerates dissociate easily into smaller
particles under high load—smaller particles, with shorter length, may be less effective at taking up
high stress. Exactly how the weak bonds affect both the elasticity- and fracture-related mechanical
properties of the chitosan composite is not clearly understood and is a subject for further study.

As noted in Section 4.1, in cases where the interaction between particle type and concentration is
significant, the optimal particle concentration for each mechanical parameter differs depending on
the particle type. This appears to reflect the varying degree of agglomeration by each particle type
and may have to do with the degree of the proximity of particles within an agglomerate. Accordingly,
from computational studies on particle–particle proximity [68], it is inferred that (A) the interphase
material surrounding a particle could overlap with the interphase material from neighbouring particles,
and (B) the mechanical properties of the nanoparticulate-reinforced composite could depend on
the degree of the interphase-interphase overlap. It then follows that particle clustering increases
appreciably at high particle concentration levels. Consequently, this leads to decreases in the E of the
nanoparticulate-reinforced composites [68].

The non-linear relationship between the mechanical property of a composite and the particle
concentration, and the existence of an optimal particle concentration that results in the characteristic
peak value of the mechanical parameter, means that predicting the mechanical properties of these
composites may not be as straightforward as we would like. As pointed out in Section 4.1,
these non-linear effects are found in many particle-reinforced composite systems. For instance,
polypropylene reinforced by BaSO4 nanoparticles reveals an increasing σY with increasing particle
concentration up to 10% (w/w); thereafter a trending decrease occurs with increasing particle
concentration [66]. Polyimide reinforced by SiO2 particles reveals an increasing σU with particle
concentration for up to 5% (w/w); thereafter σU decreases with increasing particle concentration [1].
Epoxy reinforced by hydrated Al(OH)3 nanoparticles results in increasing G (fracture toughness in
kJ/m2) with particle concentration from 20% to 30% (w/w); thereafter a decreasing G with particle
concentration was observed [71]. Nevertheless, there are exceptions, e.g., dentin composites reinforced
by hydroxyapatite nanoparticles reveal a monotonically increasing (flexural) E with increase in particle
concentration (the maximum particle concentration studied was 15% w/w) [72]; it remains to be
seen if E also peaks at a certain particle concentration thereafter before decreasing. Recently, simple
constitutive equations based on phenomenological arguments have been proposed to model these
non-linear effects for fracture strength and stiffness [49]. The underlying basis of the model suggests
that the initial linear increase in the magnitude of the respective mechanical property with increase
in particle concentration follows the rule-of-mixture [49]. Beyond a certain particle concentration,
the matrix mechanical property dominates so that the mechanical property experiences decrease in
magnitude with increasing particle concentration [49]. Nevertheless, this model has to be investigated
further before it can be used in practical applications.

5. Conclusions

It is shown in this study that only the fracture-related properties were sensitive to effects arising
from the interaction between the particle type and concentration. Most mechanical properties are
sensitive to particle type; for instance, the stiffness and yield strength of CS/POSS fibres are higher
than those of CS/HA fibres. On the other hand, the yield strain, extensibility and fracture toughness
of CS/POSS fibres are lower than those of CS/HA fibres. Most mechanical properties are sensitive to
varying particle concentrations. For some mechanical properties, namely stiffness and yield strength,
these feature a trending increase to a peak value (the optimal particle concentration) and a trending

16



J. Compos. Sci. 2017, 1, 9

decrease thereafter, with increasing particle concentration. For the others, namely fracture strength,
strain at fracture and fracture toughness, the sensitivity is significant but no trending increase/decrease
is sustained over the particle concentration range investigated here. Predictions of the reliability of
the CS composite fibres reveals that CS/HA composite fibres have a more consistent (in other words,
narrower spread of σ values) yield and fracture strength as compared to CS/POSS composite fibres.
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Abstract: Processing parameters (e.g., exfoliation extent and volume fraction) of clay particles in
polymeric resins play a crucial role in the mechanical properties of polymer nanoclay composites
(PNCs). This paper is aimed to investigate the effects of clay aspect ratio and volume fraction
on the global mechanical properties (e.g., effective stiffness, yield strength, and ultimate tensile
strength) of PNCs. During the process, computational micromechanics models are adopted to
simulate the nonlinear elastoplastic behavior of the PNCs of varying clay particle volume fractions
and aspect ratios subjected to uniaxial tension. A representative volume element (RVE) of the PNCs
is employed for the finite-element-method (FEM) based computational simulations. The polymeric
matrix is treated as an idealized elastoplastic solid with isotropic hardening behavior, and the clay
particles are treated as stiff elastic platelets distributed evenly in the stack and stagger configurations
in the matrix. Seven volume fractions (Vf = 0.5%, 1%, 2%, 5%, 7.5%, 10%, and 15%) and seven aspect
ratios (the ratio of platelet length over thickness ρ = 1, 2, 5, 10, 20, 50 and 100) of the reinforcing
clay particles are utilized. Numerical experiments show that the effective modulus of the PNCs at
small strains increases with the increase of either the clay volume fraction or the platelet aspect ratio
largely following those predicted by classic micromechanics models. However, at the low particle
aspect ratios (e.g., ρ = 1, 2, 5 and 10), the ultimate tensile strength of the clay composite is nearly
independent of the clay volume fraction up to 5% in the present study, i.e., the polymeric matrix
governs the PNC strength; at the large particle aspect ratios (e.g., ρ = 20 and 50), the ultimate tensile
strength is significantly enhanced with growing clay volume fraction higher than 5% and reaches
~150% of that of the polymeric matrix at ρ = 50 and Vf = 10%. A comparative study is conducted
for stack and stagger models for the prediction of the mechanical properties of PNCs. It shows
that the stack model predicts slightly larger values of the effective stiffness and tensile strength
than the stagger model. The numerical study shows that a large platelet aspect ratio through full
exfoliation of the clay particles in matrix is crucial to achieving the preferable mechanical properties
of PNCs as evidenced in experiments. The present results can be utilized to quantitatively explain
the mechanical properties of clay particle-reinforced composites and PNCs within the framework
of classic micromechanics, and provide guidelines for computer-aided nanocomposites design for
processing property-tailorable PNCs.

Keywords: polymer nanoclay composites (PNCs); mechanical behavior; strength and stiffness;
scaling analysis; elastoplastic; finite element analysis (FEA)

1. Introduction

Nanocomposites made of polymeric matrices reinforced with intercalated or exfoliated clay
nanoparticles have become a focus of research in polymer composites in the last two decades after
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the seminal research initiated successfully by the Toyota research group in 1980s [1,2]. To date,
substantial experimental investigations have shown that layered-silicate clay particles can be exfoliated
into single nanosized platelets through ion exchange and can be well distributed in polymer melts or
solutions as a nanoreinforcing phase in enhancing the mechanical and other physical properties of
the resulting polymer nanoclay composites (PNCs). The most attractive evidence as demonstrated
by numerous researchers worldwide is that layered silicate nanofillers can tremendously increase
the tensile modulus, flexural stiffness and the tensile strength of PNCs at a filler weight content of only
a few percent. Such preferable experimental observations are due mainly to the fact that the tensile
modulus and strength of well aligned, exfoliated nanoclay platelets are close to the theoretical values
of their perfect crystalline counterparts without defects (dislocations) and orders higher than those
of the polymeric resins, as well as the high interfacial bonding strength (shear strength) between
the clay nano platelets and the polymeric resins that exhaustively exploits the toughening effect
of the clay nano platelets. For instance, nylon-6 nanocomposites prepared through intercalative
ring-opening polymerization of ε-caprolacetam modified montmorillonite to form fully exfoliated
nano platelets can double the tensile modulus of the virgin nylon matrix at the filler weight content
at 4.1% [3]; however, such giant modulus improvement cannot be achieved when the clay particles
are dispersed in polymeric matrix to form intercalated polymer microcomposites [4]. Meanwhile,
fully exfoliated clay nanofillers at a weight content of ~5% can also enhance the tensile strength of
the nanocomposites up to 50% as demonstrated in nylon nanocomposites that were prepared through
in situ intercalative polymerization of ε-ecaprolactam in protonated aminododecanoic acid modified
montmorillonite [4]. Besides, increasing experimental data have indicated that PNCs are capable
of having desirable thermal stability, flame retardancy, and gas barrier properties that substantially
broaden the applications of conventional polymer composites [4–10] in various industrial sectors.
Among those, the most recent research investigated the effects of nanoclay morphologies (e.g., particle
length, aspect ratio, bird nest structure, aggregation, etc. of halloysite and kaolinite nanoclay particles)
on the thermal stability, surface wettability, and mechanical properties of biopolymer nanocomposite
films for food packaging and other applications [11,12]. The studies showed that the thermal, tensile
and surface wetting properties of the pectin resin can be noticeably improved by exfoliated halloysite
nanotubes at relatively high weight concentration, which form unique bird nest structures in the pectin
matrix of the resulting bionanocomposites. In addition, most recent research on the structural, physical
and mechanical properties of nanoclay-reinforced fiber composites can be found in Reference [13].

Along with the enrichment of the database of experimental data of PNCs, remarkable efforts has
been devoted to model-based understanding and numerical simulation of the mechanical behavior
of PNCs for controllable processing and nanocomposites design. One typical treatment broadly
considered by researchers is to consider PNCs as conventional particle-reinforced composites while
an effective particle volume (size) is assumed [14]. Such treatment facilitates the utilization of classic
micromechanics and numerical methods (e.g., finite element method-FEM) to analyze the mechanical
behavior of PNCs [15]. With the assumption that the nanofillers are evenly distributed in the matrix,
the effective mechanical properties, mainly the effective moduli, of the resulting nanocomposites can be
approximately modeled by adopting Eshelby’s equivalent model, self-consistent models of finite-length
fillers, Mori-Tanaka type models, bound models, Halpin-Tsai model and its extensions, and modified
shear-lag models, among others [15]. By comparison with these classic micromechanics models plus
detailed finite element analysis (FEA), Tuchker and Liang concluded that the simple shear-lag model is
capable of giving a good estimate of the longitudinal modulus (E11) of short-fiber reinforced composites
when the fiber aspect ratio is greater than 10 [15]. Meanwhile, Tsai and Sun [16] developed a modified
shear-lag model to investigate the load transfer efficiency in PNCs reinforced with intercalated and
fully exfoliated clay particles, and their model was validated by using FEM. In addition, Weon and
Sue [17] developed an experimental scheme to tailor the clay orientation and aspect ratio in nylon-6
PNCs through controlled shearing in order to study their effects on the mechanical properties. It was
found that the effective modulus and tensile strength of the PNCs decreased with decreasing aspect
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ratio and alignment extent of the reinforcing clay nano platelets; in contrast, the fracture toughness
and ductility of the PNCs increase simultaneously. In the study, the Halpin-Tsai and Mori-Tanaka
micromechanics models were employed successfully to examine the dependency of composite
moduli upon the orientation and aspect ratio of the clay platelets; the effective filler structure was
established through mapping the effective structural parameters of fillers to the structural parameters of
conventional fillers within the framework of micromechanics [18]. Similar studies were also conducted
by many other researchers. For example, Zhu and Narh [19] performed detailed FEA of the mechanical
behavior of aligned clay platelet-reinforced nanocomposites. In their model, the clay particles and
the polymeric matrix were all treated as linearly elastic solids and an interlayer was proposed to model
the transition region between the polymeric matrix and the fillers. Numerical simulations based on
such a three-phase model showed that either decreasing interlayer modulus or increasing interlayer
thickness resulted in decreasing effective moduli of the PNCs. In addition, Dai et al. [20] recently
introduced an improved stagger model to analyze the stiffness and strength of PNCs reinforced with
aligned, exfoliated clay nanoparticles; numerical results are close to those obtained in experimental
studies. More recently, Dong and Bhattacharyya [21] performed finite element modeling to determine
the effective moduli of polypropylene/organoclay nanocomposites. In the model, representative
volume elements (RVEs) of stacking, staggering, and randomly distributed platelets in matrices were
considered; their numerical results showed that the interlayer properties had less impact on the effective
moduli of the PNCs reinforced with fully exfoliated clay nanoparticles. More detailed reviews on
research progress in processing, characterization and modeling of the mechanical properties of PNCs
can be found in the recent review papers in this topic, e.g., [4–6,13,21,22] and references therein.

In the above, it can be observed that the majority of the modeling studies reported in the literature
was focused on the effective moduli of PNCs by adopting the classic micromechanics models and
related computational methods within the range of linearly elastic deformation of the composites.
Yet, no systematic study has been conducted on the ultimate tensile strength of PNCs though it is an
important material parameter in practical applications of PNCs. In view of processing PNCs, the key
processing parameters include the clay particle volume (or weight) fraction, exfoliation extent and
platelet orientation in polymeric matrices, which dominate the mechanical properties of the resulting
PNCs. Thus, in this study, we initiated a computational scaling study on the effects of processing
parameters (i.e., the volume fraction and aspect ratio of the clay particles) on the effective modulus,
yield strength, and ultimate tensile strength of PNCs by using a nonlinear FEM model. In the model,
the typical stack and stagger RVEs of PNCs were adopted, and the polymeric matrix was treated
as idealized elastoplastic solid with isotropic hardening behavior. A family of effective stress-strain
diagrams was gained at varying volume fraction and aspect ratio of the clay particles through detailed
nonlinear FEA. Dependencies of the effective stiffness, yield strength and ultimate tensile strength
upon the processing parameters of the PNCs and relevant mechanisms were explored and discussed.
Conclusions of the present study and relevant applications were addressed in the last section of
the paper.

2. Problem Statement and Simulation

2.1. Scaling Analysis of the Mechanical Properties of PNCs

Given a PNC system, the processing parameters such as the particle volume (weight) fraction
Vf, aspect ratio ρ, defined as the ratio of the platelet length to the thickness in the simplified two
dimensional (2D) case, and the platelet orientation angle θ, among others, dominate the mechanical
properties (e.g., effective modulus Ee, yield strength σye, and ultimate tensile strength σue) of
the resulting nanocomposite material. In this study, without loss of the generality, we adopted the 2D
stack and stagger RVEs, in which all the clay platelets are assumed to be distributed either in stacked or
staggered patterns in the polymeric matrix. According to the Buckingham π-theorem [23], the effective
modulus Ee, yield strength σye, and ultimate tensile strength σue of the PNC have the following scaling
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relationships with respect to the constituent moduli (Ef and Em), yield strength (σym), and Poisson’s
ratios (υf and υm) and the volume fraction (Vf) and aspect ratio (ρ) of the clay particles:

Ee

Em
= f

(
Ef
Em

,
σym

Em
, υf, Vm, Vf, ρ

)
(1)

σye

Em
= g

(
Ef
Em

,
σym

Em
, υf, Vm, Vf, ρ

)
(2)

σue

Em
= h

(
Ef
Em

,
σym

Em
, υf, Vm, Vf, ρ

)
(3)

where f, g, and h are, respectively, three unknown dimensionless functions with respect to
the dimensionless ratios Ef/Em, σym/Em, and dimensionless numbers υf, υm, Vf and ρ. In the above,
subscript ‘e’ denotes the effective properties of the PNC; subscript ‘f’ denotes the properties of clay
particles, and subscript ‘m’ stands for the properties of the polymeric matrix. It needs to be mentioned
that in reality, more parameters of a PNC system potentially govern the global mechanical properties
of the PNC, such as the interfacial shear strength between the clay nano platelets and polymer resin,
the morphology and orientation of the clay particles, among other. Yet, as a preliminary computational
approach, the present study focuses only on the dominant parameters within the framework of classic
mechanics of composite materials and computational micromechanics.

In typical PNCs, the clay particles are much stiffer and have much higher yield strength and
ultimate tensile strength than those of the polymeric resins. Therefore, subjected to external loading,
the clay particles are only in the range of elastic deformation till the catastrophic failure of the PNCs.
As a reasonable deduction, the yield and tensile strengths of the clay particles can be ignored in
the scaling relations (1–3). For the purpose of simplifying the upcoming discussions, the polymers
in this study are assumed to be idealized elastoplastic solid, i.e., the yield strength σym equals to
its ultimate tensile strength σum. In addition, the yield strength of a PNC (2) σye is physically less
meaningful since in computational simulation such as FEA, localized tiny plastic deformation always
exists in the polymeric matrix near the ends of the clay particles due to stress concentration at the clay
particle edge/corner regions with abrupt geometrical change and depends also upon the extent of
mesh refinement employed in FEA. However, the global mechanical properties of PNCs such as
the tensile strength and fracture toughness are not so sensitive to such localized plastic deformation
since the polymers are usually thermoplastic with excellent ductility and plastic deformation.

Besides, the transition region between the clay platelets and the polymeric matrix is not taken into
account in the current study due to the following two considerations. First, physically, it is still rather
difficult to identify the exact thickness of such interlayers based on available experimental data in
the literature though many researchers have artificially introduced this ad hoc region to show the size
effect in the mechanical properties of nanocomposites. Second, some recent simulations such as those
provided by Dong and Bhattacharyya [21] showed less impact of the interlayers on the mechanical
properties of PNCs, which might be related to the small volume fraction of the interlayers and the clay
particles in the model. Thus, introduction of the interlayers to modeling the mechanical properties
of PNCs is still a controversial topic and needs more in-depth experimental evidence and physical
justification. Thus, in the present study, we mainly focused on the scaling properties of the effective
modulus (1) and the ultimate tensile strength (2) of the PNCs with respect to the two major processing
parameters: the clay-particle volume fraction Vf and geometrical aspect ratio ρ. A detailed 2D nonlinear
FEA was conducted for this purpose.

2.2. FEM-Based Computational Micromechanics Simulation

In processing a PNC, clay particles can be potentially distributed in the polymeric matrix in three
different extents, i.e., the conventional micron level particles, intercalated particle and exfoliated nano
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platelets, as illustrated in Figure 1. The latter two are the general states to achieve PNCs with preferable
mechanical properties.

 

Exfoliated RegionIntercalated Region

Figure 1. Schematic of intercalated and exfoliated clay particles in a polymeric matrix.

To investigate the scaling properties of PNCs with varying clay-particle volume fraction Vf and
aspect ratio ρ, we considered the typical stacking and staggering distributions of identical clay particles
in the polymeric matrix. The RVEs to be extracted for FEM simulations are based on the periodical
and symmetrical conditions of the PNCs subjected to axial tension along the particle axis, as shown in
Figures 2 and 3, respectively.
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Figure 2. Representative volume element (RVE) of the stack model used for the present computational
scaling analysis. (a) Idealized identical stacking clay platelets; (b) a typical RVE; and (c) a quarter RVE
for efficient simulation.

25



J. Compos. Sci. 2017, 1, 16

e

(a)

e

(c)

Symmetry Line

Sy
m

m
et

ry
 L

in
e

(b)

Figure 3. Representative volume element (RVE) of the stagger model used for the present computational
scaling analysis. (a) Idealized identical staggering clay platelets; (b) a typical RVE; and (c) a quarter
RVE for efficient simulation.

During the computational simulation, a wide range of clay-particle aspect ratios (ρ = 1, 2, 5, 10, 20,
50 and 100) and volume fractions (Vf = 0.5%, 1%, 2%, 5%, 7.5%, and 10%) were utilized. Additionally,
the stack and stagger models with the filler volume fraction 15% and aspect ratio 100 have been
also considered for the purpose of comparative study, to examine their effects on the ultimate tensile
strength and effective modulus of the resulting PNCs. The aspect ratio ρ and volume fraction Vf can
be obtained by adjusting the RVE dimensions: L, D, l, and d as

ρ =
l
d

and Vf =
ld

LD
. (4)

The mechanical properties of the polymeric matrix and clay particles were selected close to those
reported in the literature [4,6]. The polymeric matrix was modeled as an idealized elastoplastic solid
with the yield strength σym = 79.0 MPa, Young’s modulus Em = 2.75 GPa, and Poisson’s ratio υm = 0.41;
the clay particles were modeled as linearly elastic solid with Young’s modulus Ef = 178 GPa and
Poisson’s ratio υf = 0.28.

2D nonlinear FEA was conducted to determine the entire stress field of the quarter RVEs
(see Figures 2c and 3c) of the PNCs subjected to axial stretching. During the process, a plane-strain
4-node 182 element offered by ANSYS™ was adopted; symmetrical boundary conditions were enforced
at the horizontal and vertical symmetric axes; forced displacement constraints were triggered to
maintain the constant horizontal displacements at the right vertical edges; no debonding was assumed
between the clay particle and the matrix. The nonlinear FEA was executed under the condition
of small displacement; the Newton-Raphson algorithm was selected for the nonlinear numerical
iterations. The convergence criterion, equation solver, and nonlinear options were set as program
defaults. After each simulation, the nodal forces at the top edge were extracted and recorded at several
sampling displacements (i.e., effective tensile strains) until the effective strain equaled three times
the yield strain of the polymeric matrix; the corresponding effective tensile stresses were calculated
manually by dividing the sum of the edge nodal forces by the width of the RVE. The numerical
experiments showed that the above nonlinear FEA can give reliable effective stress-stain diagrams
of the PNCs at varying clay-particle aspect ratio ρ and volume fraction Vf within this consideration.
Detailed numerical results will be discussed in Section 3.
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3. Results and Discussion

In the present computational micromechanics scaling study, FEM-based nonlinear analysis was
conducted to cover a wide range of clay-particle aspect ratios (ρ = 1, 2, 5, 10, 20, 50 and 100) and volume
fractions (Vf = 0.5%, 1%, 2%, 5%, 7.5%, and 10%) for both the stack and stagger models. The effective
moduli predicted by the two idealized clay-particle arrangements (i.e., stacking and staggering)
are nearly the same, especially at the low volume fraction of dilute clay particles in the polymeric
matrix. This is the trivial conclusion that can be easily drawn in linearly elastic micromechanics as
the effective moduli of PNCs of aligned clay particles are independent of either stacking or staggering
arrangement in the dilute clay particle state, and the small variation between the two models are
possibly induced by the difference of localized plastic deformations and a small deviation of the clay
particle interaction in the two micromechanics models. Compared to the effective moduli, the effective
ultimate tensile strengths of the PNCs have a little noticeable variation between the stack and stagger
models. However, the general varying trends of the effective moduli and ultimate tensile strengths
based on the two computational micromechanics models are consistent and will be discussed further.
Hereafter, only the results based on the stack model are shown though a comparative study will also
be presented later on. In the case of the stack model, variation of the effective elastic modulus Ee

and effective ultimate tensile strength σue with the varying clay-particle volume fraction Vf at several
aspect ratios are shown in Figures 4 and 5, respectively. During the data reduction process, the effective
moduli in Figure 4 were extracted from the slope of the initial linear elastic region of the effective tensile
stress-strain diagrams (σe-εe) of all the computational cases as shown in Figures 6–11. These results
indicate a very good linear relationship between the effective tensile stress σe and the effective
tensile strain εe as expected. From Figures 6–11, it can be observed that when the value of effective
tensile strain εe is low, the PNCs behave as linearly elastic solids until the effective tensile strain εe

is close to the yield strain of the polymeric matrix. The effective elastic moduli Ee extracted from
the present numerical experiments (see Figure 4) are close to those available in the literature [11,12].
In addition, it can also be found from Figures 6–11 that the PNCs exhibit slightly softening behavior
prior to the arrival of the yield strain of the polymeric matrix. This phenomenon can be attributed to
the localized plastic deformation near the ends of clay particles where stress concentration exists due
to the sharp edges/corners of the clay particles. In reality, at the nanoscale, the physical/chemical
properties of the polymer chains close to the clay platelets are much more complicated than the present
material model and are also noticeably different from the polymers in bulk state. Such unusual
properties of the interfacial polymers at the nanoscale are beyond the scope of this computational
study and are still under intensive investigation.

In addition, at the low clay-particle volume fraction (Vf < 2%) or low aspect ratio (ρ = 1, 2,
5, and 10) based on the present computational study, no obvious improvement of the effective
ultimate tensile strength σult is detected as shown in Figure 5. This characteristic can be also
examined from the σe-εe diagrams given in Figures 6–11. Such an observation is also qualitatively
in agreement with the recent experimental results of the mechanical properties of PNCs as reported
in the literature [4,6]. In these cases, the values of effective ultimate tensile strength σult are still
dominated by the yield strength of the polymeric matrix; the contribution of the load-carrying capacity
of clay particles to the nanocomposites is negligible. Such an observation can be understood as
follows. Physically, different from the effective stiffness which is governed by the averaging effect
of the mechanical properties of the constituents forming the PNCs, the dilute clay nanoparticles in
the polymer matrix are unable to form load-transferring bridges and therefore unable to noticeably
strengthen the resulting PNCs. Therefore, dilute clay nanoparticles at low volume concentration
have less impact on the hardening of the polymeric matrix. However, the effective ultimate tensile
strength σult of the PNCs is significantly enhanced in the cases of Vf = 5% and 10% and ρ = 50 as
shown in Figures 10 and 11. In the case of Vf = 5% and ρ = 20 (Figure 10), the improvement of
the effective ultimate tensile strength σult of the PNC reaches ~60% on the basis of the yield strength
of the virgin polymeric matrix; this increment is close to those achieved experimentally in Nylon-6
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and silicone rubber nanocomposites reinforced with montmorillonite clay particles [4]. Moreover,
in the case of Vf = 10% and ρ = 50, the present simulation predicts the increment of the effective ultimate
tensile strength σult of the PNCs up to ~150%. This value is much higher than the ones reported in
the literature. In realistic PNCs, the polymer/clay interphase, interfacial shear failure (sliding/pull-out
failure), filler waviness, and orientation will noticeably decrease this value. In the above two cases,
the clay particles with an aspect ratio ρ higher than 10 apparently increase the load-carrying capacity
of the resulting PNCs.

Figure 4. Variation of the effective elastic modulus Ee with the filler volume fraction Vf.

Figure 5. Variation of the effective ultimate tensile strength σutl with the filler volume fraction Vf.
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Figure 6. Effective stress-strain σe-εe diagram of the PNCs with the clay-particle aspect ratio ρ = 1
(plane-strain, case I).

Figure 7. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 2
(plane-strain, case I).
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Figure 8. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 5
(plane-strain, case I).

Figure 9. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 10
(plane-stain, case I).
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Figure 10. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 20
(plane-strain, case I).

Figure 11. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 50
(plane-strain, case I).

Furthermore, the FEA results indicate that at the low particle aspect ratios (e.g., ρ = 1, 2, 5 and
10), the effective ultimate tensile strengths σult of the PNCs based on the two models are nearly
independent of the clay volume fraction Vf up to 5%, i.e., the polymeric matrix governs the tensile
strength of the PNCs. This observed phenomenon is due to the fact that the relatively dilute clay
nanoparticles in polymeric matrix are unable to form load-transferring bridges at the low aspect ratios
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of the clay particles to strengthen the resulting PNCs. Besides, by examining the results obtained in
the cases of the filler aspect ratio ρ at 10, 20, 50 and 100 and the filler volume fraction Vf at 0.5%, 1%,
2%, 5%, 10% and 15%, respectively, it can be found from Figures 12–15 that when the effective tensile
strain εe is low, the PNCs behave as linearly elastic solids until the effective strain εe close to the yield
strain of the polymeric matrix and the stack and stagger models both predict very similar effective
tensile moduli. In addition, the PNCs exert slightly softening behavior prior to the arrival of the yield
strain of the polymeric matrix due to stress-concentration induced matrix (resin) yielding near the filler
ends. In addition, the percent increase of the effective modulus Ee for both the stack and stagger
models as shown in Figure 16 indicates that for all the aspect ratios, the computational predictions
based on the stack and stagger models are close, especially at the dilute clay particle state, as confirmed
by linearly elastic micromechanics. Yet, a small variation of the effective tensile modulus between
the stack and stagger models can be detected, which is due to the variation of clay particle interference
between the two models. Moreover, Figure 17 shows the comparative effective ultimate tensile strength
σult of PNCs predicted by the stack and stagger models. It can be observed that the trend of ultimate
tensile strength σult increase is the same for the two models; however, the deviation of the predicted
effective tensile strength increases with increasing aspect ratio ρ for the two models, and the stagger
model predicts relatively lower values of the effective tensile strength than the stack model does for all
the computational cases under the present consideration. By comparing the clay-particle arrangements
in the two models, it can be concluded that the clay nanoparticles in stagger model are arranged more
uniform than those in the stack model at a given filler volume fraction. Thus, subjected to the same
effective tensile strain, the stack model generated more uneven stress field, or a higher stress gradient,
than the stagger model, i.e., a higher ultimate tensile strength by the stack model. Such an observation
also indicates that the ultimate tensile strength is more sensitive to the clay nanoparticle arrangement
in the model, which can be useful to process strength-controllable PNCs.

Figure 12. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 10
(plane-stain, case II).
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Figure 13. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 20
(plane-strain; case II).

Figure 14. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 50
(plane-strain, case II).
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Figure 15. Effective stress-strain diagram σe-εe of the PNCs with the clay-particle aspect ratio ρ = 100
(plane-strain, case II).

Figure 16. Variation of the percent increase of effective modulus (compared to matrix) with the filler
volume fraction Vf for different clay-particle aspect ratios ρ = 10, 20, 50 and 100.
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Figure 17. Variation of the percent increase of tensile strength (compared to matrix) with the filler
volume fraction Vf for different clay-particle aspect ratios ρ = 10, 20, 50 and 100.

It needs to be mentioned that in reality, the aspect ratio of fully exfoliated clay platelets is
much larger than the values studied in this work. Yet, not well aligned clay platelets in polymeric
matrices will substantially weaken the potential improvement of the effective tensile stiffness Ee and
ultimate tensile strength σeu of the realistic PNCs in a specific orientation. This implies the tailorability
of the effective tensile moduli and ultimate tensile strength of PNCs via optimal and controlled
clay-particle exfoliation and orientation. To date, efficient processing techniques are still desired to
effectively achieve controlled platelet orientation in polymeric matrix. Though the present study
was based on the simple stack and stagger models, the computational results provide the insight to
understand the scaling mechanical properties of PNCs. Such computational models can be further
enhanced to involve other processing parameters such as platelet orientation, waviness and extent of
intercalated clay particles for predicting the mechanical behavior of PNCs in controlled fabrication.

4. Concluding Remarks

Computational stack and stagger micromechanics models were formulated and integrated into 2D
FEA of PNCs for examining the effects of two key processing parameters (i.e., the clay-particle volume
fraction Vf and aspect ratio ρ) on the mechanical behavior of PNCs. The present computational scaling
studies have shown that the clay-particle aspect ratio ρ plays a crucial role in enhancing the ultimate
tensile strength of PNCs. Specifically, the aspect ratio ρ > 50 is preferable to achieve significantly
improved mechanical properties of PNCs. The stack and stagger models predicted the close effective
moduli and slightly different ultimate tensile strengths due to the model sensitivity in the case of
plastic failure of the PNCs. As a matter of fact, completely stacked and staggered clay platelets are two
limiting aligned cases (best alignment) of PNCs reinforced with fully exfoliated clay nanoparticles,
which predict the effective mechanical properties that can be considered as the theoretical bounds useful
to guide experimental studies. The present study was based on classic computational micromechanics,
the conclusions drawn from this study can also hold for other conventional composites reinforced with
particles and short fibers. This study can be further extended to integrate additional processing and
material parameters of PNCs. Finally, the present computational approach offers a technical tool for
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the possibility of efficient computer-aided nanocomposite design for targeted mechanical properties
and quality-controllable nanocomposite manufacturing.
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Abstract: Polylactic acid (PLA)/cellulose nanowhiskers (CNWs) composite nanofibers were
successfully produced by electrospinning mixed PLA solutions with CNWs. Observation by means
of transmission electron microscopy (TEM) confirms the uniform distribution of CNWs within the
PLA nanofibers along the direction of the fiber axis. The spectra of composite nanofibers based on
Fourier transform infrared spectroscopy (FTIR) reveal characteristic hydroxyl groups as evidenced
by absorption peaks of CNWs. The addition of hydrophilic CNWs is proven to improve the water
absorption ability of PLA nanofibers. The initial cold crystallization temperature decreases with
the increasing CNW content, implying the nucleating agent role of CNWs as effective nanofillers.
The degree of crystallinity increases from 6.0% for as-electrospun pure PLA nanofibers to 14.1% and
21.6% for PLA/5CNWs and PLA/10CNWs composite nanofibers, respectively. The incorporation of
CNWs into PLA is expected to offer novel functionalities to electrospun composite nanofibers in the
fields of tissue engineering and membranes.

Keywords: biopolymers and renewable polymers; crystallization; hydrophilic polymers;
electrospinning; nanoparticles; nanowires and nanocrystals

1. Introduction

Cellulose is the most abundant natural polymer on Earth. Recently, researchers have shown a
growing interest in nanocellulose research due to its numerous advantages, including biocompatibility,
biodegradability, and unique chemical and reactive surface properties. Polymer composites reinforced
with cellulose nanowhiskers (CNWs) have become quite attractive due to their excellent properties [1].

Electrospinning is a simple and cost-effective method for preparing polymer nanofibers.
The nanofibrous mats show particular characteristics such as large surface-area-to-volume ratio and
high porosity with small pore size, and have a variety of applications for filtration, sensors, electrode
materials, drug delivery, cosmetics, and tissue scaffolding [2,3]. However, electrospun nanofibrous mat
is not stiff enough and is sometimes difficult to handle. The incorporation of stiff nanoreinforcements,
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including carbon nanotubes (CNTs), nanoclays, and CNWs with high aspect ratio, has been regarded
as an effective approach to enhance the mechanical, electrical, and magnetic properties of electrospun
fibers [4–9].

PLA, as one of the most used biopolymers, has been widely known as an effective material
candidate for electrospinning because it has good mechanical properties, biodegradability, and
biocompatibility. CNWs are nanocellulosic short fibers with a length of several hundred nanometers.
The incorporation of rigid CNWs into electrospun polymer nanofibers can greatly improve the
mechanical properties of matrix fibers. The tensile strength and modulus of poly (ε-caprolactone)
(PCL) nanofibers were increased by 68% and 37%, respectively, with the addition of 2.5 wt % CNWs [9].
The tensile strength and modulus of PLA nanofibers were improved by 5 and 22 times with the
addition of 5 wt % CNWs [10]. CNWs demonstrate a good reinforcing effect to electrospun nanofibers
due to their alignment within the matrix fibers. The hydrophobicity of electrospun PLA nanofibers
restricts their application; the addition of hydrophilic CNWs will improve the water absorbance of
PLA nanofibers, which is beneficial to their application in tissue engineering and membrane filtration
fields. However, information on CNW dispersion and distribution in electrospun nanofibers has rarely
been investigated. The aggregates in the center and on the surface of matrix nanofibers were observed
in different studies in the literature [11,12]. In our paper, the distribution of cellulose nanowhiskers in
PLA nanofibers was clearly observed under TEM (transmission electron microscope) by negatively
staining with osmium tetroxide vapor and solution of uranyl acetate, respectively.

In this study, CNWs were extracted from flax yarn by using a sulfuric acid method. They were
incorporated with PLA to produce composite nanofibrous mats. The nanofibrous mats were
successfully prepared by electrospinning mixtures of CNWs and PLA solution. The morphological
structures, thermal properties, and water absorption behavior of pure PLA and PLA/CNWs composite
nanofiber mats were investigated to holistically evaluate the multifunctional properties of such
composite nanofibers.

2. Experimental

2.1. Materials

Bleached flax yarns were purchased from Jayashree Textiles, Kolkata, India. Microcrystalline
cellulose powders were supplied by Sigma-Aldrich Inc., St. Louis, MO, USA. Sodium hydroxide was
purchased from Ajax Finechem Pty Ltd., Taren Point, Australia. Sulphuric acid with a concentration
of 95–97% and chloroform (purity 99.0–99.4%, lab grade) were supplied by Merck KGaA, Darmstadt,
Germany. Poly(lactic acid) (PLA, 2002 D), was purchased in pellet form from Natureworks Co.,
Minnetonka, MN, USA. N,N-dimethylformamide (DMF, Anhydrous, 99.8%) and tetrahydrofuran
(THF) were obtained from Sigma-Aldrich, USA and ECP Ltd., Romil, UK, respectively.

2.2. CNWs Preparation

CNWs were isolated from flax fibers via an acid hydrolysis method. Bleached flax yarns were
boiled in distilled water for 30 min and oven-dried to a constant weight. Dried yarns were then soaked
for 30 min in 1% (w/w) NaOH aqueous solution at 80 ◦C, and washed again in running water (i.e., in
an alkali-free environment). An aqueous suspension of CNWs was prepared by acid hydrolysis for
1 h in 60 wt % sulfuric acid at 55 ◦C with continuous stirring. After the completion of hydrolysis, the
flask with the suspension was cooled in ice-cold water. The aqueous suspension of fibers was further
diluted and repeatedly washed by centrifugation prior to neutralization with 1.0 wt % NaOH aqueous
solution. The suspension was then freeze-dried for 48 h before use. The entire process is elaborated in
Figure 1.
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Bleached flax yarn 

1% (w/w) NaOH solution

Oven heating at 80 °C 

Cooking at 80 °C for 30 min 

Washing and drying 

60 wt % sulfuric acid solution 

Acid hydrolyzing at 55 °C for 1 h 

10,000 rpm for 15 min several times 

Centrifuging 

Freeze drying 

Cellulose nanowhiskers powders 

PLA pellets 

Dissolving in the solvents 

PLA solution 

Dispersing in DMF  

Cellulose nanowhiskers dispersion 
Mixing 
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Uniform PLA/CNWs mixtures 

Electrospinning 

PLA/CNWs nanofibrous mat 

Figure 1. Flow chart for manufacturing cellulose nanowhiskers (CNWs) and electrospun polylactic
acid (PLA)/CNWs composite nanofibrous mat.

The concentrated aqueous CNWs suspension and freeze-dried CNWs powders are depicted in
Figure 2. The incorporation of sulphate groups along the surface of the crystallites results in a negative
charge of the surface. This anionic stabilization via attraction/repulsion forces of electrical double
layers at the crystallites is the main reason for the stability of colloidal suspensions of crystallites.
The loosely packed powders are easily dispersed in water or solvents with ultrasonic treatment, which
is feasible for obtaining homogeneous mixtures with polymer solutions.

40



J. Compos. Sci. 2018, 2, 4

 

Figure 2. Aqueous CNWs suspension and freeze-dried CNWs powders.

2.3. Preparation of PLA/CNWs Nanofibrous Mat

A weighed amount of CNWs was dispersed in DMF at ambient temperature. Then, appropriate
amounts of THF and PLA were added and the mixture was stirred for several hours. The final
dispersion contained 5.0 or 10.0 wt % CNWs with respect to the total amount of PLA and CNWs,
and 12% PLA/CNWs solution. The masses of components and solvents are presented in Table 1.
Electrospun mats were obtained by applying a high voltage between a needle tip and a grounded
collector. Nanofibrous mats were collected on an aluminum foil by a needle tip-to-collector distance of
100 mm with an applied voltage of 10–15 kV and a solution feed rate of 1.0–1.5 mL h−1. When a high
voltage was applied to the metal syringe needle, electrical charge was built up on the solution surface.
The charge was attracted towards an electrically grounded collector, in our case, covered by a piece
of aluminum foil. As the charge travelled to the grounded collector, an electrified thin jet of polymer
solution was pulled from the needle. After the solution left the syringe, the solvent evaporated rapidly
and a very thin stream of elongated polymer fibers went toward the collector. Thin fibers were thereby
randomly deposited on the collector surface. The electrospun nanofibrous mat was peeled with care
from the aluminum foil for subsequent testing use.

Table 1. Mass concentration of electrospun PLA and PLA/CNWs composites.

CNWs (wt %) CNWs (g) PLA (g) DMF (g) THF (g)

0 0 1.0 5.5 1.8
5 0.05 0.95 5.5 1.8
10 0.1 0.90 5.5 1.8

2.4. Characterization Methods

The structures of CNWs and PLA/CNWs nanofibers were investigated using a transmission
electron microscope (TEM—Philips CM 12, Holland, The Netherlands) at the accelerating voltage
of 100 kV. A droplet of the diluted suspension was allowed to float on and eventually flow through
a copper grid covered with a carbon film. The samples were then stained by allowing the grids to
float in a 2.0 wt % solution of uranyl acetate for 1 min. TEM observation of composite nanofibers was
performed by mounting the fibrous mat in epoxy resin, followed by negatively staining with osmium
tetroxide vapor and solution of uranyl acetate, respectively.
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X-ray diffraction (XRD–Bruker D 8 Advance, Karlsruhe, Germany) measurements were performed
using Cu Kα radiation (scan speed of 0.02◦·s−1 from the diffraction angle 2θ = 5◦–50◦) at 40 kV and
40 mA.

The thermal behavior of the fibers was characterized by a differential scanning calorimeter (DSC,
TA instrument Q1000, New Castle, DE, USA) using a heat/cooling cycle between 0 and 180 ◦C at a
heating/cooling rate of 10 ◦C/min. A Fourier transform infrared (FTIR Nicolet 8700, Mettler-Toledo,
LLC, Columbus, OH, USA) spectroscope based on attenuated total reflectance (ATR) was employed to
analyze the chemical structures of the samples. All spectra were collected with 4 cm−1 wave number
resolution after 64 continuous scans at a wavelength range of 4000–600 cm−1.

Thermal stability was assessed with a thermogravimetric analysis (TGA, Q5000, New Castle, DE,
USA). Samples were heated in open platinum pans from room temperature to 600 ◦C, under a nitrogen
atmosphere to avoid thermoxidative degradation, at a heating rate of 10 ◦C/min.

The degree of crystallinity (X) was evaluated from the DSC data according to Equation (1) [13]:

x% =
ΔHm − ΔHc

ΔH0
m × XPLA

× 100% (1)

where ΔHm and ΔHc are melting and crystallization enthalpies, respectively; ΔH0
m is 93.6 J/g for 100%

crystalline PLA crystals [13]; and XPLA is the weight fraction of PLA matrices in their composites.
The morphology of the electrospun nanofibers was studied using a field emission scanning

electron microscope (FE-SEM, FEI XL30s) with an accelerating voltage of 5 kV.
To calculate the water absorption, the samples were immersed in distilled water at room

temperature for 24 h after being dried in the oven at 80 ◦C until no weight change was observed.
Subsequently, the samples were taken out, blotted with filter paper to absorb the excess water on the
surface, and weighed in a precise balance. The water absorption ratio (g/g) was determined according
to the following equation:

Water absorption ratio = (Wt − W0)/W0 (2)

where W0 is the mass of the dried sample and Wt is the mass of the swollen sample at time t (here t = 24 h).

3. Results and Discussion

3.1. Morphological Characterizations of CNWs

The average diameter and length for individual cellulose fibers were measured to be 20 and
300 nm, respectively. The sizes of CNWs are dependent on the source of raw materials and their
production methods. CNWs from cotton show lower aspect ratios between 10–12 [14,15], as opposed
to that of CNWs from tunicin at 200 [16]. TEMPO-oxidization can produce CNWs with a high aspect
ratio relative to those produced using sulfuric acid hydrolysis [17]. As it is well known, fillers with
high aspect ratios conventionally are crucial for an efficient reinforcement effect in polymer matrices.

3.2. Characterization of Electrospun PLA/CNWs Composite Nanofibers

3.2.1. Morphology

CNWs show a significant reinforcing effect in polymeric nanofibers, which results from the
synergistic effect of solution flow and electric charge that induced the orientation of nanofillers
along the fiber tailored direction during the electrospinning process. The reinforcement of fillers
is strongly dependent on good filler distribution within matrix fibers. The fibrous morphology is
usually observed via scanning electron microscopy (SEM). The SEM morphology of pure PLA and
PLA/CNWs composite nanofibrous mats produced by electrospinning is depicted in Figure 3, and is
clearly indicative of typical porous structures. Pure PLA nanofibers are relatively uniform with average
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fiber diameters of approximately 202 nm. The diameters of PLA/10CNWs composite nanofibers are
slightly smaller (at 129 nm) than those of PLA/5CNWs counterparts (at 170 nm) due to the decrease in
the total concentration of mixtures, resulting from the replacement of PLA with CNWs.

(a) 

 
(b) (c) 

Figure 3. SEM micrographs of electrospun nanofibers: (a) pure PLA; (b) PLA/5CNWs composites; and
(c) PLA/10CNWs composites.

No CNWs appear to protrude from the outer surface of the PLA fibers, implying that they are
completely embedded into the PLA matrices. They may be aligned along the fiber axis through
the entire fibers during the electrospinning process because CNWs can also be aligned in the
electrical field [18]. Similar behavior has been observed for electrospun polymer/CNT composite
nanofibers [19,20]. This distribution behavior makes a significant contribution to the mechanical
strength and modulus of matrix fibers. It arises from more effective reinforcements of nanofillers within
matrices as well as better interfacial bonding between nanofillers and matrix fibers, when compared
with polymer nanocomposites produced by solution casting and melt compounding methods.

The existence of CNWs in morphological structures is further detected under TEM, as exhibited
in Figure 4a. The sulfuric acid hydrolysis of cellulose causes the breakdown of the fibers into rod-like
fragments with a diameter of 20 nm and length of 300 nm. Amorphous phases were selectively
hydrolyzed, and crystalline phases remained unaffected. Stained CNWs (i.e., dark dots represent the
cross sections of CNWs) are well aligned along PLA nanofibers (i.e., long bright fibers) and uniformly
distributed within matrix fibers. The distribution of nanofillers in electrospun nanofibers is associated
with the material selection of solvents and polymer matrices. CNWs can be uniformly dispersed
in polar-group solvents, such as water, DMF, etc. [21,22]. Rojas et al. found that 9 wt % CNWs
were distributed on the outer surface of polystyrene (PS) nanofibers due to centrifugal effects during
electrospinning [11]. CNWs aggregated in the center of polymethyl methacrylate (PMMA) nanofibers
by using an etching method as mentioned by Dong et al. [12].
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(a) (b) 

(c) (d) 

Figure 4. TEM micrographs of morphological structures: (a) CNWs; (b) pure PLA; (c) PLA/5CNWs
composites; and (d) PLA/10CNWs composites.

3.2.2. Structural Analysis

FTIR analysis was carried out to confirm the presence of CNWs in PLA nanofiber mats and further
assess their interactions. PLA is a semicrystalline polymer with the chemical formula of (C3H4O2)n.
As shown in Figure 5, The needle-like peaks at 1737 and 1165 cm−1 are assigned to the carbonyl
stretching C=O and stretching vibration of C–O in PLA chains. A mountainous triplet of peaks at 1110,
1072, and 1025 cm−1 correspond to C–O stretching vibrations [23]. The absorption bands at 921 and
908 cm−1 are characteristic of PLA/CNWs composite nanofibers. This phenomenon signifies their
prevalent amorphous structures [24]. However, according to the relative decrease in the peak intensity
of the amorphous phase at 955 cm−1, it is elucidated that the degree of crystallinity increases as the
CNW content increases. Weak bands between 3550 and 3200 cm−1, which are assigned to typical
stretching –OH vibrations in cellulose, are present in the spectra of composite mats with the addition
of 5.0 and 10.0 wt % CNWs. This finding confirms the incorporation of CNWs into PLA matrix fibers
during the electrospinning process. The peaks of composite nanofibers show no difference from those
of pure PLA, which suggests that little interaction takes place between CNWs and PLA.
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Figure 5. FTIR spectra of PLA/CNWs composite nanofibers.

Figure 6 shows XRD patterns of pure PLA and PLA/CNWs composite mats. Pure PLA mat
exhibits a broad diffraction pattern without the obviously sharp peaks of crystalline PLA, indicating
their dominant amorphous structures. This means that no detectible crystallization for the pure PLA
nanofibers occurs due to the rapid evaporation rate of solvents. Moreover, polymeric chains under
the high elongation rate have less time to form crystalline lamellae, leading to a lower degree of
crystallinity. However, sharp peaks appear for composite mats with the inclusion of 5.0 and 10.0 wt %
CNWs. The tiny peak presented at 22.4◦ is the typical diffraction of crystalline CNWs because CNWs
generally possess two typical peaks at 15◦–16◦ and 22.4◦, and the latter is more intense [25]. The intense
peak at 16.6◦ for PLA/10CNWs is evident, which belongs to the peaks of crystalline PLA to enhance the
crystallinity degree of PLA [26]. This peak is much more pronounced than that of PLA nanofibers with
addition of 7.5% CNWs [27]. The increased crystallinity degree of PLA is attributed to the inclusion of
a high content of CNWs. The degree of crystallinity of PLA can be calculated according to the melting
enthalpy in further-mentioned DSC curves.

Figure 6. XRD patterns of pure PLA nanofibers and PLA/CNWs composite nanofibers.

3.2.3. DSC Characterizations

Thermal properties of electrospun nanofibers can be determined from the characteristic exothermic
or endothermic reactions on DSC curves. When heated, electrospun fibers exhibit glass transition,
followed by cold crystallization and melting processes. The thermal behaviors of electrospun
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nanofibers shown in Figure 5 are quite similar to those of PLA/CNWs composite nanofibers [28].
The glass transition temperatures (Tg) and melting temperatures (Tm) of all electrospun nanofibers
occur at about 55 and 150 ◦C, respectively, regardless of processing methods and CNWs concentration.
However, their characteristic crystallization parameters demonstrate a great difference from bulk
films prepared by solution casting and melting compounding methods. The onset crystallization
temperatures (Tc) were found to be around 69.7, 68.2, and 68.8 ◦C, for neat PLA nanofibers as well as
PLA/5CNWs and PLA /10CNWs composite nanofibers, respectively. These temperatures for as-spun
nanofibers are over 30 ◦C lower than those composite films manufactured using solution cast and melt
compounding (over 100 ◦C) [28,29]. This is because molecular chains in electrospun PLA nanofibers
are highly oriented compared to the randomly coiled chains in PLA cast films [30]. The rapid drawing
and solidification of polymer jets leads to the nonequilibrium conformation and highly orientated
polymer chains along the axis of the long matrix nanofibers during the electrospinning process.
Such imperfection gives rise to decreases in crystallization temperatures. Oh et al. reported that the
onset temperature of cold crystallization decreases as the draw ratio increases, resulting from the
initial cold crystallization behavior of PLA matrices that is enhanced by the presence of strain-induced
crystallinity [31,32]. The crystallization takes place at lower temperatures immediately after the glass
transition, which can be attributed to the presence of numerous crystal nuclei. Therefore, electrospun
nanofibers showed different properties from those of PLA/CNWs composite films with a low degree
of crystallinity prepared by melt compounding. The overlapping crystallization peaks with a wide
temperature range of electrospun nanofibers also vary from those of films obtained via conventional
solution casting and melt compounding with a single exothermic peak. This phenomenon indicates the
complexity of molecular structures of electrospun nanofibers. It may be associated with the formation
of polymorphic crystals, which will be further investigated in our subsequent work.

The effects of CNWs on the cold crystallization of PLA nanofibers and PLA/CNWs composite
nanofibers are shown in Figure 7a. The cold crystallization of neat PLA mat appears to present two
overlapping peaks. The decrease in Tc values with the addition of CNWs may result from the existence
of more nuclei because CNWs can be effective nucleating agents to accelerate the PLA cold crystallization
process [33,34]. The degree of crystallinity in electrospun PLA mat is very low as listed in Table 1,
indicating that the majority of the chains are in the amorphous phase. It can be easily understood that the
rapid solidification of stretched chains under a high elongation rate at the later stage of electrospinning
may hinder the crystal development owing to insufficient time for molecular chains to form crystal
structures. These two crystallization peaks were observed to shift to lower temperatures at 69.7 and 93.4,
68.2 and 92.2, as well as 68.8 and 91.4 ◦C for pure PLA nanofibers and PLA/CNWs composite nanofibers
at CNWs contents of 5.0 and 10 wt %, respectively, as shown in Table 2.

Table 2. Thermal parameters of PLA nanofibers and PLA/CNWs composite nanofibers.

CNW Content
(wt %)

Tg (◦C) Tc (◦C) ΔHc (J/g−1) ΔHm (J/g−1) X (%)

1st 2nd 1st 2nd 1st 2nd 1st 2nd 1st 2nd

0 55.6 56.4 69.7 93.4 21.0 - 26.6 0.19 6.0 0.2
5.0 55.4 56.9 68.2 92.2 14.5 1.37 27.0 1.9 14.1 0.6
10.0 56.1 57.2 68.8 91.0 4.5 7.46 22.7 10.4 21.6 3.5

In order to eliminate the thermal history for the samples, the fibers were heated above the melting
temperature of 180 ◦C during the first heating cycle, and cooled below glass temperature and reheated
above the Tg again during the second heating cycle. The DSC curves are shown in Figure 7b. The curves
at the second heating cycle demonstrate significant differences in cold crystallization and melting
peaks from those at the first cycle. Apparently, as-spun nanofibers with well-oriented molecular chains
can be easily destroyed by transforming fibrous structures into polymeric melt upon the melting
stage. Pure PLA nanofibers were shown to undergo multiple stages of thermal effect from glass
transition, weak cold crystallization to a melting process with a weak and wide melting peak observed
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at 151.2 ◦C, whereas PLA/CNWs composite nanofibers reveal distinct high Tc values of 113.8 and
111.3 ◦C, as well as Tm values of 150.5 and 149.2 ◦C for PLA/CNWs composite nanofibers reinforced
with 5% and 10% CNWs, respectively. The apparent cold crystallization of composite mats is due
to embedded CNWs facilitating the nucleation of PLA crystals in the cold crystallization process,
thus leading to the decrease of Tc and the increase in the degree of crystallization. This nucleating
effect of CNWs manifested in both electrospun nanofibers and subsequently quenched samples in
that composite mat induce increases in the degree of crystallinity in both heating cycles. The degree
of crystallinity increases from 6.0% for electrospun PLA nanofibers to 14.1% and 21.6% (tabulated in
Table 2) for PLA/5CNWs and PLA/10CNWs composite nanofibers, respectively. These crystallinity
values are consistent with the XRD results. On the other hand, the degrees of crystallinity for the
quenched samples at the second heating cycle are only 0.2%, 0.6%, and 3.5% for pure PLA nanofibers,
PLA/5CNWs, and PLA/10CNWs composite nanofibers, respectively, which are much lower than
those of the counterparts at the first heating cycle. The orientation of molecular chains and nanofiber
elongation during electrospinning are responsible for the increase in the degree of crystallinity for
electrospun nanofibers.

(a) (b) 

Figure 7. DSC curves of PLA and PLA/CNWs composite mats: (a) first heating cycle and (b) second
heating cycle.

3.2.4. Thermal Degradation

Figure 8 shows TGA and DTGA (derivative TGA) curves of PLA and PLA/CNWs composite
mats. The main degradation behaviors of PLA and PLA/CNWs composite mats are similar.
The decomposition starts at around 260 ◦C, followed by a rapid weight loss of over 96% at the
temperatures around 350–360 ◦C. The initial decomposition temperature is dependent on the molecular
weight and crystallinity of PLA. A slightly higher weight remains for composite mats due to the
existence of CNWs, which are more stable at the temperature range over 310 ◦C than is pure PLA.
The composite nanofibers including cellulose nanowhiskers show a little more weight loss than neat
PLA nanofibers at the temperature below 300 ◦C, which is ascribed to the faster degradation rate of
cellulose nanowhiskers than of PLA nanofibers. The weight loss increases with an increase in the
concentration of cellulose nanowhiskers. Above 300 ◦C, the composite nanofibers show improved
thermal stability due to the low degradation rate of cellulose nanowhiskers, corresponding to the
lower peak intensity and the shift peak position to a high temperature in the DTGA curves [35].
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(a) (b)

Figure 8. PLA and PLA/CNWs composite mats: (a) TGA curves and (b) DTGA (derivative TGA) curves.

3.2.5. Water Absorption

In addition to the reinforcing effect of nanofillers, the water wettability of polymer matrices can
be improved with the addition of hydrophilic CNWs. PLA has been approved by Food and Drug
Administration (FDA) for clinical use such as in surgical sutures [36]. However, the hydrophobic
nature of electrospun PLA nanofibers restricts their applications in tissue scaffolding because cells
may attach and proliferate less well than on matrices with good wettability [37]. The use of
hydrophilic nanomaterials or polymers will improve the water wettability of hydrophobic polymeric
nanofibers [38,39]. Water absorption or retention is a simple and direct gravimetric test for determining
the maximum amount of fluid absorption and fluid retention on tested materials. The water absorption
ratio of composite nanofibers greatly increases with an increase in the CNWs content from 2.5 to
7.5 wt %, as illustrated in Figure 6. The water absorption ratio of pure PLA nanofibrous mat is over
200% owing to its porous structure. This ratio reaches over 1600% with the addition of 7.5% CNWs,
which is 8 times that of the neat PLA mat. This improvement in water absorption is beneficial to
applications in tissue engineering or membranes. The immersion state of the pure PLA mat and
PLA/CNWs composite mats are also shown in Figure 9. It is evidently seen that the PLA/CNWs
composite mat with 5.0 and 7.5 wt % CNWs inclusions dropped down to the bottom of the vials,
whereas mats of pure PLA and PLA/CNWs composites with 2.5 wt % CNWs still floated on the top
surface of the water. This indirectly proves that the water absorption ability of the PLA mat is improved
with the incorporation of CNWs.

Figure 9. Variations of water absorption for electrospun PLA/CNWs composite nanofibers with
different CNWs content. The inserted picture shows the mats’ different floating conditions in distilled
water after being immersed for 24 h.

48



J. Compos. Sci. 2018, 2, 4

4. Conclusions

Rod-shaped CNWs with lateral and longitudinal dimensions of 30 and 300 nm, respectively, are
favorable for preparing PLA/CNWs composite nanofibers without clogging the needle during the
electrospinning process. The composite nanofibers are thinner than their pure PLA counterparts due
to their lower solution concentration by adding CNWs. The nanofibers show smooth surfaces without
any obvious protrusion of CNWs on the outer surfaces of the PLA nanofibers. The CNWs are well
aligned along the PLA nanofibers and uniformly distributed within matrix fibers. Electrospun PLA
nanofibers and PLA/CNWs composite nanofibers show lower crystallization temperatures and higher
degrees of crystallinity than the quenched samples. The addition of CNWs has also been found to
effectively enhance the water absorption of PLA nanofibers. CNWs and their polymer composite
nanofibers can offer great potential for widespread applications from biomedical engineering, to
sensors, to nanofiltration.
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Abstract: This study investigated the face milling of nanoparticles reinforced Al-based metal matrix
composites (nano-MMCs) using a single insert milling tool. The effects of feed and speed on machined
surfaces in terms of surface roughness, surface profile, surface appearance, chip surface, chip ratio,
machining forces, and force signals were analyzed. It was found that surface roughness of machined
surfaces increased with the increase of feed up to the speed of 60 mm/min. However, at the higher
speed (100–140 mm/min), the variation of surface roughness was minor with the increase of feed.
The machined surfaces contained the marks of cutting tools, lobes of material flow in layers, pits and
craters. The chip ratio increased with the increase of feed at all speeds. The top chip surfaces were
full of wrinkles in all cases, though the bottom surfaces carried the evidence of friction, adhesion,
and deformed material layers. The effect of feed on machining forces was evident at all speeds.
The machining speed was found not to affect machining forces noticeably at a lower feed, but those
decreased with the increase of speed for the high feed scenario.

Keywords: Nano-MMCs; 6061 aluminum alloys; machinability; milling

1. Introduction

Composite materials are increasingly used in different structural applications for their
high performance in services. Among different composite materials, metal matrix composites
(MMCs), particularly aluminum-based particle/fiber-reinforced composites have a high strength
to weight ratio and wear resistance, and thus are increasingly used in automotive and aerospace
structures [1,2]. Metal matrix composites (MMCs) are generally reinforced with micro-sized
ceramic/oxide reinforcements in the shape of fibers or particles [3]. The sizes of reinforcing particulates
in MMCs range from a few to several hundred micrometers [4]. The research on discontinuous
particulate/fiber-reinforced MMCs has been a focus because of their low manufacturing cost, ease
of production, and macroscopically isotropic mechanical properties [5,6]. Particulate-reinforced
MMCs have high demand as structural materials in aerospace, automotive, and railway sectors [7].
However, micron-sized ceramic particulates reduce ductility and generate crack during mechanical
loading, further leading to premature structural failure [8,9]. The size of reinforcing particles affects the
mode of failure, strength, and ductility of particulate reinforced composites. Mechanical performance of
MMCs can be further enhanced by decreasing the size of reinforcing particulates and/or matrix grains

J. Compos. Sci. 2018, 2, 13; doi:10.3390/jcs2010013 www.mdpi.com/journal/jcs52



J. Compos. Sci. 2018, 2, 13

from the micrometer to nanometer level [10–12]. Nanoparticles reinforced metal matrix composites
can be considered as the second generation of metal matrix composites. Over the past years, there have
been increasing interests to produce metal matrix nanocomposites due to their significantly enhanced
performances compared to composites with micro-sized reinforcements [13]. For example, the tensile
strength of 1 vol. % Si3N4 (10 nm)-Al composites is comparable to that of a 15 vol. % SiC (3.5 μm)-Al
composite [14]. The addition of 1 wt. % SiC carbide nanoparticles as reinforcements in 356 aluminum
alloy could enhance the ultimate tensile strength and yield strength by 100% while the ductility
remained almost unchanged [15]. This motivates the development of nanoparticles reinforced metal
matrix composites (nano-MMCs) which is one of the rapidly evolving research areas in advanced
composites [16–18].

Material removal mechanism during the machining of particle-reinforced MMCs is different
from that of monolithic metals. The complex deformation mechanism due to the presence
of reinforcements [19,20] in metal matrix composites (MMCs) causes high tool wear during
traditional machining. Numerous reports can be found in literature describing experimental,
analytical and numerical investigations related to machining of micro-particle reinforced MMCs.
Nonetheless, there are very limited investigations on the machining of nanoparticles reinforced MMCs.
Li et al. [21] investigated the machinability of magnesium-based MMCs with 5, 10 and 15 vol. %
reinforcements of SiC nano-particles (particle diameter: 20 nm) with respect to pure magnesium.
The milling was performed using two flutes 1.016 mm cutting tool at different feed rates (i.e., 0.5, 1
and 1.5 mm/s) and spindle speeds (i.e., 20, 40 and 60 krpm). Cutting forces, surface morphology
and surface roughness were measured and analyzed using response surface methodology (RSM) to
optimize the machining conditions. The cutting force increased with increasing volume fraction of
nanoparticles. The influence of a single experimental variable such as, feed rate, spindle speed or
nanoparticles volume fraction on surface roughness was not manifested. Liu et al. [22] proposed
a machining force model by considering three machining zones such as shearing, ploughing, and elastic
recovery during micro-milling of SiC nanoparticles reinforced Mg-MMCs. The volume fraction of
particles and particle size were considered as two significant factors affecting the cutting forces in
that model. It was found that the amplitude and profile of cutting forces varied with the volume
fraction of reinforcing particles owing to the strengthening effect of SiC nanoparticles. Teng et al. [23]
investigated the effect of (a) types of reinforcement materials; (b) weight fraction of reinforcements;
(c) feed per tooth; (d) spindle speed and (e) depth of cut on cutting force, surface morphology and
chip formation during micromilling of Mg-based ZnO and BN nanoparticle reinforced MMCs. It was
found that, machining force for pure Mg is larger than that for MMCs except the MMC reinforced
with 2.5 wt. % ZnO particles. ZnO particles reinforced MMCs exhibited higher machining force than
that of BN particle reinforced MMCs. The chips of 2.5 wt. % BN reinforced MMCs possessed short
and tightly curled shape features due to their reduced compressive ductility. Teng et al. [24] studied
micromilling of Ti and TiB2 nanoparticles (volume fraction of 1.98 vol. % and average particle size
of 50 nm) reinforced Mg MMCs using AlTiN-coated tool. Abrasive wear and chip adhesion were
observed along main cutting edges of the tool. Larger cutting force and worse surface finish were
obtained at small feed per tooth ranging from 0.15 to 0.5 μm/tooth, which was indicative of strong
size effect. Chip adhesion effect was more evident during the machining of MMCs with nano-sized Ti
particles compare to TiB2 particles, which was associated with the ductile nature of the matrix (Mg)
and reinforcement material (Ti). Th analysis of variance suggested that the spindle speed and depth of
cut affected the surface roughness significantly.

Thus, based on survey of the literature, it is evident that the investigation on machining
of nanoparticle reinforced MMCs is at the early stage and mainly limited to micromachining of
magnesium matrix-based MMCs. To further elaborate the current understanding, the current study
investigated the conventional milling of SiC nanoparticle reinforced 6061 aluminum alloy in terms
of surface finish, chip formation and force generation in order to benefit materials researchers and
engineers from the outcomes of this study.
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2. Experiments

6061 aluminum matrix MMCs reinforced with SiC particles (Particle size: ~700 nm) were
milled in a dry condition. SiC particles were of irregular shape and 10% by volume of MMCs.
The 6061 aluminum alloy contains 98.5, 0.7, 0.6 and 0.2 wt. % Al, Mg, Si and Cu respectively [25].
Milling was conducted on a three-axis Leadwell V30 CNC vertical machining center with maximum
machine table movements of 760, 410 and 520 mm along the x, y and z axes, respectively. The cutting
tool inserts were changed after every experiment to avoid tool wear. The parameters kept constant
throughout the experiments are rake angle: 12◦, axial depth of cut: 1.5 mm, radial depth of cut: 3 mm,
approach angle: 90◦, number of tooth: 1, relief angle: 7◦, nose radius: 1 mm, tool holder diameter:
12 mm and cutting tool insert: SANDVIK R390-11 T3 08E-ML S40T. The variation of parameters
considered in this study is given in Table 1.

Table 1. Parameter variations in milling metal matrix composites (MMCs) reinforced with SiC particles.

Particle Size (nm) 700

Speed (m/min) 60 100 140
Feed (mm/tooth) 0.025 0.0 0.075

The machining was performed at different levels, as shown in Table 2. When one parameter
varied, the other parameter was kept constant. For each experiment, the machining forces and
surface roughness were measured. Chips and machined surface were examined under an Olympus
SC100 optical microscope (Tokyo, Japan). Chip thickness was measured using a Vernier calliper.
The roughness of the machined surface was measured using a portable stylus-type surface profilometer
(SJ-201; Mitutoyo Surftest, Washington, DC, USA). Machining forces were obtained by a Kistler
dynamometer (Victoria, Australia) while Dynoware28 software was used to provide and evaluate
high-performance and real-time graphics for cutting forces.

Table 2. Details of design of experiments.

Experiment No. Cutting Speed (mm/min) Feed Rate (mm/tooth)

1 60 0.025
2 60 0.05
3 60 0.075
4 100 0.025
5 100 0.05
6 100 0.075
7 140 0.025
8 140 0.05
9 140 0.075

3. Results and Discussions

3.1. Machined Surfaces

The average surface roughness of nano-MMCs machined at different feeds and speeds is shown in
Figure 1 with respect to machining speed and feed rate. The trend of surface roughness changes with
the change of machining conditions. When the machining speed is slow (60 mm/min), the roughness
also appears to be lower at smaller feed but it increases with the increase of feed. However, at faster
machining speeds (100–140 mm/min), surface roughness is higher at lower feed and then it decreases
slightly with the increase of feed. Finally, it remains almost constant with a further increase of feed.
Figure 1 also demonstrates that the lowest surface roughness is achieved at the smallest feed
(0.02 mm/tooth) and slowest speed (60 mm/min).
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Figure 1. Effect of feed and speed during milling of nanoparticle reinforced MMCs.

The machined surfaces consist of traces of nose edge profiles for cutting tools. The depth
and extent of profile depend on the depth of cut and feed. However, material properties such as
ductility, brittleness, and elasticity also distort the profile of tool nose edge compared to original shape.
These also incorporate additional features such as brittle fracture and side flow on machined surfaces
based on material properties. Machining speed and feed rate influence material properties in
machining zone. Higher speed increases the strain rate and temperature. On the other hand, higher
strain rate works to harden the materials while higher temperature softens it. The structure of materials
itself plays an important role in determining hardening or softening effect. For a given length of cut,
at the low feed, the distance between two successive tool paths is less and hence a higher number
of tool–particle interactions will occur than at the higher feed [20]. However, as the particles are
very small, surface damage due to tool-particle interactions is almost absent [23]. Therefore, surface
roughness at the lower feed is smallest in case of nano-MMCs. At the higher speed and lower feed,
thermal effect dominates, resulting in the increase in the ductility of MMCs. In addition, tensile ductility
of nano-MMCs naturally increases with the incorporation of highly elastic nano-sized reinforcements
to facilitate elastic recovery [23]. These contribute to higher surface roughness at the higher speed
and lower feed. With the feed increase, temperatures decreases due to increased distance between
two successive tool paths. This reduces the ductility and allows machined surfaces to replicate the tool
path with slightly better surface finish.

The profiles of machined surfaces in different conditions are shown in Figure 2. The peaks and
valleys of different magnitudes are clearly visible in all of the surfaces. The most regular and uniform
peaks and valleys are noted at the slowest speed and lowest feed. In other cases, the peaks and valleys
are irregular. The surface profiles cannot exhibit any effect of reinforcing particle explicitly. The surface
profiles support the above-mentioned discussion as ductility and elastic recovery of nano-MMCs vary
at different machining feeds and speeds.

The morphology of machined nano-MMC surfaces in different machining conditions is presented
in Figure 3. The traces of cutting tools are clearly visible in all cases in addition to the material flow.
The material flowed in a way that lobes and layers were generated. All the machined surfaces got
pitting dots and various sizes of holes/craters. Extended lobes, smaller craters and fewer layers were
noted on surfaces machined at the low speed and low feed (Figure 3a). Such phenomena suggested that
the material had better ductile flow in this condition. With the increase of feed, traces of cutting tools
were intersected as shown in Figure 3b. In this case, shorter lobes at different directions were evident.
This demonstrated less ductile material behavior at the higher feed and lower speed. When the
speed is high and feed is low, the machined surface contained bigger crates almost with no lobe,
as shown in Figure 3c. This indicates brittle material behavior in such a machining condition. At the
higher speed and feed, machined surface also contained lots of crates and minor lobes for material
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deformation (Figure 3d). In this case, the material is neither so ductile nor so brittle. Therefore the
average surface roughness varies accordingly with the change of corresponding machining conditions.

 

Figure 2. Surface profile of machined surface at: (a) 60 mm/min speed, 0.025 mm/tooth feed;
(b) 60 mm/min speed, 0.075 mm/tooth feed; (c) 140 mm/min speed, 0.025 mm/tooth feed and
(d) 140 mm/min speed, 0.075 mm/tooth feed.

 

Figure 3. Morphology of the machined surfaces in different conditions: (a) 60 mm/min speed,
feed 0.025 mm/tooth; (b) 60 mm/min speed, 0.075 mm/tooth feed; (c) 140 mm/min speed,
0.025 mm/tooth feed and (d) 140 mm/min speed, 0.075 mm/tooth feed.

The overlaps of milling tool path were observed on machined surfaces due to repeated cutting on
machined surfaces by the cutting tool. During machining, a portion of material was pushed by the
cutting edge and then elastically recovered to its original position after the tool pass instead of being
removed plastically. Consequently, machined surfaces were cut repeatedly. The tensile ductility of
nano-MMCs was improved because of highly elastic nano-sized reinforcements to facilitate elastic
recovery [23]. During the machining of traditional MMCs with micro-size particles, void marks could
be left on machined surfaces due to particle pull-out [26] and thus deteriorate the surface finish.
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However, particle pull-out and fracture were not noticed on machined nano-MMC surfaces. The lower
surface roughness for nano-MMCs compared to that for MMCs with micro-size particles revealed
a relatively good machinability of such materials [23].

3.2. Machined Chips Morphology

The ratio of uncut chip thickness (feed/rev) to thickness of chips is known as chip thickness ratio
or simply the chip ratio. This term gives information on chip formation and material deformation
behavior in the machining zone during the material removal process. During metallic material milling,
chips are formed along shear plane and they slide on the rake face of the cutting tool. The chip
flow of metal is shorter and thicker than the metal prior to cutting because of plastic deformation at
share plane/zone. Friction and/or adhesion with the rake face slow down the flow rate of upward
chips compare to cutting speed. The smaller chip ratio indicates that the chips undergo more plastic
deformation and vice versa. Figure 4 show the chip ratio of nano-MMCs after machining at different
feeds and speeds. Chip ratio increases with the increase of feed or uncut chip thickness for all
cutting speeds. Chip ratio at the lowest speed of 60 m/min is smaller than that at the higher speeds in
the case of all feeds. Chip ratio increases with the increase of speed at 100 m/mm and then decreases
again with the further increase of speed.

At a higher feed, the uncut chip thickness is larger. Sever plastic deformation in the chips takes
place at tool-chip interfaces. However, the degree of plastic deformation decreases as the distance
from tool-chip interface increases towards the top of chips. This causes relatively thin chips resulting
in a higher chip ratio. As mentioned previously, machining speed contributes to material softening
due to heat generation and material hardening by the induced strain rate. These two opposite effects
are traded in at different levels based on material structures. When softening effect takes over, it is
easy for the chips to slide over the tool rake face and elongate in the longitudinal direction instead
of thickening. Therefore, the chips become relatively thinner and chip ratio is much higher. An opposite
effect takes place when relative chip thickness increases due to strain hardening effect. It seems that,
for nano-MMCs considered in this investigation, at lower speed, the strain hardening takes over the
softening effect. However, with the increase of speed, the contribution of softening effect is more
pronounced. With the further increase of speed, the contributions of the hardening effect become
dominant and therefore the chip ratio varies accordingly.

Figure 4. Chip thickness ratio of nanoparticles reinforced with Al-based metal matrix composites
(nano-MMCs) at different feeds and speeds.
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The top surfaces of chips formed under different machining conditions are shown in Figure 5.
It is evidently shown that the chips are full of wrinkles. These wrinkles are generated due to
curly chips. Uneven strain across the plastic zone during the chip formation causes curly chips,
which in turn depends on the ductility/brittleness of workpiece materials. Brittle materials generate
chips will little or no curl contrary to ductile materials which shows the formation of long spiral chips
with wrinkles [26]. Therefore, nano-MMCs retain most of the ductility of matrix materials due to
nano-sized reinforcements.

 

Figure 5. Top surfaces of chips in different conditions: (a) 60 mm/min speed, 0.025 mm/tooth feed;
(b) 60 mm/min speed, 0.075 mm/tooth feed; (c) 140 mm/min speed, 0.025 mm/tooth feed and
(d) 140 mm/min speed, 0.075 mm/tooth feed.

Figure 6 shows the bottom surfaces of the chips at different machining conditions.
Apparently, bottom surfaces of chips got quite thicker layers of deformed materials (Figure 6b,d)
due to their material flow at the higher feed irrespective of speed. The surfaces machined at lower
feed show thin layers of deformed materials. Though the chip surfaces are very similar at both higher
and lower speeds (Figure 6c,d), a close look reveals that the surface generated at higher milling speed
is smoother owing to thermal softening of materials at the higher speed. It seems that at a lower feed
the extended friction is more dominant and at higher feed both adhesion and material flow occur at
tool-chip interface. Therefore, the chip ratio is altered accordingly.
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Figure 6. Bottom surfaces of chips in different conditions (a) 60 mm/min speed, 0.025 mm/tooth
feed; (b) 60 mm/min speed, 0.075 mm/tooth feed; (c) 140 mm/min speed, 0.025 mm/tooth feed and
(d) 140 mm/min speed, 0.075 mm/tooth feed.

3.3. Machining Forces

The machining forces at radial (Fx), cutting/tangential (Fy) and thrust directions during the
milling of nano-MMCs are shown in Figure 7. Highest force was measured in the cutting direction,
smallest force was measured in radial direction and thrust force was in between them. These trends
did not change with the variation of machining conditions. At all speeds, all the forces increased with
the increase of feed since more materials were removed at the higher feed. The variation of forces with
the speed change was not significant at 0.025 and 0.05 mm/tooth feed and minor variations did not
follow any trend. However, the forces decreased with the increase of speed at 0.075 mm/tooth feed.
It appears that at lower feeds, contribution of softening effect of the speed is not significant to reduce
machining forces. However, the softening of materials due to the thermal effect takes place with the
increase of speed at the high feed rate. The signals of forces at different machining conditions are
presented in Figure 8. It showed that in all cases the forces started to increase as the tool cutting
edge engaged to remove materials. After that initial engage, the forces were maximized when the
maximum material thickness was cut and finally decreased as the cut thickness was reduced to the
minimum level. At the end of cutting cycle, the cutting tool was pulled towards the workpiece just
before the disengagement. This gives a portion of negative forces in the cutting cycles in order to
achieve the maximum quantity for radial force (Fx).
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Figure 8. Force signals in different conditions: (a) 60 mm/min speed, 0.025 mm/tooth feed;
(b) 60 mm/min speed, 0.075 mm/tooth feed; (c) 140 mm/min speed, 0.025 mm/tooth feed and
(d) 140 mm/min speed, 0.075 mm/tooth feed.

4. Conclusions

The present investigation explored the behavior of SiC nanoparticles reinforced with Al-based
MMCs under different milling conditions. The following conclusions can be drawn based on the
results presented:

1. Under different milling conditions, the surface generated on nano-MMCs is similar to that
of monolithic materials due to the absence of particle fracture and pull-out related damage.
Surface defects, such as lobes and layers, were minimum and the average surface roughness
increased with the increase of feed at the lower speed. The effect of feed was negligible at
higher speeds.

2. The chip ratio was higher at the higher feed for all cutting speeds. Wrinkles were noted on the top
surface of the chips due to curly shape. At lower feed, the friction is more dominant in contrast
to higher feed scenario where both adhesion and materials flow contribute to the chip formation.

3. Machining forces increase with the increase of feed at all speeds with the increase of material
removal rate. The influence of machining speed on the forces was insignificant without following
any trend. These behaviors could be attributed to the combined effects of thermal softening and
strain hardening of machined materials in different machining conditions.
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Abstract: The processing characteristics and mechanical properties of glass fabric reinforcements
coated with graphene nanoparticles were investigated. Graphene was coated onto either one or both
sides of a plain weave glass fabric. The coated fabrics were investigated to measure key process
characterization parameters used for vacuum assisted resin transfer molding (VARTM) process which
are, reinforcement compaction response, in-plane, and transverse permeability. It was found that
graphene coated glass reinforcements were stiffer than the pure glass reinforcements which will have
direct influence on final fiber volume fraction obtained during VARTM processing. The permeability
measurement results show that the graphene coated reinforcements filled relatively slower compared
with the pure glass samples. Composite samples were then tested for flexural and low velocity impact.
The initial results show that the flexural modulus did not change as the wt % of graphene increases.
However, a decrease in flexural strength with increasing wt % of graphene was observed. It was also
observed that the coating of graphene on glass reinforcements caused delamination between plies
and resisted localized damage under low velocity impact as compared to pure glass samples.

Keywords: graphene coatings; VARTM; mechanical properties; impact response

1. Introduction

Graphene is the basic structural unit of some carbon allotropes including graphite, carbon
nanotubes, and fullerenes with promising mechanical, electrical, optical, thermal and magnetic
properties [1–4]. Recent progress has shown that graphene-based materials can have a profound
impact on electronic and optoelectronic devices, chemical sensors, nanocomposites and energy
storage [5–9]. The addition of exfoliated graphite nanoplatelets to the polymer matrix has been
shown to produce nanocomposites that are multifunctional and significantly improve many of the
mechanical properties [10–15]. However, the use of exfoliated graphite nanoplatelets as a secondary
reinforcement in glass fiber composite laminates has not been studied extensively. The stiffness,
toughness, and wear performance of the composites are extensively determined by the size, shape,
volume content, and especially the dispersion homogeneity of the particles. Nanostructure materials
provide opportunities to explore new fracture behavior and functionality beyond those found in
conventional materials. Ávila et al. [16] showed that failure mechanisms of laminated composites can
be influenced by nanostructures formed by nanoparticles dispersed into epoxy systems. According to
them, the presence of nanoclay into fiber glass/epoxy composites lead to a more intense formation of
delaminated areas after a low-velocity impact test. This phenomenon was attributed to interlaminar
shear forces caused by the intercalated nanostructures inside the epoxy system. Furthermore, the
energy absorption of these laminates increased by 48% with dispersion of 5 wt % of nanoclays.

Vacuum Assisted Resin Transfer Molding (VARTM) has proven to be a robust, low-cost technique
for the manufacture of composite structures. Recent studies on the effects of nanoparticles on resin
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infiltration during manufacture of composites by VARTM have focused primarily on carbon nanotubes,
carbon nanofibers [17] and nanoclay [18]. Little information has been published on VARTM processing
effects using graphite nanoplatlets. There are two primary methods used to introduce nanoparticles
into composite materials. One method involves dispersing the nanoparticles in the resin [19–23].
However, the high surface area and aspect ratio of the nanoparticles can result in an increase in resin
viscosity [17]. Furthermore, during resin infiltration, aggregation of the nanoparticles can occur within
the fiber tows. A second technique is to coat the nanoparticles directly onto the fibers [24–26] which
eliminates the problems observed with the first technique.

In this study the effects of exfoliated graphite nanoplatelets on the processing characteristics and
mechanical properties of glass fabric composites fabricated by the VARTM process were investigated.
It is anticipated that the addition of the nanoplatelets will improve the out-of-plane properties
of the composite including the interlaminar strength and fracture toughness and damage due to
impact [19,27,28]. The large surface area of exfoliated graphite nanoplatelets is one of the most
attractive characteristics of this kind of nanoparticles, which facilitates creating a large interface area in
a nanocomposite.

In this investigation, exfoliated graphite dispersions will be coated onto the surface of glass
fabric reinforcements. The compaction characteristics and permeabilities of the nanoparticle coated
glass fabrics will be measured to determine the impact of nanoparticles on the processability under
VARTM conditions. Composite structures containing nanoplatelets will be subjected to mechanical
tests to study the influence of nanoplatelets on mechanical performance and fracture behavior under
impact loading.

2. Experimental Section

2.1. Materials

An 800 g/m2 plain weave glass fabric supplied by Owens Corning was used as reinforcement
material. A two part toughened epoxy system, Applied Polymeric SC-15 epoxy resin and SC-15 amine
hardener with an ambient mixed viscosity of 0.30 Pa.s was used as a matrix. Hydraulic oil with similar
viscosity as the resin system was used for permeability experiments. The nano-reinforcement was
exfoliated graphite nanoplatelets. The diameter of the nanoplatelet was approximately 5–6 μm and the
thickness was approximately 7–8 nm.

2.2. Graphene Coating Process

As a first step, the exfoliated graphite nanoplatelets were further processed to break the
agglomerations to form graphene. A solution of approximately 5% graphite by weight mixed in
2-isopropanol was prepared. The solution was mixed using both a mechanical stirring device and
a sonicator, Figure 1a. The 2-isopropanol and graphite mixture was stirred for 30 min followed by
sonication at 35 W power for 2 h with on/off pulses. The glass fabric was cut to the desired dimensions
and weighed accordingly. The measured amounts of graphene in 2-isopropanol solution was then
brushed onto the glass fabric until it was evenly distributed as shown in Figure 1b. The coated fabrics
were placed beneath a fume hood for 24 h until the 2-isoproponal was evaporated. Samples were
prepared with 0.5 wt % and 1.0 wt % graphene coated on one surface of the glass fabric and with
0.5 wt % coated on both sides of the glass fabric. Samples were also prepared by coating the surface of
the glass fabric with 2-proponal to assess the effect of the solvent on processing and overall properties.
These samples are referred to as 0 wt % graphene. The results were also compared to “As Received”
pure glass samples.
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(a) (b)

Figure 1. (a) Preparation of graphene solution through ultrasonication; (b) graphene coating process
onto plain weave glass fabric.

2.3. Compaction Characterization

To assess the process-ability of the coated fabrics under VARTM pressure, the coated
reinforcements were subjected to compaction experiments conducted under dry conditions to measure
the compaction response of the glass preforms. The compaction test fixture is composed of two flat steel
plates used to compact the samples. The upper and lower platen has dimensions of 15 cm × 15 cm.
A laser displacement sensor (L-Gage, Banner, LG10, Minneapolis, MN, USA) and a digital dial indicator
were used to monitor the crosshead displacement and thus the thickness of the sample being tested.
A photo of the compaction test setup is shown in Figure 2. The fixture was mounted between upper
and lower platens of an MTS Insight Material Testing Machine attached with 100 kN load cell. The
output data of the L-Gage sensor was gathered using LabVIEW data acquisition software (National
Instruments, Austin, TX, USA). Before using the L-Gage sensor, it must be calibrated by defining the
minimum and maximum distance limits or distance range.

 
Figure 2. Picture of the compaction test setup.

In compaction characterization experiments, a compressive load was applied up to a set high load
limit and then releasing this load down to a set low load limit. The test cycle was decomposed into
two cycles: Loading and Unloading. Both cycles were performed with a constant crosshead speed
of 0.5 mm/min. The user inputs to the test program were: high load limit, low load limit, crosshead
speed, and data acquisition frequency. The MTS machine load cell was calibrated first. After the
calibration, the cross head with upper plate attached was lowered all the way down until it touched
the bottom plate. At this point, the extension reading of the machine was zeroed. The dial indicator
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was also placed on the crosshead and zeroed at this position. Then, the crosshead was raised and
the sample to be tested was placed on the bottom plate. The crosshead was manually and slowly
lowered until the upper plate touched the sample and a minimal initial load (approximately 10 N) was
attained. This indicates the initial thickness of the preform. Glass preform specimens were compacted
to 101.5 kPa which corresponds to the maximum VARTM compaction pressure. Once the maximum
load limit was reached, the crosshead begins unloading the specimen until the load drops to zero.

2.4. Permeability Characterization

Separate fixtures were used to measure the in-plane (K11 and K22) and the transverse (K33)
permeabilities. The transverse or through-thickness permeability test fixture was designed to establish
one-dimensional saturated flow of fluid through the preform and is shown in Figure 3. This fixture
was designed to accommodate 100 mm diameter preform specimens. The fluid was injected through
the thickness of the specimen by rigid distribution plates mounted in the plunger and in the bottom
of the cavity. The plates were machined with 2 mm holes drilled in round patterns. A single linear
voltage differential transducer (LVDT) was used to measure the thickness of the preform specimen.
Two pressure transducers were located at the inlet and outlet to measure the pressure gradient in the
transverse direction.

(a) (b) 

Pressure 
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Flow meter 

Pressure 
Transducer 2 

Plates with 
Holes 

Flow in 

Flow out 

Sample 

Pressure 
Transducer 1 

Load Cell 

Figure 3. (a) Schematic diagram of Transverse Permeability Fixture; and (b) photograph of the fixture.

The preform specimens were placed inside the cavities of permeability fixtures. Once the
crosshead was lowered to the desired starting thickness or fiber volume fraction level, the test fluid
was injected into the mold cavity under 1 bar pressure. A mass balance was used to measure the flow
rate of the test fluid at the outlet. Once steady-state flow conditions were established, the inlet and
outlet pressures were measured. At each fiber volume fraction, the difference between inlet and outlet
pressures over a range of different flow rates was measured and the data was used to construct a curve
of volumetric flow rate versus the pressure drop. Measuring the slope of the curve gives the average
permeability for the preform at the specified fiber volume fraction.

The in-plane permeabilities of the graphene coated glass fabrics could not be measured using a
one-dimensional flow of fluid through a saturated preform due to possible washout of the nanoparticles
observed during the measurements. Hence, a transient or advancing front measurement technique was
used, where the flow front positions are recorded as a function of time. The permeability fixture shown in
Figure 4 was used to obtain the measurements and includes a clear glass plate as top platen and a rigid
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steel bottom plate with inlet and outlet holes. Mounted above the glass mold was an HD camera which
was used to observe the resin flow along the top surface of the preform, as can be seen in Figure 4.

Figure 4. In-plane permeability experimental setup.

Permeability tests were done at each principal in-plane direction i.e., K11 and K22 by cutting the
glass fabric in two principal directions. In-plane permeability tests were performed for samples having
different wt % of graphene coatings. Four layers of 400 mm × 100 mm representing 3 mm cavity
thickness of glass fabric samples were placed on the tool. A constant injection pressure of 1 bar was
used to inject the test fluid inside the mold cavity and flow front positions were monitored throughout
the mold filling period.

2.5. Composite Manufacture

The coated glass fabric preforms with dimensions 400 mm × 100 mm with 4 layers thick were
infused using two part epoxy resin by the VARTM process. The specimens were fabricated on a glass
mold with a line injection port and a line vacuum port. Two layers of resin distribution medium was used.
After the materials were placed, the mold was sealed using a vacuum bag and sealant tape. The mold was
then infused under vacuum with a pressure of 1 atm. The panel was cured at room temperature for 24 h
and post cured in an oven at 70 ◦C for 7 h. After the cure, test specimens were cut for mechanical testing.

2.6. Mechanical Properties

2.6.1. Flexural Testing

Four point flexural test specimens were prepared in accordance with ASTM D-6272. A third
span loading configuration was used as shown in Figure 5. The tests were carried out on an MTS
Insight 100 Material Testing Machine (Eden Prairie, MN, USA), with a laser extensometer to accurately
measure the deflection. The test fixture had adjustable supports and loading bars that were 6.35 mm
in diameter. The test specimens were carefully placed on the support bars to ensure that the loading
was symmetric and that the sample was level. The loading rate was based on support span and
specimen thickness in accordance with the ASTM standard. The coupons were 13 mm by 60.0 mm
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with an average thickness of 2.7 mm. The load span was taken as 1/3 of the support span and was
according to 16:1 span-to-thickness ratio. The data was recorded at a sampling rate of 2.5 Hz. An
average pre-load force of 20 N was applied to start consistently from the same load. The specimens
were tested until failure. After testing, the data was analyzed and flexural modulus and strength were
calculated. Following equations were used for calculating stress, strain and Young’s modulus,

σmax =
PL
bd2 (1)

E =
0.21 mL3

bd3 (2)

ε =
4.70 Dd

L2 (3)

where, σmax is the maximum stress, ε is the strain, E is the flexural modulus, P is the load, b is the beam
width, d is the thickness, D is the maximum deflection of the center of the beam, L is the support span,
and m is the slope of the tangent.

(a) (b) 

Figure 5. Four point flexural test (a) test fixture with sample; (b) schematic of the one third of the
support span test setup according to ASTM D6272.

2.6.2. Low Velocity Impact

Instrumented Drop-Weight Instron® Dynatup 9250HV impact machine setup was used to test
the samples under low velocity impact (2.3–4.8 m/s) loading. The machine setup consists of an
instrumented impactor (12 mm diameter) mounted on a crosshead with a provision for attachment of
varying weights. The crosshead slides along stiff, smooth guide columns. The specimen is clamped at
the base of the machine in a fixture that has circular support. Sample sizes of 10 cm × 10 cm were used
for the test. Energy of impact was varied by varying the drop height. The mass was kept constant at
7 kg. The samples were subjected to impact at four different energy levels 20, 40, 60, and 80 J. Load vs.
time curves were obtained and displacement and energies were computed.

2.6.3. Ultrasonic Non-Destructive Evaluation

The ultrasonic inspection of the laminate was carried out using a ultrasonic pulser receiver unit
(Ultrapac II system with UTwinTM software by Mistras, Princeton Junction, NJ, USA). The scanning
was done in pulse–echo immersion mode using a 10 MHz 6.35 mm point focus sensor. In ultrasonic
inspection, using the pulse–echo immersion mode, the sample is placed in a water tank and the
transducer is brought over the sample. As the ultrasound propagates through the water medium,
part of it gets reflected back from the top surface of the sample which is called as front surface echo,
while the rest of it passes through the material. The part of ultrasound that is propagating through the
sample gets reflected back at the other end of the sample which is called as back surface echo. If there is
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any defect in the path of the travel of ultrasound, then it acts as reflector and a defect echo is obtained.
Therefore, by collecting the information from the back surface echo of ultrasound from the entire
surface area of the sample, we can obtain the mapping of the defect in the sample, which is referred
to as C-scan. This is done by setting an electronic gate on the back surface echo and digitizing the
signal. Such scanning will give the information of cumulative damage as projected onto a horizontal
plane. It is possible to set multiple gates from the front surface echo to the back surface echo and
collect the information at different interfaces. For the samples subjected to impact loading, scanning
was carried out with the impacted surface facing the sensor. The digitized data is further analyzed by
pseudo-coloring to get a colored map to differentiate a defective area from the good area.

3. Results and Discussion

3.1. Compaction

Figure 6 presents thickness change as a function of compaction pressure of the glass fiber
reinforcements coated with different wt % of graphene. The figure presents both loading and unloading
curves for all samples tested. The results were also compared with “As Received” glass reinforcement.
The figure shows a clear trend of thickness variation at a set maximum pressure (corresponding to
full vacuum condition). As graphene amount increases, the resistance to compaction of the glass
reinforcement increases. It is suspected that the solvent affected the properties of the sizing present
on glass fibers, causing it to become stiffer. In addition, the nanoparticles fill the voids between the
glass tows and hence causing resistance to slipping of fibers under compaction loads. This implies
that a glass fiber reinforcement coated with higher wt % of graphene will have higher resistance to
compaction and hence the final product will be thick with low glass fiber volume content compared to
a product manufactured using “As Received” glass reinforcements.

Figure 6. Compaction response of different percentages of graphene coated glass fiber reinforcement.

3.2. Permeability

Permeability characterization tests were performed in three principal directions (K11, K22, and
K33) directions. The transverse permeability (K33) test results for glass reinforcements coated with
different wt % of graphene are presented in Figure 7. Three sets of tests were completed and the
exponential equation was fit to the average data points. The transverse permeability values for glass
fabric with graphene 0.5 wt % were very similar. The difference was found in the solvent treated
samples and 1 wt % graphene coated samples, where the permeability was found to be higher and
lower respectively. It is suspected that due to the use of solvent, the sizing on the glass fibers may have
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dissolved, as a result leaving behind channels for the fluid to flow through the thickness direction
without much resistance. As oppose to samples coated with 1 wt % graphene, where excessive coating
left open channels blocked for fluid to flow, resulting in lower permeability.

Figure 7. Transverse permeability results of different percentages of graphene coated glass
fiber reinforcement.

To measure the in-plane transient permeability (K11 and K22), the flow front positions for all
graphene coated and “As Received” samples were continuously monitored and recorded using a
video camera. The transient permeability was estimated using Darcy’s law [29]. Figure 8 presents
in-plane permeability results based on flow front positions. The permeability decreases with increase
in graphene content. This is mainly attributed to greater resistance offered by graphene inclusions
blocking the channels for resin flow. Figure 9 shows optical microscopy images where the flow of
graphene nanoparticles through the fiber bundles is evident. Figure 10 shows SEM micrographs of
graphene coated glass composites at different magnifications. The resin flow path is shown out of the
plane. The images show a good distribution of graphene nanoparticles in the composites structure.
The circular cylinders are the glass fibers surrounded by irregular shaped grapheneplatelets. The
nanoplatelets which are approximately 5 μm in diameter flow through the fiber bundles and tows of
the reinforcement as the resin flow both in-plane and in transverse directions.

Figure 8. Transient permeability results of different percentages of graphene coated glass
fiber reinforcement.
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(a) (b) 

Figure 9. Optical microscopy images of graphene coated glass fiber composites at two different
magnifications. (a) low magnification; (b) high magnification.

(a) (b)

Figure 10. SEM images of graphene coated glass fiber composites at two different magnifications.
(a) low magnification; (b) high magnification.

3.3. Mechanical Properties

3.3.1. Flexural Properties

Six specimens were tested for each of the samples. For all tests, the force vs. displacement graph
was recorded and then stress and strain were calculated using the specimen dimensions. The stress
strain plots for each set of data are shown in Figure 11. Overall, the curves were mostly linear with
similar slopes before failure. The flexural modulus was calculated from the slope of stress strain curve,
and the flexural strength was determined at the maximum stress.
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Figure 11. Load vs. deflection curves for different percentages of graphene coated glass fiber composites.

The plots in Figure 12a show the average flexural modulus and average flexural strength with
error bars representing the range of the data for each set of experiments. The flexural modulus
was highest with the 1% graphene amount while it remained almost constant for all other samples.
The flexural strength decreased as the amount of graphene increased as shown in Figure 12b. The
graphene used in this study was not functionalized, and it is anticipated that after treatment with resin
compatible functional groups, the static and dynamic properties can be enhanced [12].

 
(a) 

Figure 12. Cont.
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(b) 

Figure 12. Flexural properties of different percentages of graphene coated glass fiber composites (a)
flexural Modulus; (b) flexural Strength.

3.3.2. Low Velocity Impact

The data from the impact test system are presented in Figures 13 and 14. The figures represent
plots of load vs. time and load vs. deflection of different configurations of samples at 20, 40, 60 and 80 J
energies. The slope of the load-time curve, which is designated as the contact stiffness, increases with
the increasing amount of energy. The initial knee found in the load-time plot is due to the inertia effect
of the impactor and the sample. Once the inertia of the impactor and samples matched, a relatively
smooth load rise is seen. Data collection is triggered by means of velocity detector just before the drop
weight impacts the sample. In the current study, the impact phenomenon is characterized in terms
of peak load and absorbed energy. Table 1 gives values of the peak load and absorbed energy of all
types of samples impacted at four energy levels. The absorbed energy is calculated as the difference of
total energy at the end of the event, and the energy at peak load. Energy absorption in composites is
mainly through two modes: elastic strain energy and through various damage modes. The composite
laminates are brittle in nature and respond elastically until they reach the peak load. If the impact
energy is higher than the energy absorbed until the peak load, the additional energy is taken up in the
creation of damage with a small amount of energy lost in friction between the sample and the impactor.
As the impact energy is increased, the laminate undergoes large deformation. The next failure that
takes place will be the tensile failure of the back surface due to flexure.

(a) (b) 

Figure 13. Cont.
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(c) (d)

Figure 13. Load vs. time of glass fiber composites under impact (a) 20 J, (b) 40 J, (c) 60 J, and (d) 80 J.

Table 1. Peak load and absorbed energy.

As Received 0% Graphene 0.5% Graphene 0.5% Graphene Bothsides 1% Graphene

20 J
Peak Load (kN) 6.3 5.86 5.81 5.75 5.27

Absorbed energy (J) 0.1 0.49 0.14 1.44 5.75

40 J
Peak Load (kN) 7.74 7.85 6.59 6.45 7.44

Absorbed energy (J) 12.05 11.71 13.57 18.7 14.21

60 J
Peak Load (kN) 8.23 7.92 8.4 7.71 6.53

Absorbed energy (J) 26.48 29.86 21.1 14.33 24.93

80 J
Peak Load (kN) 10.29 10.07 9.02 7.95 9.11

Absorbed energy (J) 24.12 39.02 29.1 33.55 23.79

In Figures 13 and 14, the sudden drop in force between 2 ms and 4 ms represents damage or
delamination, mostly occurring in graphene coated samples. The damage in the “As Received” and
0% graphene is more localized and can be seen in the C-scan in Figure 15. The damage area was not
clearly visible through naked eye for the graphene coated samples. The C-scan images showed that
the damage area was in-between the plies due to delamination and this phenomena increased as the
graphene concentration increased. It can be inferred that the inclusion of graphene into the samples
resisted the propagation of cracks and through thickness penetration.

(a) (b)

Figure 14. Cont.
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(c) (d)

Figure 14. Load vs. deflection of glass fiber composites under impact (a) 20 J, (b) 40 J, (c) 60 J, and (d) 80 J.

Figure 15. Ultrasonic images of impacted graphene coated glass fiber composites at different energy levels.

4. Conclusions

Graphene coating solutions were prepared by exfoliating graphite powder in a solvent using
mechanical stirring and ultrasonication. Controllable amounts of graphene were successfully coated
onto either one surface only or both surfaces of a glass fiber reinforcement using a brush coating
technique. The solution coating was found viable method for introducing graphene in a reinforcing
fabric for liquid composite molding process. The VARTM processing characteristics, such as
compaction response and permeability of the coated fabrics were measured. The compaction response
results show that as the graphene wt % increased, the resistance to compaction also increased. The
transverse permeability of graphene coated samples did not change much except for the solvent
treated samples, where the permeability was found to be higher due to possible removal or dissolution
of the sizing in the solvent. The advancing front or transient permeability decreased with increase
in graphene wt % which was mainly due to increase in resistance due to inclusions. Panels were
manufactured for mechanical testing. The micrographs show that graphene dispersed well in the
glass fabric with a very small amount of washout. The flexural modulus did not change much but
the flexural strength decreased as the graphene wt % increased. The low velocity impact and C-scan
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results show that the addition of graphene in a structure will absorb and distribute the energy under
impact loading and resist through thickness damage.
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Abstract: This study aimed to prepare ecofriendly flame retardants. Using the –OH and –COOH
functional groups of multilayer graphene oxide (GO) for the hydrolytic condensation of
tetraethoxysilane (TEOS), TEOS was grafted onto GO to form Si-GO. Subsequently, p-aminophenol
(AP) was grafted onto Si-GO to produce Si-GA, forming composite materials with epoxy (EP).
The structures and properties of the composite materials were examined with Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and the limiting oxygen index
(LOI). In terms of structure, FTIR observed two characteristic peaks of Si-GO, namely Si–O–C and
Si-O-Si, indicating that TEOS was successfully grafted onto GO. TGA was used to determine the
thermal stability of the epoxy/Si-GA composites; with the increase in Si-GA, the char yield of the
materials increased from 15.6 wt % (pure epoxy) to 25 wt % (epoxy/10 wt % Si-GA), indicating that
Si-GA effectively enhanced the thermal stability of the epoxy matrix. Lastly, the flame retardant tests
determined that the LOI value rose from 19% (pure epoxy) to 26% (epoxy/10 wt % Si-GA), proving
that graphene with modified silicon can be used to enhance the flame retardancy of epoxy.

Keywords: epoxy; graphene oxide; silicon; composite; flame retardant

1. Introduction

Polymer materials have a wide range of applications. However, their popularity has also necessitated
the development of their flame resistance, either by increasing the flame retardancy of a material
itself, or through the addition of flame retardants. Epoxy is a type of thermosetting polymer that
has been widely applied in numerous fields including adhesives, coatings, package-on-package,
electrical insulation, and composite materials [1,2]. However, although epoxies are high performance
materials with excellent mechanical and chemical properties, they are also highly combustible. This has
actuated the demand for flame-proof epoxy, of which the most widely researched are epoxies that are
both incombustible and halogen-free in accordance with the WEEE (Waste Electrical and Electronic
Equipment) and RoHS (Restriction of Hazardous Substances) directives [3–5]. In recent years, the call
for “halogen free” products, initiated by the European Union, has had a considerable effect on
the plastics industry, because more than 50% of their products use flame retardants containing
halogen. The demands for halogen-free flame retardants, coupled with the used of nanotechnologies,
will indirectly lead to improvements in material incombustibility [6,7]. This indicates the immense
business opportunities behind such successful research, which has triggered fierce competition
worldwide regarding related research.

Graphene is one kind of nanomaterial with distinctive physical, chemical, and mechanical
properties, such as high electron mobility, high mechanical strength, and high thermal conductivity,
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which makes graphene one of the most favorable choices for fabricating composite materials with
polymers matrix [8,9]. As the addition of graphene is known to substantially improve the mechanical,
electrical, and thermal properties of the material, research has proved that adding even miniscule
amounts of graphene can effectively increase the flame retardant property of materials [10,11].
The agglomeration of graphene sheets due to the strong van der Waals forces among their sheets and
the weak compatibility with most of polymer matrices had been fundamental roadblocks that restricted
its potential as a reinforcing agent [12]. Surface modification of graphene by adding functional groups
is an effective way to reduce the tendency to agglomerate [13]. In addition, functionalization increases
the graphene compatibility with specific polymers improving the reinforcing effect [14]. Graphene
was grafted flame retardant components or functional groups on its surfaces to possess better thermal
stability and flame retardant properties [15–18]. In our study, we also proved that functionalized
graphene nanosheets were well dispersed in organic solvents, meaning that the modified fillers will be
uniformly dispersed in polymer matrix [19].

In the present study, varying percentages of modified graphene oxide (GO) were added to epoxy
matrix, which then underwent Fourier-transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and limiting oxygen index (LOI) to determine their properties and render them useful
for future applications.

2. Experimental

2.1. Materials

Multilayer graphene nanosheets (Knano Graphene Technology Corporation Limited, Xiamen,
China) were used as the starting material for the preparation of graphene nanosheets oxide.
The graphene nanosheets had a thickness of 5–15 nm, a purity of 99.5%, and a density of 2.25 g/cm3.
Diglycidyl ether of bisphenol-A (DGEBA type) was provided from Chang Chun Petrochemical Co.,
Ltd., Miali, Taiwan. 4,4′-diaminodiphenylmethane (DDM) was purchased from Acros Chemical Co.,
Mullica Hill, NJ, USA. Sulfuric acid (95.7 wt %), phosphorous acid (85 wt %), hydrogen chloride
(37 wt %), ethanol (95 wt %), hydrogen peroxide (31 wt %) and potassium permanganate were
purchased from Echo Chemical Co. Ltd., Miali, Taiwan. Tetraethyl silicate (TEOS) was purchased
from Sigma-Aldrich Co. St. Louis, MI, USA. p-Aminophenol (AP) was purchased from Alfa Aesar Co.,
Ward Hill, MA, USA.

2.2. Preparation of GO

Four 400 mL serum vials, each containing 3 g of multilayer graphene nanosheets and filled
with 400 mL of ethanol, were ultrasonicated for 4 h (water level > 400 mL, water changed every
1 h). After suction filtration, the contents were evenly dispersed on a rectangular aluminum plate,
placed in an oven, and heated overnight at 80 ◦C. In an ice bath inside a fume hood, 3 g of multilayer
graphene nanosheets was added into a mixture of sulfuric acid and phosphoric acid at a 9:1 volume
ratio (360 mL:40 mL), followed by 18 g of potassium permanganate as a strong oxidant, and stirred for
12 h under ice bath. Subsequently, this was slowly added with 400 mL of deionized (DI) water in an
ice bath against the fuming and exothermic reaction, and then 3 mL of 35% hydrogen peroxide was
added dropwise. The mixture subsequently underwent centrifugal filtration at 6000 rpm, and was
washed with DI water for 20 min several times. The filtered GO was then placed in an ice bath and
added in sequence with 200 mL of water, 200 mL of hydrochloric acid, and 200 mL of ethanol (600 mL
in total), stirred for 1 h, centrifugally filtered at 6000 rpm, and washed with ethanol for 20 min several
times. Finally, the filtered material was washed with 200 mL of ethanol under suction filtration several
times, and heated in a vacuum oven overnight at 80 ◦C; thus, the preparation of GO was completed.
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2.3. Preparation of Si-GO

GO (0.4 g) was added into 150 mL of an ethanol–DI water mixture (volume ratio = 5:1), which
then underwent ultrasonication for 30 min. Subsequently, 5.6 mL of ammonia was added as a catalyst
and stirred to form a stable and evenly mixed suspension. Subsequently, 1.5 mL of TEOS was added to
the suspension, which then underwent ultrasonication for 30 min, and was left at room temperature
for 15 h before receiving centrifugal filtration at 6000 rpm. The filtered substance was then washed
with ethanol several times and dried overnight in a vacuum oven at 60 ◦C. Thus; the preparation of
Si-GO was completed. The reaction equation is as shown in Scheme 1:

Scheme 1. The reaction between GO and TEOS.

2.4. Preparation of the Epoxy/Si-GA Composite

In a serum vial, 0.3 g of Si-GO was mixed with 1 g of AP, and mechanically mixed and stirred
with ethanol at 50 ◦C for 3 h to form Si-GA. Specimens of Si-GA at 1 wt %, 5 wt %, and 10 wt %
were then mixed into 10 g epoxy, and mechanically stirred with 1.38 g of DDM (weight ratio =
DDM/epoxy = 0.138) as the curing agent. Subsequently, each of the mixed specimens was poured
onto an aluminum plate, and placed in an oven to be heated for 2 h at 180 ◦C; the resulting material
was a cured epoxy/Si-GA composite. The reaction scheme was shown in Scheme 2. Epoxy/Si-GO
composite was prepared by the same process without AP, which was used as the comparison.

2.5. Measurements

The FTIR spectra of the materials were obtained between 4000–400 cm−1 using a Nicolet Avatar
320 FT-IR spectrometer from ALT (Alexandria, VA, USA). Thin films were prepared by solution-casting.
A minimum of 32 scans were signal-averaged with a resolution of 2 cm−1.

X-ray photoelectron spectra (XPS) were recorded using a PHI Quantera SXM/Auger (Ulvac-Phi.
Inc., Chigasaki, Kanagawa, Japan), with Al Ka excitation radiation (hv = 1486.6 eV). The pressure in
the analyzer was maintained at around 6.7 × 10−7 Pa. XPS data was processed using a DS 300 data
system (Ulvac-Phi. Inc., Chigasaki, Kanagawa, Japan).

The thermal degradation of the composites was examined using a thermogravimetric analyzer
(TGA) (Perkin Elmer TGA 7, Waltham, MA, USA) from room temperature to 800 ◦C at a heating rate
of 10 ◦C/min in an atmosphere of nitrogen. The measurements were made on 6–10 mg samples.
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Scheme 2. The preparation of epoxy/Si-GA composites.

The LOI test was carried out following the ASTM (American Society for Testing and Materials) D
2863 Oxygen Index Method. The epoxy/Si-GA composites were put into the oven for 1 and 5 min
at 600 ◦C, respectively. The resulting chars of the samples were tested by Raman spectra. Raman
spectra were recorded using a Lab Ram I confocal Raman spectrometer (Montpellier Cedex, France).
An He-Ne laser with a laser power of about 15 mW at the sample surface was utilized to provide
an excitation wavelength of 632.8 nm. A holographic notch filter reflected the exciting line into an
Olympus BX40 microscope, Olympus, Tokyo, Japan.

3. Results and Discussion

3.1. Characterization of Grafting Reaction

FTIR was employed to determine the structure of the specimens, and monitor the changes of the
functional group during the reaction. Figure 1 shows the results for GO and Si-GO, and indicates
that the characteristic absorption peaks of Si-GO functional groups were observed at 1120 cm−1

(Si–O–C), 1039 cm−1 (Si–O–Si), and 453 cm−1 (Si–O–Si) [20–23]. The presence of the Si–O–Si and
Si–O–C functional groups in the infrared spectrum of Si-GO suggests that TEOS had been grafted
onto GO.
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Figure 1. FTIR spectra of GO, Si-GO.

X-ray photoelectron spectroscopy (XPS) was employed to determine the surface compositions
of GO and Si-GO. Figures 2 and 3 are the XPS C1s spectra of GO and Si-GO, respectively. Similarly,
Figures 4 and 5 are the XPS O1s spectra of GO and Si-GO, respectively.

Figure 2. C1s XPS spectra of GO.
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Figure 3. C1s XPS spectra of Si-GO.

Figure 4. O1s XPS spectra of GO.

In Figure 2 of C1s spectra of GO, the characteristic peaks of C–C and C=C appear at 285 eV and
284.3 eV, respectively. Moreover, oxygen-carrying functional groups of O–C=O, C=O, C–O–C, and C–O
are observed at 288.3 eV, 287.4 eV, 286.5 eV, and 285.8 eV, respectively. This proves that multilayer
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graphene nanosheets had been successfully oxidized [24,25]. In Figure 3 for C1s spectra of Si-GO,
a new peak of Si–O–C appears at 285.1 eV, indicating that the silicon-carrying TEOS had been grafted
onto the surface of GO through a condensation reaction. Furthermore, the facts that the peaks of C–O
and C=O are observed at 532.6 eV and 531.6 eV, respectively, in Figure 4 for O1s spectra of GO, and
peaks of Si–O–C and Si–O–Si are observed at 533.5 eV and 533 eV [25], respectively, in Figure 5 for O1s
spectra of Si-GO, verifies that the silicon-and oxygen-carrying TEOS had been successfully grafted
onto GO.

Figure 5. O1s XPS spectra of Si-GO.

3.2. Thermal Properties of Epoxy/Si-GA Composites

TGA was employed to determine the thermal stability through thermogravimetric weight
loss–temperature curves of the specimens at 800 ◦C. Figure 6 shows the TGA results of the thermal
stability test of the composite materials for Si-GO, pure epoxy, 10 wt % of epoxy/GO, and 10 wt % of
epoxy/Si-GA under a nitrogen-filled environment and 20 ◦C/min heating rate.

There were two steps of thermal degradation for Si-GO from Figure 6. At temperatures below
200 ◦C, it may be caused by the physical adsorption of moisture on the carbon plane or by the hydrogen
bonding of water molecules with the carbon planar structure. Above 200 ◦C, it could be the dehydration
of hydroxyl functional groups of TEOS, and it would lead to the loss of the weight. At 800 ◦C, the char
yield of Si-GO was 54.9 wt %. Because graphene has a relatively large surface area, it created more char
and helped improve the thermal stability of the materials. The char yield of epoxy/Si-GA (10 wt %)
was 25.0 wt %, which was higher than the 20.4 wt % of epoxy/GO (10 wt %). The addition of AP into
epoxy matrix could improve the dispersion of Si-GO in the composite. AP was used as a coupling
agent to connect epoxy with Si-GO together. The combination of SiO2 and GO further enhanced the
thermal stability of Si-GA because a layer of SiO2 was formed on the surface of GO, which prevented
thermal degradation from occurring. This verified that the grafting of silicon-containing structures
onto GO effectively improved the thermal stability of GO composite materials.
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Figure 6. Comparison of calculated and experimental TGA curves for EP/Si-GA 10%.

Figure 7 indicates that adding 1 wt %, 5 wt %, and 10 wt % of Si-GA into epoxy gradually raised the
char yield from 15.6 wt % (pure epoxy) to 25.0 wt % (10 wt % of epoxy/Si-GA). This suggests that the
addition of flame retardant can effectively increase the thermal stability of a composite, and the higher
the percentage of flame retardant, the greater the thermal stability. Figure 8 shows that, at 350–450 ◦C,
the maximum thermal degradation rate of 10 wt % of epoxy/Si-GA was −15.1 wt %/min, which was
noticeably smaller than the −31.6 wt %/min for epoxy matrix, again verifying that the addition of
flame retardant effectively delayed the thermal degradation of epoxy.

Figure 7. Thermogravimetric curves of epoxy with various Si-GA contents.
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Figure 8. Derivative curves of epoxy with various Si-GA contents.

3.3. Interaction between Organic and Inorganic Phases

By comparing the theoretical values and the experimental values in the TGA curves, this study
verified the thermal degradation behaviors of the composite materials [26]. Taking epoxy/Si-GA
composites as an example, the comparison of its calculated theoretical values (pure epoxy × 0.9 + Si-GA
× 0.1) with the experimental TGA curve of epoxy/Si-GA 10% is shown in Figure 9. The theoretical
value was calculated from simple linear combination of the values of pure epoxy and Si-GA by TGA,
meaning that no interaction occurs between organic and inorganic phases. The experimental value
was indicated as larger compared with the theoretical curve, suggesting an improved interaction forces
between organic and inorganic phases. This observation verified that, when Si-GA was added into
epoxy as a flame retardant, the enhancements of interaction forces between the two phases effectively
improved the thermal stability of the composites. The TGA curves also proved that the thermal
stability was even greater than theoretically expected.

3.4. Thermal Stability of the Composites

This analysis relied on the integrated procedure decomposition temperature (IPDT), which can
be obtained from the TGA data, as the indicator of thermal stability for composite materials [27].
Specifically, integration was used to calculate the area under the thermal degradation curve as shown
in Figure 10 [28,29], which was then substituted into the following formula for the material’s IPDT.
A higher IPDT indicated greater thermal stability of the composites. In Table 1, the IPDT values
increased with the concentration of Si-GA, which increased from 629 ◦C for pure epoxy to 825 ◦C
for 10 wt % of epoxy/Si-GA; this was a 196 ◦C increase. In summary, the higher a material’s initial
thermal degradation temperature and char yield, the greater its thermal stability, and the higher the
IPDT value, the greater the thermal stability.
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Figure 9. Comparison of calculated and experimental TGA curves for EP/Si-GA 10%.

Figure 10. TGA curve of the materials.
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Table 1. Thermal properties of epoxy with various contents Si-GA.

Sample No. Tmax (◦C) Rmax (wt %/min) IPDT1 (◦C) C.Y.2 (wt %)

Pure Epoxy 387 −31.6 629 15.6
Epoxy/Si-GA 1% 409 −21.6 672 17.6
Epoxy/Si-GA 5% 412 −21.4 689 18.3

Epoxy/Si-GA 10% 411 −15.6 825 25.0
1 IPDT means integrated procedure decomposition temperature. 2 C.Y. means char yield.

The formula is as follows:

IPDT (◦C) = A* × K* × (Tf − Ti) + Ti,

where

Ti = the initial experimental temperature (100 ◦C),
Tf = the final experimental temperature (800 ◦C),
A* = (S1 + S2)/(S1 + S2 + S3),
K* = (S1 + S2)/S1.

Substituting the Ti, Tf, S1, S2, and S3 values into the formula yields the IPDT value.

3.5. Kinetics of Thermal Degradation

For materials to initiate thermal degradation, they must overcome an energy barrier, which is the
activation energy of the materials. In this study, the TGA results of varying heating rates (5 ◦C/min,
10 ◦C/min, 20 ◦C/min, and 40 ◦C/min) under the nitrogen-filled environment were used to determine
the thermal degradation kinetic characters of epoxy/Si-GA composites, and analyze the changes in
their activation energies by Ozawa’s method [30].

According to Table 2, the activation energies (ΔE) of pure epoxy and epoxy/Si-GA 10 wt % were
130.2 kJ/mole and 180.2 kJ/mole, respectively. This suggests an increase in the activation energy of
the composite material after the addition of flame retardant. High activation energy of a composite
material indicates that it is less prone to thermal degradation, or, in other words, has a high thermal
stability. The results of the present study were in accordance with the conclusion drawn from the
IPDT analysis.

Table 2. The calculated activation energy of thermal degradation with various conversions by
Ozawa method.

α
Pure Epoxy Epoxy/Si-GA 10%

E(kJ/mole) R Value E (kJ/mole) R Value

0.2 146.8 0.88 212.8 0.99
0.3 138.9 0.92 194.3 0.99
0.4 131.6 0.94 179.2 0.99
0.5 126.8 0.95 173.6 0.99
0.6 122.8 0.96 169.4 0.99
0.7 121.8 0.96 170.0 0.99
0.8 123.5 0.94 162.0 0.98

ΔE(av) 130.3 180.2

α = 0.2~0.8.

3.6. Flame Retardancy of the Materials

Limiting oxygen index (LOI) was used to determine the flammability of composite materials with
varying concentrations. The flammability of materials was determined by controlling the nitrogen and
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oxygen concentrations in a confined space in accordance with the LOI results. Because the concentration
of oxygen in the atmosphere is approximately 21%, flame retardant materials that require an oxygen
content of more than 21% are difficult to burn in the natural environment. The concentrations of
oxygen in confined space can be used as the index of flammability for the materials according to
following equation. Therefore, the combustibility of the materials was set: materials with an LOI < 21%
were classified as combustible and LOI > 21% as self-extinguishing [31,32]. Furthermore, the flow rates
[O2] and [N2] were set using the following equation (mL/s):

LOI (%) =
[O2]

[O2]+[N2]
× 100. (1)

According to Figure 11, pure epoxy, 10 wt % epoxy/GO composite, and 10 wt % of epoxy/Si-GA
were types of highly combustible and self-extinguishing polymers, respectively (LOI of 19%, 23%,
and 26%). In general, the LOI values ascended, indicating that the increase in modified Si-GO also
increased the flame retardancy of epoxy.

Figure 11. The flame retardant property of Epoxy/GO and Epoxy/Si-GA composites by LOI values.

3.7. Analysis of Char

Raman spectra was used to measure the 1-min and 5-min chars of epoxy/GO and epoxy/Si-GA
composites at 600 ◦C, in order to observe the changes in their D band and G band shown as Figures 12
and 13. The D band (disordered band) occurred at 1350 cm−1, and showed the sp3 structure formed by
C–C; by contrast, the G band (graphitic band) occurred at 1580 cm−1, and showed the sp2 structure
formed by C=C [33,34]. The results are as listed in Table 3, which indicate that the D/G value of
epoxy/GO burned for 5 min (0.42) is smaller than for that burned for 1 min (0.83), suggesting that
the addition of GO increased the char formation of composite materials as they burned. Similarly,
the D/G value of epoxy/Si-GA that has burned for 5 min (0.04) is smaller than that burned for 5 min
(0.41). The change in the D/G values of the two materials indicates that silicon facilitated graphitic
char formation, suggesting that the addition of Si-GA enabled the formation of a graphitic char layer
during combustion and thus improved the material’s thermal stability.
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Figure 12. Raman spectra of char products from EP/GO 10 at 600 ◦C (a) 1 min; (b) 5 min.

Figure 13. Raman spectra of char products from EP/Si-GA 10 at 600 ◦C (a) 1 min; (b) 5 min.
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Table 3. The area ratio of Raman shift for Epoxy/GO & Epoxy/Si-GA composites char.

Sample No.
D-Band G-Band

D/G
1356 cm−1 1580 cm−1

Epoxy/GO 10 1 min 679,856 816,332 0.83
5 min 323,024 768,821 0.42

Epoxy/Si-GA 10 1 min 3.97 × 106 6.50 × 106 0.61
5 min 302,028 7.60 × 106 0.04

4. Conclusions

This study successfully used the sol–gel method to prepare Si-GO, which was then used to
fabricate composite materials with epoxy. Subsequently, FTIR and XPS analyses proved that TEOS was
grafted onto GO. The IPDT values increased with the concentration of Si-GA, which increased from
629 ◦C for pure epoxy to 825 ◦C for 10 wt % of epoxy/Si-GA; this was a 196 ◦C increase. The results of
TGA, DTG, and IPDT all verified that the addition of Si-GA effectively enhanced the thermal stability of
the base material. This was further verified by the activation energy values of the materials; pure epoxy
and epoxy/Si-GA 10 wt % were 130.2 kJ/mole and 180.2 kJ/mole, respectively, a 38.46% increase,
which suggested that adding silicon-carrying fire retardant raised the activation energy required
for thermal degradation and compelled thermal degradation to overcome an even higher energy
threshold. Pure epoxy and 10 wt % of epoxy/Si-GA were highly combustible and flame retardant
polymers, respectively (LOI of 19% and 26%). Results of the LOI analysis indicated that the epoxy
composite materials achieve high flame retardancy and can be classified as flame-retardant. Raman
spectra determined that the forming of graphite-based char enhanced the materials’ thermal stability
and incombustibility.
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Abstract: In this study, the effect of reduction on the electrical conductivity of Graphene Oxide (GO)
is investigated. The aim of this fabrication was to render electromagnetic interference (EMI) shielding
to thin polymer films using GO as fillers. The electrical conductivity was determined using the
four-probe method and shielding effectiveness was theoretically determined using the experimentally
obtained conductivity values. The initial oxidation of graphite was performed using Hummers’
method and the oxidized GO was dispersed in water for further exfoliation by ultrasonication.
Thin films of sonicated GO dispersions were solution casted and dried in a convection oven at 50 ◦C
overnight. The dried films were treated with 48% hydrobromic acid (HBr), 95% hydrochloric acid
(HCl) or 66% hydroiodic acid (HI) for 2 h, 24 h or 48 h. A partial factorial design of experiments
based on Taguchi method was used to identify the best reducing agent to obtain maximum electrical
conductivity in the partially reduced GO films. The experimental analysis indicates that the electrical
resistivity of GO is highly dependent on the type of acid treatment and the samples treated with HI
acid exhibited lowest resistivity of ~0.003 Ω·cm. The drop in resistivity value after chemical reduction
was of the order of 10,000 times, and range obtained in this work is among the lowest reported so far.
The theoretical EMI shielding of the reduced GO film provided a shielding effectiveness of 5.06 dB at
12 GHz.

Keywords: graphene oxide; FTIR; EMI; Taguchi; electrical conductivity

1. Introduction

With recent advances in material science, nanocomposites with exfoliated nanofillers have
attracted considerable attention due to the superior mechanical and functional properties offered by
the fillers at relatively lower filler loadings. Exfoliated graphene oxide (GO) as filler in particular has
received considerable attention because of its mechanical and functional properties that are comparable
to those of single-layered graphene with the ease of synthesis compared to that of graphene [1–3].

Considering the proximity of GO to graphene, polymer-GO nanocomposites have potential
applications in memory devices and energy storage cells where the low conductivity of GO can help in
creating a barrier for inter-lamellar electron-hole re-combinations. Other applications can be in field
effect transistors, solar cells, energy storage devices, etc. Additionally, they appear to improve the
resistance to gas permeability, suggesting potential for applications in food and beverage, packaging,
and filtration applications [1,4–7]. An interesting example where the conductive properties of the
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polymer-GO composites can be utilized is in ElectroMagnetic wave Interference (EMI) shielding and
are currently emerging is a new class of materials for broad-band electromagnetic absorption [1,3,7–16].

GO is inherently non-conductive because of the absence of percolating pathways between sp2

carbon clusters which is indeed a carrier transport mechanism in the graphene. A single sheet of
graphene oxide consists of a hexagonal ring-based carbon network having both sp2-hybridised and
sp3-hybridised carbon atoms, bearing hydroxyl and epoxide functional groups on either side of the
sheet, whereas the sheet edges are mostly occupied by carboxyl and carbonyl groups [17–21], meaning
that the functional groups attached to the plane influence its conductivity, while functional groups
attached to the edge may not. GO as a whole on the contrary has large chemical functional groups
attached to the carbon plane with several structural defects within the plane, both of which may
severely decrease the electrical conductivity. However, it can be restored by varying their synthesis
and processing, as they are non-stoichiometric in nature. A common approach is to attach polymers or
polymerization initiators on to the GO platelets and reduce the oxidized surface [4]. This reduction
process must aim at eliminating only the epoxy and hydroxyl groups on the plane, while retaining
other groups, such as carboxyl, carbonyl, and ester groups at the edges.

There are different routes to synthesize GO for conductivity [22], out of which thermal and
chemical routes are widely accepted to restore electrical conductivity. In the thermal reduction method,
GO is exposed to temperature ramp rates greater than 2000 ◦C/min up to about 1050 ◦C, in effect
splitting the graphite oxide into individual sheets through evolution of CO2. The thermal shock
decomposes the oxygen-containing groups attached to the carbon plane, and the escape of the resultant
gases exfoliate the stacked graphene layers [5,9,11,23]. However, this process is suitable for bulk
production, the yield is usually small, and the quality is poor with wrinkling and severe lattice defects.
In the chemical route, GO is reduced using chemical reagents based on their chemical reactions
with GO. Hydrazine is universally accepted as a good chemical reagent to reduce GO [2,17,24,25].
The reduction by hydrazine and its derivatives, such as hydrazine hydrate and dimethylhydrazine [12],
is as simple as adding liquid reagents to aqueous dispersion of GO and drying it, wherein the reagents
increase the hydrophobicity that results in agglomerated graphene-based nanosheets that may be
electrically conductive. One drawback with this process is that the hydrazine agents usually tend leave
C-N groups behind, in the form of hydrazones, amines, aziridines, etc., which may have detrimental
effect on the electronic structure and properties of reduced GO [26,27]. However, by finely tuning
the reduction parameters, it is possible to get rid of the C-N groups and indeed obtain electrically
conductive GO. Therefore, in view of tuning the process parameters to achieve electrical conductivity,
a systematic study on the effect of varying the process parameters on the electrical conductivity of the
reduced GO discussed in this work.

For EMI shielding, conducting fillers in the form of nanocomposites are highly suitable due to ease
of processing at relatively low costs with the benefit of various mechanical and functional properties
of polymers. Polymer nanocomposites with carbon-based fillers have been extensively investigated in
various works [23–27] with results showing their performance to be dependent on the type of matrix
and filler [28,29], structural morphology and dispersion [26,27], processing method, matrix-filler
interaction, etc. The EMI shielding effectiveness (EMI SE) of composite materials depends upon
intrinsic conductivity of filler, its aspect ratio [30] and conductivity of the composite [31–34]. Therefore,
primarily, EMI SE is a function of conductivity, but as the filler loading increases, the shielding will
depend on the thickness of the specimen too, due to increased layering because of higher loading [30,35].
However, beyond percolation thresholds, the EMI shielding effectiveness also rises rapidly with the
increase in electrical conductivity. However, the primary mechanism in such case is reflection due to
interaction of incident radiation with the free electrons on the shield surface while absorption is the
secondary mechanism. Therefore, the EMI SE can be tailored by varying the filler concentrations and
their dispersion throughout the media. However, the medium of shielding effectiveness (absorption or
reflection) may indeed vary accordingly.
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In this study, a relatively novel chemical reduction method that uses hydrohalic acids for removal
of oxygen-containing groups from GO, has been developed to tune the electrical conductivity of
GO. Factorial design of experiments based on the Taguchi method was used to identify the key
processing parameters and their synergistic effects, affecting the electrical property of the GO films.
The post-reduction characterization of GO was performed using X-ray diffractometry, Fourier transfer
infrared imaging and scanning electron microscopy.

2. Materials and Methods

Graphite flakes obtained from Sigma-Aldrich (Auckland, New Zealand) were powdered to
particle size of 30 μm. 95–97% Sulfuric Acid (H2SO4) from Merck Group (Darmstadt, Germany)
Potassium Permanganate (KMnO4) from Ajax Chemicals, Australia, Sodium Nitrate NaNO3,
30% Hydrogen Peroxide (H2O2), 95% Hydrochloric acid (HCl), 48% Hydrobromic Acid (HBr) and
66% Hydroiodic acid (HI) from Ajax Finechem Inc. (Auckland, New Zealand) were used as-received.
N,N-dimethylformamide (DMF, Anhydrous, 99.8%) and tetrahydrofuran (THF) were bought from
Sigma-Aldrich and ECP Ltd. (Romil, Cambridge, UK), respectively, and the polymer matrix PMMA
was bought from Chi Mei Corporation (Tainan, Taiwan).

Wide angle X-ray scattering (WAXS) technique was used to evaluate the crystallinity and
inter-layer distance between adjacent layers of the multi-layered material. Fourier transfer infrared
spectroscopy, FT-IR (Nicolet 8700, ATR-FTIR, Waltham, Massachusetts, USA), was used to confirm
the presence/absence of oxygen-containing groups in GO after oxidization of graphite and partial
reduction of GO, respectively. Scanning electron microscope, SEM (Philips XL30S FEG with Gatan Alto
Cryo-trans System, Auckland, New Zealand), was used to visualize the GO sheets and nanofibers after
platinum sputtering. The four-probe method developed in-house was used to measure the electrical
conductivity of the GO sheets.

2.1. Graphene Oxide

Graphene oxide was synthesized using modified Hummers’ method [29] and the details of the
method can be found in the reference as listed, and pictures at various stages of chemical processing is
shown in Figure 1. To achieve exfoliation, the GO obtained from the above process was dispersed in
water and subjected ultrasonication. Thin films of sonicated GO dispersions were prepared by casting
the mixture on petri dishes followed by drying in the oven at 50 ◦C, overnight.

Figure 1. Stages of chemical processing of GO (a) Pulverized graphite that was used for reduction
(b) GO dispersed in water after synthesis using Hummers’ method (c) GO thin film.

97



J. Compos. Sci. 2018, 2, 25

2.2. X-Ray Diffractometry (XRD)

The X-ray diffraction spectra of graphite powder and GO samples exhibit a sharp peak at
2θ = 11.2◦ compared to the strong characteristic peak at 2θ = 26.4◦ for graphite (Figure 2). By using
Debey-Sherrer’s equation [30], the inter-layer distance for GO sheets was calculated to be 0.82 nm,
which is greater than that (0.34 nm) for graphene layers. This increase in the interlayer distance is
attributed to the presence of water (H2O) molecules and various oxygen-containing functional groups
as identified by FTIR. This agrees with [36]. These species do facilitate the hydration and exfoliation of
the GO sheets. Therefore, the plots in Figure 2 indicate the effectiveness of the modified Hummers’
method in oxidizing the graphite leading to increased inter-layer distance between the graphene layers.

Figure 2. XRD traces for Graphite and GO confirming the synthesis.

It can be observed that the peak at 2θ = 11.2◦ exhibits higher intensity for the GO material,
indicating a higher amount of water molecules/oxygen functional groups present in the basal plane,
thus improving the extent of oxidation and reflecting the influence of increased H2SO4 in the acidic
media. In the case of graphite, this peak is appeared with minor intensity, close to the background of
the pattern. The small peaks at 2θ = 26.4 degrees for GO sample indicates the presence of unconverted
graphite and can be related to the efficiency of the process. The presence of unconverted graphite
and the difference in the extent of oxidation were also discerned in the thermal tests in the form of
exothermic peaks and varying heat flux for oxidation reactions.

The GO sheets obtained after drying usually exhibit high electrical resistivity but by treating them
with hydrohalic acids reducing agents, recovery to an extent is possible. The extent of exfoliation
during the reduction of graphite to GO, and the duration of chemical treatment, play a vital role in
determining the extent of electrical conductivity restoration. Therefore, an optimum combination of
those parameters is paramount to the electrical property restoration.

Investigation of such a complex, multivariable systems and the influence of various parameters
on the electrical properties of the reduced GO films individually tend to become tedious, and hence it
is difficult to assess the synergistic effects between the parameters. Therefore, partial factorial design of
experiments (DoE), accompanied by statistical analysis based on Taguchi method, was used to obtain
the best possible combination of these parameters in a minimum number experimental trials.

2.3. Design of Experiments

Three levels of ultrasonication time, reducing agent type and reaction duration were selected
(Table 1) to construct an L9 orthogonal array. Their levels and different combinations are listed in
Table 2.
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Table 1. Factors for Taguchi L9 matrix.

Factor Level 1 Level 2 Level 3

Sonication Time (A) 1 h 10 h 20 h
Reducing Agent (B) Hydrochloric acid Hydrobromic Acid Hydroiodic Acid
Reaction Time (C) 2 h 24 h 48 h

Table 2. Experimental values of electrical resistivity for GO samples.

Standard Order No. A B C Resistivity (Ω·cm)

1 1 1 1 0.330
2 1 2 2 0.560
3 1 3 3 0.006
4 2 1 2 0.641
5 2 2 3 0.076
6 2 3 1 0.003
7 3 1 3 0.365
8 3 2 1 0.347
9 3 3 2 0.022

The graphical representation of the effect of individual factors and combination of factors towards
the overall electrical resistivity is shown in Figure 3. The contribution of each factor towards the overall
resistivity is estimated as the average of all the resistivity values when the factor is set at its particular
level, thus minimizing any random errors.

Figure 3. Factor Effect Plot for Taguchi Analysis.

In Figure 3, the overall average of resistivity from all the trials is represented as a horizontal line
with the averages of all the individual factors set at their particular levels plotted on either side of it.
The physical size of the line determines the factor’s contribution towards the overall response of the
system’s electrical resistivity.

In the factor effects plot the reducing agent type plays a detrimental role in the electrical resistivity
(hence increasing the conductivity) of GO. The average resistivity for GO samples treated with
hydroiodic acid appear to be in the range of 0.003–0.022 Ω·cm, followed by those treated with
hydrobromic acid (0.056–0.347 Ω·cm) and finally with hydrochloric acid (0.33–0.641 Ω·cm).

An increase in ultrasonication time of the GO suspension over 1 h resulted in an increased
resistivity, i.e., a decrease in conductivity of the GO. This negative effect for the ultrasonication time
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can be attributed to the breaking up of GO sheets into smaller fragments/particulates, rather than an
increase in inter-layer distance with increased amount of sonication. The SEM images of GO solutions,
subjected to ultrasonication for 1 h, 10 h and 20 h, are presented in Figure 4, respectively, which shows
a higher degree of fragmentation of GO sheets with increased ultrasonication.

Figure 4. SEM images of GO after ultrasonication for (a) 1 h that shows relatively less wrinkled sheets
(b) 10 h, showing wrinkled features; and (c) 20 h where it is fragmented and wrinkly.
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The third factor considered was the reaction time. When the reaction time was increased from 2 h
to 48 h, an increase in conductivity was observed. Therefore, an increase in reaction time enhances
the overall conductivity of the film. However, the effect is relatively small compared to that of the
reducing agent type, because hydroiodic acid produced resistivity as low as 0.003 Ω.cm even at lower
reaction times (e.g., at 2 h). Such inferences can be made by evaluating the relevant factor interaction
effects, estimated by examining the variation of each factor with respect to their levels.

To understand the synergistic or antagonistic effect of the factors on the overall response of the
system, factor interaction plots were used, shown in Figure 5. The size of the lines that are deviating
from the average, depict the two factor interaction sonication time and reaction time (AC) to contribute
more towards the overall conductivity compared to the other factor interactions (sonication time and
reducing agent type (AB), reducing agent type and reaction time (BC) and sonication time and reducing agent
type and reaction time (ABC)).

In Figure 5a, the interaction graph for AC displays a drift in the average response values
as the ultrasonication time increases from 1 h to 20 h. For the reaction time at its lowest level,
i.e., 2 h, the resistivity value drops from 0.33 Ω·cm to 0.003 Ω·cm when the sonication time is changed
from 1 h to 10 h, and then it increases to 0.347 Ω·cm with an increase in the sonication time to 20 h.
For the reducing time of 24 h, the change in the sonication time from level 1 to 3 (from 1 h to 20 h)
results in an antagonistic effect (an increase in resistivity from 0.056 Ω·cm to 0.641 Ω·cm), when the
sonication time changes from level 1 to 2, a sudden decrease to 0.022 Ω·cm is observed. For reducing
duration of 48 h, the response behavior is similar to that of 2 h with the resistivity value showing an
increasing trend, from 0.006 Ω·cm to 0.076 Ω·cm and then to 0.365 Ω·cm, with successive raise in the
sonication level.

Figure 5. Cont.
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Figure 5. Synergistic and antagonistic interaction effect plots of factors (a) Sonication Time (A) and
Reaction Time (C) (b) Reducing Agent (B) and Reaction Time (C) and (c) Sonication Time (A) and
Reducing Agent (B).

The interaction graph in Figure 5b shows a change in resistivity with increase in reaction time for
each of the reducing agents used (HCl, HBr and HI), with drastic decline in resistivity values observed
with HI (from 0.641 Ω·cm to 0.056 Ω·cm). This indicates that the degree of exfoliation is directly
proportional to the duration of sonication. For reaction time at its lowest level (2 h), the average
resistivity value increases from 0.33 Ω·cm to 0.641 Ω·cm when the reducing agent is changed from HCl
to HI. Therefore, for shorter sonication duration, HCL and HBr provide similar resistivity values and
may be preferred over HI. At 48 h sonication, all the reducing agents provide similar exfoliation and
hence resistivity values. In Figure 5c, it can be deduced from the antagonistic nature of the interaction
effect, the effect of change in the sonication time is most prominent at level 1, but with escalation in
the reactivity of the acid used, i.e., at levels 2 and 3 (when using HBr and HI), the effect of sonication
becomes less pronounced.

3. Characterization

3.1. Fourier Transfer Infrared Spectroscopy (FTIR)

The spectra obtained by FTIR of graphite and GO samples are shown in Figure 6. A wide
band at 3000–3600 cm−1 represents the stretching vibration due to the presence of hydroxyl group
(O-H vibration). In the spectrum, the typical peaks indicating the oxygen-containing groups are
visible as 1715.5 cm−1 for C=O (carbonyl/carboxyl), 1337.7 cm−1 for carboxylic C-O, 1222.9 cm−1 for
epoxy C-O and 1060 cm−1 for alkoxy C-O. The peak at 1621.5 cm−1 corresponding to the in-plane
vibrations of aromatic C=C and the skeletal vibrations of the graphene sheets corroborating for the
success of oxidation of graphitic domains. The FTIR spectra of GO after treatment with hydrobromic
acid (RGO in Figure 6) shows significant decrease of the bands that correspond to C-OH hydroxyl
and C=O groups, while the peaks pertaining to epoxy and alkoxy C-O groups have completely
disappeared. These FTIR spectra confirm that the GO samples have been significantly de-oxidized and
support the hypothesis proposed by Lin et al. [22] that low-temperature reduction processes result in
decomposition of carboxylic and carbonyl groups leading to less functional groups in the RGO sample.
Though, some residual oxygen-containing species remain in the material.
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Figure 6. FTIR spectra for Graphite, GO and Reduced GO confirming the reduction process using
hydrobromic acid.

3.2. Electromagnetic Shielding

Electromagnetic interference shielding is the attenuation of the incident electromagnetic waves in
the material and is expressed by the mathematical formula given by [5,13,31–33].

SE = 10 log
Pi
Pt

(1)

where SE is the shielding effectiveness in decibel (dB), Pt is the power of the transmitted wave and Pi
is the power of incident wave. When an electromagnetic wave is incident on a surface, it is absorbed
(A), reflected (R) or transmitted (T) and the summation, A + R + T = 1 [13] and the attenuation mainly
consists of the three components: Absorption A, Reflection R and Multiple Reflections M [32,33].
Hence, the total EMI SE can be expressed as summation of these three components, i.e., SE = SEa + SEr

+ SEm.
The effect of multiple reflections is often negligible when SEa >= 10 dB [14,32,34,35] as the intensity

of an incident wave inside the material after reflection will depend on (1 − R). Therefore, Effective
Absorption inside a shielding material is defined using Equation (2) and the SE component rendered
by absorption and reflection phenomena can be determined by using Equations (3) and (4) respectively.

Ae f f =
1 − R − T

1 − R
(2)

SEa = 10 log
(

1 − Ae f f

)
= 10 log

(
T

1 − R

)
(3)

SEr = 10 log(1 − R) (4)

In dynamic fields, the eddy current behaves complexly and it is common practice to develop
approximate solutions while modelling shielding enclosures. For thin films, the shielding is dominated
by the magnetic field and is governed by the magnetic permeability of the shield. As frequency
increases, the shieling mechanism becomes greater due to induced current density that reduces inward
from the core, exponentially. The skin depth δ over which the amplitude of incident wave will
be effectively reduced is defined by Equation (5) and the SE due to absorption component can be
calculated by Equation (6). Therefore, the EMI shielding effectiveness of a composite specimen can be
studied as a function of its electrical conductivity which in turn depends on the intrinsic conductivity
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of the filler, filler morphology and dispersion and the interfacial interaction between the filler and the
matrix molecules [5,12,15,36].

δ =
1√

π f μσ
(5)

where σ is the electrical conductivity in S/cm, μ is the magnetic permeability of the material and is
equal to 1 for non-magnetic materials and f is the frequency of incident radiation in MHz.

SEa = K
t
δ
= Kt

√
π f μσ (6)

where δ is the skin depth for effective shielding in m, K is the constant for the shield material and t is
the thickness of the shield in m.

The thickness of any planar shield can be represented in terms of skin depths to indicate the
shielding potential of the material. In addition to the absorption over skin depth, significant reduction
of the impinging electromagnetic field can occur through reflection from the shield surface. The formula
of far-field reflection loss for a plane-wave radiation is given by Equation (7) [19].

SEr = 108 + log
(

σ

f μ

)
(7)

The maximum value of conductivity attained through chemical reduction of GO sheets was
39,000 S/m. The thickness of the GO films was 0.1 mm and the predicted values of EMI shielding
effectiveness for GO thin films are listed in Table 3.

Table 3. EMI SE calculation for reduced GO specimens using hydrobromic acid.

Sr. No. Electrical Conductivity (S/m) Frequency (GHz) EMI Shielding Effectiveness, dB (SEa)

1 39,000 8 4.13
2 39,000 9 4.38
3 39,000 10 4.62
4 39,000 11 4.84
5 39,000 12 5.06

4. Conclusions

In this paper, GO synthesized from graphite using the modified Hummers’ and Offeman methods
was characterized using X-ray diffractometry, Fourier transfer infrared imaging and scanning electron
microscopy. The XRD results affirmed the increase in inter-layer distance between graphene layers,
and FTIR confirmed the presence of oxygen-containing reactive groups in the oxidized graphite
samples. The SEM images revealed typical wrinkled and wavy morphology of GO thin sheets at
high magnifications.

A simple, hazard-free, and effective low-temperature chemical reduction method was developed
with relatively novel use of hydrohalic acids for removal of oxygen-containing groups from GO.
A partial factorial DoE along with Taguchi analysis was used to obtain the best possible combination of
parameters, i.e., ultrasonication time, reducing agent and reaction time, to improve the electrical
conductivity of reduced GO films. The Taguchi analysis of factorial effects revealed that the
effectiveness of the reduction process is primarily dependent on the reducing agent used. Immersion
of GO thin films in strong hydrohalic acids, such as hydroiodic acid, can effectively reduce GO even
when the reaction time and level of sonication are very low. The post-reduction electrical resistivity
values for GO thin films, as measured using the four-point probe method, demonstrated a high degree
of improvement in conductivity. The drop in resistivity value after chemical reduction was of the
order of 10,000 times, and the measured values were in the range of 0.003–0.641 Ω.cm. The electrical
resistivity range obtained in this work is among the lowest reported so far. This suggests the vast
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potential of GO-based nanocomposites in applications pertaining to electronic field, where GO could
be tuned to exhibit insulating, semiconducting, or conducting behavior, as per the requirement.
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Abstract: As an alternative to conventional Pb-containing solder material, Sn–Ag–Cu (SAC) based
alloys are at the forefront despite limitations associated with relatively poor strength and coarsening
of grains/intermetallic compounds (IMCs) during aging/reflow. Accordingly, this study examines
the improvement of properties of SAC alloys by incorporating nanoparticles in it. Two different
types of nanoparticles were added in monolithic SAC alloy: (1) Al2O3 or (2) Fe and their effect on
microstructure and thermal properties were investigated. Addition of Fe nanoparticles leads to the
formation of FeSn2 IMCs alongside Ag3Sn and Cu6Sn5 from monolithic SAC alloy. Addition of Al2O3

nano-particles do not contribute to phase formation, however, remains dispersed along primary β-Sn
grain boundaries and act as a grain refiner. As the addition of either Fe or Al2O3 nano-particles do
not make any significant effect on thermal behavior, these reinforced nanocomposites are foreseen to
provide better mechanical characteristics with respect to conventional monolithic SAC solder alloys.

Keywords: Pb free; solder alloy; nanocomposite; microstructure

1. Introduction

The expansion of electronic packaging system in the context of miniaturization requires a number of
factors to be taken into consideration such as wafer design, resist system, metal deposition techniques etc.
The most crucial among these factors is ‘soldering’, without which none of the electronic packaging is
complete [1,2]. Soldering as a word doesn’t confine itself only in electronic industries, but also frequently
used in plumbing (acid core) and sheet metal joining. Usually, the alloys that melt (using fluxing
materials such as CaF2) within the 90–450 ◦C are termed solder materials [2]. However, for electronic
packaging, the melting temperature of solder alloy remains within 170–190 ◦C [2]. Lead (Pb) based
alloys have a long history as solder alloys and over past decades have been the most predominant solder
alloy used. However, the environmental concern strictly prohibits the use of such toxic alloys paving the
way for the development of Pb-free solder alloys. Usually, whenever a set of metals are mixed to form
solder alloys, a number of facts come into consideration including cost compatibility, ease of fabrication,
compliance with physical, chemical, mechanical and electrical properties with substrate and finally long
term environmental sustainability. It is understood that solder materials in electronic packaging undergo
thermal stress, not only during fabrication and reflowing, but also at service. Therefore, it is highly
probable that this thermal stress renders the solder materials unsuitable under adverse condition where
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the possibility of metallurgical change is eminent. Thus, the applicability of a solder alloy is attributed to
its resistance under low cycle thermal fatigue which is governed by its underlying microstructure.

To fulfil such requirements, Sn–Ag–Cu (Tin–Silver–Copper) based alloys provide a good
alternative [1,2]; as this ternary alloy system yields comparable mechanical, thermal, creep and fatigue
properties as that of conventional Pb-based solder alloys, thanks to its eutectic microstructure. The foreseen
success of these alloys is due to intermetallic compounds (IMCs) formation such as Cu6.26Sn5 (hexagonal),
Cu6Sn5 (monoclinic), Ag4Sn (hexagonal) and Ag3Sn (orthorhombic) in β-Sn (tetragonal) matrix that
provide the mechanical strength while retaining comparatively low melting point and formability [3–5].
Based on nanoindentation it was reported that failure mode of Cu6Sn5 and Cu3Sn IMCs are brittle in
nature in contrast of ductile mode failure of Ag3Sn [6]. The ternary SAC system was first reported in [7]
and have quasi-eutectic composition of Sn-4Ag-0.5Cu. However, a number of compositional variation
of these alloys has been reported [1,8,9]. Irrespective of near eutectic composition, these alloys contain
IMCs dispersed in β-Sn matrix. As reported by Lehman et al. [10], mechanical durability of such alloy at
service depends on relative orientation and microstructure formation of such IMCs in β-Sn matrix. It was
observed that, single grained Sn joint in solder fails to balance repeated thermal stress, however, near
eutectic SAC at 80 ◦C underwent cyclic growth twinning all through solidification process [9]. Reflowing
of such SAC based solder on Cu substrate cause coarsening effect of IMCs and degrade mechanical
properties. IMCs continues to grow at reflowing temperature within short period of time irrespective of
SAC alloy composition. Discontinuity of such IMCs has many disadvantages such as lack of mechanical
strength, failure in low magnitude thermal cycles etc. Therefore, with a view to improve mechanical
property and service reliability of these solder alloys, incorporation of reinforcing elements is beneficial.
Recent investigations on nanoparticles reinforced Al-matrix composite exhibits superior mechanical
properties of materials [10] in terms of limiting grain growth, strength and avoid grain coarsening.
Among these reinforcing elements NiO [11], Al2O3 [12], TiO2 [13], pure elements such as Ni, Fe, Bi [14,15]
and even rare earth elements has been reported [16] to extent its mechanical properties further without
compromising thermal behavior. Regardless of type reinforcing particles, overall objectives are matrix
grain refinement, favors IMCs formation, retain alloy strength during service and restrict grain/IMCs
growth during fabrication/reflowing. Though there are some reports published in literature on that,
however, it’s still in very early stage of development and more fundamental work in that area is foreseen.

Thus, objective of the present work is to investigate the effect of nano-size Fe or Al2O3 addition in
monolithic Sn-4.4Ag-2.6Cu alloy on its microstructure, phase evolution and thermal behavior. Towards
that, an experimental based approach was adopted to make fundamental understating and further
development of durable Pb-free solder nanocomposites.

2. Experimental

2.1. Materials

The common manufacturing processes for the fabrication of composite solders are usually
casting or conventional powder metallurgy routes [12,17] followed by sintering. However, powder
metallurgy routes following by sintering suffer from grain/IMCs growth and contain defects such
as inhomogeneous microstructure due to agglomeration, segregation, gas trapping etc. To overcome
that, casting method was employed in present case. A Pb-free Sn-4.4Ag-2.6Cu (wt %) solder alloy,
hereby termed as SAC, was prepared by melting commercially pure (99.99%) tin, silver and copper
metals in an induction furnace at about 1000 ◦C for 40 min under vacuum according to their nominal
composition. Then the melt was cast in ingot form and re-melted again at 1000 ◦C for 20 min under
vacuum for proper homogenization of the alloy. After that, either Al2O3 or Fe nanoparticles were
added in monolithic SAC alloy to form nanocomposite solder alloys and subsequently, cast in to
disk shaped ingots (Ø 30 mm, 2 mm thickness) and allowed to cool slowly to form ternary eutectic
microstructure. Hereby, nanocomposite solder alloys reinforced with Fe is termed as SAC1 and
nanocomposite solder alloy reinforced with Al2O3 is termed as SAC2. Al2O3 nanoparticles with an
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average particulate size of 50 nm and Fe with an average particulate size of 30 nm (as specified by the
supplier, in both case) were obtained from Advanced Pinnacle Technologies, Singapore. The alumina
content was 0.5 wt %, whereas Fe content was 2 wt %. The choice of Al2O3 nanoparticles was based
on their relatively low density and high hardness, where Fe was added to favor IMCs formation.
The samples were then cold mounted in epoxy resin and metallographic polishing was carried out in
Struers Tegrapol (Struers, Sweden) automatic polisher with different size diamond slurry followed by
final polishing in colloidal silica suspension.

2.2. Methodology

Microstructural characterization of solder alloys was carried out in FIB-SEM (Helios Nova lab 600,
FEI) equipped with energy dispersive X-ray (EDX) system. Top-view SEM micrographs were taken after
standard metallographic polishing as mentioned in Section 2.1 and FIB-SEM was used to mill out material
to reveal cross-sectional view. To analyse the phases present in the alloy, X-ray diffraction (XRD) was
carried using a monochromatic CuKα radiation (New D8 advance, Bruker, Germany). Thermal analysis
of the alloys was carried out with thermogravimetric analysis and differential scanning calorimeter
(TGA/DSC 2, Mettler Toledo, Columbus, OH, USA) in an inert atmosphere (Ar) with heating rate of
5 ◦C/min from 50 ◦C to 400 ◦C. 10 mg of the crushed (powdered) alloy was placed in alumina crucible
inside the chamber. The system was computer controlled and provided real time data.

3. Result and Discussion

3.1. Microstructure of Solder Alloys

SEM micrographs, both top-view and cross-section view, of as-cast SAC alloy is shown in Figure 1
including elemental analysis (EDX spectra). The microstructure is composed of β-Sn grains and eutectic
regions that became distinguishable as a result of ‘relief’ phenomenon upon metallographic polishing.
The eutectic regions consist of intermetallic compounds (IMC) as indicated by arrows in Figure 1,
which are dispersed within Sn-rich matrix. The bright IMC particles, about 0.10–0.70 μm in size are
identified as Ag3Sn (in the form of thin platelets) whereas grey IMC particles, about 0.40–2.90 μm,
are identified as Cu6Sn5, according to EDX analysis. These particles are well documented in the
literature [18,19] and therefore can be identified from morphology visible using Secondary electron
imaging under the SEM as shown in top-view (Figure 1a) as well as cross-section view (Figure 1b,c).

 

Figure 1. Sn–Ag–Cu solder alloy: (a) top-view SEM micrograph; (b) cross-section view SEM
micrograph; (c) zoom-in view of the area marked in (b) and (d) energy dispersive X-ray (EDX) spectra
at (a) with quantitative analysis as an insert.
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These IMCs provide the strength of matrix material (β-Sn) which is relatively softer and has low
elastic modulus and yield strength [20]. Thus, the role of such IMCs is somewhat similar to that of
reinforcing particles in metal matrix composites [21]. Therefore, the presence of high volume fraction
of β-Sn results in reduced elastic modulus and yield strength for the alloy. In contrast, the presence of
IMCs increases elastic modulus and yield strength and provides stiffness of the alloy for structural
applications. Towards better performance of solder alloys in practical applications, both of these
properties are foreseen and hereby, a perfect balance between the volume fractions of such hard and
soft faces are prerequisite. As the IMCs in as cast SAC alloy is not sufficient enough to provide the
strength of the alloy [22], reinforcing particles in the form of either Fe or Al2O3 was added in it as
mentioned in experimental section. The microstructure together with EDX analysis of SAC1 alloy is
shown in Figure 2.

 

Figure 2. Sn–Ag–Cu solder alloy reinforced with Fe nano-particles (SAC1): (a) top-view SEM
micrograph; (b) cross-section view SEM micrograph; (c) zoom-in view of the area marked in (b) and
(d) EDX spectra at (a).

Similar to SAC, the matrix is large primary β-Sn grains and IMCs are dispersed in the matrix.
In addition to the IMCs seen in SAC, SAC1 also contain FeSn2. Due to the limited solubility of Fe in
β-Sn matrix, most of the Fe precipitates as FeSn2 IMC or other forms, such as pure Fe in eutectic regions,
as will be evident in XRD spectra presented in later sections. As reported in literature, Fe incorporated
SAC alloys exhibits relatively larger primary β-Sn grains as a result of the large degree of undercooling
than that of SAC [22]. However, it has been reported that the addition of Fe suppresses the coarsening
of IMCs mainly due to small amount of Fe in Ag3Sn IMCs and thus helps towards grain refinement.
The microstructure together with EDX analysis of SAC2 alloy is shown in Figure 3.

Similar to SAC and SAC1, the matrix is large primary β-Sn grains and IMCs are dispersed in
the matrix. Distribution of Al2O3 nanoparticles in the matrix is uniform with a preferential trend to
be allocated along β-Sn grain boundaries (Figure 3a). Examination of Cu6Sn5 IMCs by SEM shows
that there is no significant change in size and distribution of Cu6Sn5 IMCs between composite and
monolithic samples. It suggests that, volume percentage of reinforcement particles is not sufficient to
significantly affect the growth dynamics of the Cu6Sn5 in the case of composite samples.

It is a well understood that, fine particles in alloys effectively restrict dislocation movement and
thus provide higher yield strength. However, these particles may grow in size due to aging effect,
in service and thus loss their impingement properties. In addition to that, when the coherency of the
particles within the matrix gradually lost with particle growth, yield strength decreased further [23].
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As Al2O3 nanoparticles are hard and thermally stable at relatively high temperature, compared to the
IMCs form in the microstructure, it is expected that Al2O3 nanoparticles will restrict such grain growth
during ageing/reflowing more effectively than that of FeSn2 and other IMCs. Detailed understanding
of such behavior as the strength of the alloys and effect of aging on strength is out of the scope of the
present paper and accounted for in our future correspondences.

Figure 3. Sn–Ag–Cu solder alloy reinforced with Al2O3 nano-particles (SAC2): (a) top-view SEM
micrograph; (b) cross-section view SEM micrograph; (c) zoom-in view of the area marked in (b) and
(d) EDX spectra at (a).

3.2. Different Phases of Solder Alloys

The XRD spectra of SAC and nanocomposite solder alloys are shown in Figure 4. The scattering
planes were (111) and (200) for Cu and (101) and (202) for Cu6Sn5. It is evident that, all the alloys
including nanocomposites contains Cu6Sn5 and Ag3Sn IMCs predominantly. In addition to that, SAC1
shows the presence of Fe2Sn IMC. Due to high thermal stability, Al2O3 nanoparticles do not contribute
towards any phase formation, however, retained as it is, as confirmed by SEM microstructural
investigation reported in earlier Section 3.1 [24].

 
(a) 

Figure 4. Cont.
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(b) 

 
(c) 

Figure 4. XRD spectra of solder alloys: (a) Sn–Ag–Cu alloy; (b) Sn–Ag–Cu alloy reinforced with Fe
nanoparticles and (c) Sn–Ag–Cu alloy reinforced with Al2O3 nano-particles.

3.3. Thermal Analysis of Solder Alloys

Thermal analysis of the samples was carried out in order to determine the effect of nanoparticles
addition in monolithic SAC alloy as shown in Figures 5 and 6. Figure 5 shows thermal gravimetric
analysis (TGA) of solder alloys over temperature ranges from 50 ◦C to 400 ◦C. As evident, there
was not any significantly change over the temperature range which suggest high thermal stability of
these material up to 400 ◦C. Figure 6 shows the differential scanning calorimetry (DSC) of the alloys.
Melting temperature of monolithic SAC solder alloy vary with the addition of different nanoparticles
(Al2O3, C and Fe) as shown in Figure 6 from DSC analysis. However, this temperature difference took
place over a very narrow range, i.e., between 220 ◦C and 230 ◦C. This confirms that the addition of
nanoparticles in monolithic SAC solder alloy retain the melting temperature in desired range, which is
suitable for their intended applications [25,26]. The area under DSC peaks represent energy density
of solder alloys and it is 176.02, 175.5 and 178.01 J/g for SAC, SAC1 and SAC2 alloy, respectively.
Thus, these materials have the potential to store thermal energy during their phase change from solid
to liquid. As shown in Figure 6, melting temperatures are 220.9 ◦C and 220.8 ◦C for SAC1 and SAC2
as compared with 221.4 ◦C for SAC. Thus, with the addition of Fe or Al2O3, melting temperatures
only changed slightly with respect to SAC alloy. Fe-bearing solders (SAC1) solidify at relatively
lower temperatures than that of SAC during cooling as difficult nucleation of β-Sn can results in high
degrees of undercooling prior to solidification. This indicates that β-Sn phase requires a large degree of
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undercooling to nucleate and solidify, explaining the existence of relatively larger primary β-Sn grains
in SAC1 as reported in Section 3.1. The onset transformation temperature for exothermic descent of
the curves, which represents the onset of melting, does not change markedly. It is understood that by
adding Fe or Al2O3 in SAC, alloy composition has moved away from eutectic values, as shown by the
effect of melting point peak broadening from DSC results (Figure 6) [25,26].

Figure 5. TGA analysis of solder alloys.

Figure 6. Differential scanning calorimetry (DSC) analysis of solder alloys.

The present investigation towards the development Pb-free solder alloys reports the physical and
thermal characteristics of mentioned alloys. In this context, investigation on strength and mechanical
properties of such alloys are foreseen in our future communications.

4. Conclusions

This current research reports the effect of small amount Fe or Al2O3 nanoparticles addition on
microstructure and thermal behaviors of monolithic Pb-free Sn–Ag–Cu alloy. Based on experimental
outcomes, the following conclusions can be made:

1. Fe-bearing solder nanocomposite form relatively larger primary β-Sn grains compared to
monolithic Sn–Ag–Cu alloy. Fe addition also helps to form FeSn2 IMCs dispersed in matrix
and foreseen to restrict grain/ IMCs growth during aging/reflowing.
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2. Addition of Al2O3 nanoparticles refine β-Sn grain size, dispersed in the matrix with preferential
trend to be accumulated along grain boundaries.

3. Neither Fe nor Al2O3 nanoparticle addition cause any significant effect on thermal behavior
compared to Sn–Ag–Cu solder alloys.
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Abstract: The development of all-bio-based composites is one of the relevant aspects of pursuing
a carbon-neutral economy. This study aims to explore the possibility to reinforce polylactic acid by
the combination of cellulose and chitin nanofibers instead of a single reinforcement phase. Polylactic
acid colloidal suspension, cellulose and chitin nanofiber suspensions were mixed using only water as
mixing medium and subsequently dewatered to form paper-like sheets. Sheets were hot pressed to
melt the polylactic acid and form nanocomposites. The combination of cellulose and chitin nanofiber
composites delivered higher tensile properties than its counterparts reinforced with cellulose or
chitin nanofibers alone. Cellulose and chitin appear to complement each other from the aspect of
the formation of a rigid cellulose nanofiber percolated network, and chitin acting as a compatibilizer
between hydrophobic polylactic acid and hydrophilic cellulose.

Keywords: cellulose; chitin; nanofiber; polylactic acid; paper; compression molding

1. Introduction

Due to pressing ecological issues of modern civilization, the need to find new substitute materials
that minimize environmental footprint is becoming ever more urgent. A substantial part of materials
used in everyday life consist of polymers because they are lightweight, versatile, low cost, and easy
to manufacture. However, polymers and derived composites mostly aim at long term durability to
the detriment of easy disposability. They are generally made from fossil-based synthetic materials,
but polymers are also produced by plants and animals through biochemical reactions. These naturally
synthesized polymers are known as biopolymers. Among these biomass-derived polymers, cellulose
is the most abundant polysaccharide comprising 40% of the organic matter on earth [1]. Cellulose
is mostly found in the cell wall of plant fibers, as the structural reinforcement that provides the
mechanical rigidity to support the plants’ bodies. This framework is comprised of tiny semi-crystalline
fibrous elements known as cellulose nanofibers, possessing mechanical properties similar to those
of aramid fibers. The Young’s modulus of the crystalline portions were measured to be 138 GPa [2],
whereas the estimated tensile strength along the length of the nanofiber is in the range of 1.6 to
3 GPa [3].

Chitin is another highly plentiful polysaccharide available in nature, also found in the form
of nanofibers in the exoskeleton of marine crustaceans, insects and in various filamentous fungi.
The molecular structure of chitin is identical to that of cellulose, apart from the fact that a hydroxyl
group of every glucose ring is replaced by an acetamido group [1]. The reduced number of hydroxyl
groups makes chitin less hydrophilic than cellulose.
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Polylactic acid is the first commodity large-volume biopolymer available. It is a polyester
synthesized by condensation polymerization of lactic acid, a naturally occurring organic compound
that can be obtained by fermentation of sugar or starch-derived feedstocks. Polylactic acid, from here
on abbreviated as PLA, is a versatile thermoplastic that can be processed in conventional polymer
processing equipment into films, fibers, and injection-molded parts. Besides, under appropriate
composting conditions PLA can be easily decomposed into carbon dioxide and water.

Numerous composites of PLA reinforced with either cellulose or chitin nanofibers have been
developed by various methods like film casting, melt compounding, and papermaking. Casting
is the easiest way to obtain small samples in laboratory, through slow evaporation of water from
aqueous suspensions of latex resin and nanofibers. Among the more industrially-oriented processes,
the melt compounding method has been extensively studied by Oksman and coworkers. They started
using microcrystalline cellulose, and after finding out that separation into whiskers did not occur
during compounding [4], N,N-dimethylacetamide and lithium chloride mixture was used to swell
the microcrystalline cellulose. Subsequent disintegration into whiskers while compounding with
PLA in a twin screw extruder was accomplished with addition of polyethylene glycol to lower
the viscosity of the compound [5]. However, the mechanical properties of composites were not
improved over the neat PLA due to thermal degradation of cellulose and residual swelling agents
and the presence of polyethylene glycol. Other processing aids like glycerol triacetate to disperse
cellulose nanofibers [6], triethyl citrate to disperse chitin and/or cellulose nanofibers [7,8] produced
composites with better mechanical properties compared to the PLA-plasticizer mixture, but still
worse than the neat PLA. Kiziltas et al. tried poly hydroxyl butyrate as a disperser of cellulose
nanofibers with similarly limited results [9]. Iwatake et al. came up with a different approach by
dissolving PLA in an organic solvent and mixing it with cellulose nanofibers previously suspended in
the same solvent before melt compounding [10], and the study was continued by Suryanegara et al.
with promising results [11]. Oksman and colleagues, in turn, prepared high-cellulose nanofiber
content master batch following a similar protocol and further diluting it with additional PLA by
compounding in a twin-screw extruder [12]. The tensile modulus and strength were increased by
over 20% relative to neat PLA at 5 wt % nanofiber load. Acetylation to hydrophobize cellulose
nanofibers and subsequent melt compounding from master batch did not show significant difference
from non-treated nanofibers though [13]. A similar study was reported by Li et al. [14] who used
polyethylene glycol and polyethylene oxide to enhance dispersion of chitin nanofibers with PLA
powder in aqueous suspension, and freeze-drying prior to melt compounding. However, the aqueous
mixture of only nanofibers and PLA gave the best mechanical properties, confirming the negative
effect of adding other substances. In effect, the tensile stress increased with nanofiber content up to
30 wt % [15]. Another of their studies proposed the use of sodium ionomer to enhance flowability of
the molten compound as viscosity increases with nanofiber content [16]. Flexural properties more than
tripled over neat PLA at a nanofiber load of 40 wt %. Impact toughness was increased by about 300%
as well. Even though melt compounding is an established industrial process, the mechanical properties
are limited due to difficulties in nanofiber dispersion especially at high contents, and to the lack of the
formation of a stiff percolated network of nanofibers linked by hydrogen bonds [17–20]. The percolation
phenomenon has been long recognized as the reason ordinary papers are made by cellulosic pulp
fibers mutually adhered by hydrogen bonds, without the need for adhesives. The importance of
percolation on nano-scale cellulose reinforcements was first noticed by Favier et al. [21,22] in 1995.
Nanocomposites made by film casting of cellulose whiskers and latex resin showed shear modulus at
rubbery state staying constant up to the temperature of cellulose decomposition while the modulus of
the pure matrix resin had a decreasing slope. The phenomenon was attributed to a percolation effect of
the cellulose whiskers, forming a stiff framework connected by hydrogen bonds. Studies using chitin
whiskers showed varied results, in some cases producing partial formation of percolated networks [23]
and in others the formation of a rigid network [24]. Later, the use of cellulose nanofibers also confirmed
the occurrence of percolation [25]. Following studies however, identified an important difference
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in the sense that whiskers formed networks linked solely by hydrogen bonds whereas nanofibers
formed networks by hydrogen bonds and mechanical entanglements due to their flexible nature as
opposed to stiff whiskers [26–30]. Due to its high hydrophilicity, the most effective way to achieve
good dispersion of cellulose nanofibers in hydrophobic PLA is by mixing them in aqueous medium.
Although PLA is insoluble in water, aqueous suspensions can be obtained by using PLA short fibers or
particles, that can be easily mixed with cellulose nanofibers in water suspension. After dewatering,
the mixture forms paper-like sheets that can be laminated and compression molded. Previous attempts
by the paper-making method were effective in reinforcing PLA with cellulose nanofibers [31–33]
and chitin nanofibers [34]. Our previous studies concerning nanocomposites of PLA with cellulose
compared to those with chitin nanofibers showed that both nanofiber types can reinforce the matrix
up to high nanofiber contents. Cellulose delivered higher reinforcement at high nanofiber loads
whereas chitin showed better reinforcement at lower nanofiber loads. In composites containing less
reinforcing nanofibers, the percolated network of microfibrillated cellulose (MFC) would be weaker
while the chitin nanofiber (ChNF)-PLA interaction would deliver the mechanical strength, favoring the
ChNF-rich composites. Composites with higher contents of nanofibers are expected to be stronger at
MFC-rich compositions as the MFC percolation is predominant. Therefore, the natural following step
would be to evaluate the effect of both nanofibers acting together as the reinforcing phase. However,
studies on the combination of both cellulose and chitin nanofibers as reinforcements have been scarce,
or even unavailable especially when the matrix is PLA. The aim of this study was to explore the
possibility of joint reinforcement by cellulose and chitin nanofibers of PLA matrix, and confirm the
validity of this approach. The experiments demonstrated that it is possible to produce cellulose-chitin
hybrid nanocomposites with mechanical properties superior to those of nanocomposites reinforced
solely with cellulose or chitin alone. The combination of cellulose and chitin nanofibers as reinforcing
phase opens the opportunity to develop nanocomposites with better mechanical performances and
perhaps helps to lower the cost of raw materials. Chitin nanofibers demand less energy intensive
nanofibrillation treatments to be produced than cellulose nanofibers [35].

2. Materials and Methods

2.1. Materials

The polylactic acid used as matrix phase comprised of the aqueous colloidal suspension types
Landy PL-1000, Landy PL-2000, and Landy PL-3000 produced by Miyoshi Oil and Fat Co., Ltd., Tokyo,
Japan. All varieties have weak anionic character and consist of 40 wt % PLA particles suspended in
dispersing agents. Average particle sizes are 5, 2, and 1 μm for Landy PL-1000, PL-2000, and PL3000,
respectively. The original industrial applications were as highly heat-resistant adhesive (PL-1000),
coating and thermal adhesive (PL-2000), and coating (PL-3000). Cellulose nanofibers consisted of
a commercially available microfibrillated cellulose (MFC) morphology of tradename Celish KY-100G
provided by Daicel Corporation, Tokyo, Japan. The chitin nanofiber (ChNF) was extracted from
purified chitin powder from crab shells (Nacalai Tesque, Inc., Kyoto, Japan) by grinding, following
a previously reported protocol [34] that delivered fibrils with diameters below 100 nm. First, 30 g
of chitin powder was suspended in 2 L of distilled water in which 30 g of acetic acid was added
and stirred for 16 h. The acidic medium protonates the amino portion of the acetoamido groups of
chitin, producing electrostatic repulsion that facilitates individualization of nanofibers. Subsequently,
the powder aqueous suspension was passed through an ultra-fine friction grinder Supermasscolloider
MKCA6-2 (Masuko Sangyo Co., Ltd., Saitama, Japan). With the grindstone aperture adjusted to a point
when the stones slightly touch each other at a rotational speed of 1500 rpm, the suspension was poured
into the grinder and the aperture was immediately closed by 0.15 mm. A tiny aperture is maintained
by the hydrodynamic pressure created by the wet spinning grindstone. The suspension was passed
twice through the grinder while 1 L of distilled water was gradually added to avoid evaporation
and drying up of the grindstone aperture that would stop rotation. The obtained suspension after
fibrillation therefore totaled 3 L, with a ChNF concentration of 1 wt %.
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2.2. Nanocomposite Fabrication

Thin nanocomposites with the same reinforcing phase content of 50 wt % but varying ChNF
to MFC ratios of 1:0, 4:1, 3:2, 1:1, 2:3, 1:4, and 0:1 were fabricated. The necessary amount (0–1.5 g)
of MFC was diluted in 300 g of distilled water and stirred for one hour. Next, the ChNF aqueous
suspension was slowly added by a dropper to the suspension so that the amount of added ChNF
(0–1.5 g) with MFC totaled 3 g. The ChNF-MFC suspension was diluted by adding distilled water
up to 600 g and the stirring was continued for another hour. The PLA Landy PL-2000 weighing 3 g
(colloidal suspension containing 40 wt % PLA particles) was diluted in 200 g of distilled water and
stirred for 30 minutes. This PLA suspension was slowly dripped to the ChNF-MFC suspension and
further stirred for three hours. Finally, the suspension was stirred under reduced pressure for at least
one hour, in order to eliminate entrapped air bubbles. The obtained suspensions were vacuum filtered
through Buchner funnel and filter paper 110 mm in diameter Advantec 101 (Toyo Roshi Kaisha, Ltd.,
Tokyo, Japan). Retentates were peeled off from the filter papers, sandwiched in between filter papers
Advantec 2 (Toyo Roshi Kaisha, Ltd., Tokyo, Japan) and perforated metal plates and oven-dried at
50 ◦C for 48 h. Dried sheets were further dried at 105 ◦C for one hour to completely remove moisture,
and compression molded at 180 ◦C and 10 MPa for five minutes.

The same protocol was adopted to produce nanocomposites with the same ChNF to MFC ratios,
but with amounts of reinforcing and matrix phases adjusted to achieve total reinforcement contents of
25 wt % and 75 wt %. For these composites, the matrix consisted of a mixture of Landy PL-1000 and
Landy PL-3000 in a 1:1 ratio, since the variety Landy PL-2000 production was halted during the course
of this study.

Additional thicker specimens were fabricated for Izod impact strength test and heat deflection
temperature measurement. Nanocomposites with reinforcing phase content of 50 wt % with different
ChNF to MFC ratios of 4:1, 3:2, 1:1, 2:3, 1:4, and 0:1 were prepared. The ChNF-MFC-PLA aqueous
suspensions were prepared following the already described method and using Landy PL-1000 and
Landy PL-3000 1:1 mixture. Suspensions were vacuum filtered through Buchner funnel and filter
paper Advantec 101 (Toyo Roshi Kaisha, Ltd.) with 270 mm in diameter. Since the retentates were too
thin, an additional step was necessary to mold thicker pieces. The retentates were released from the
filter paper and put inside a circular form 115 mm in diameter with a meshed bottom covered with
filter paper and molded by placing a 3.5 kg weight on top of it for one hour. Next the molded cake was
oven dried at 70 ◦C for 48 h and at 105 ◦C for another 24 h. Dried cakes were cut into 10 mm by 80 mm
pieces, further dried at 105 ◦C for one hour and compression molded at 190 ◦C and 10 MPa for 20 min.

2.3. Tensile Test

Specimens with dimensions of 10 mm by 80 mm were subjected to tensile test using an Instron
5567 (Instron Corp., Norwood, MA, USA) universal materials testing machine equipped with a 5 kN
load cell, at a strain rate of 1 mm/min and the gage length set to 30 mm. To prevent damage at the
gripping points, the ends of each specimen had carton paper tabs glued at both sides and clasped with
serrated chucks. As the specimens were ribbon shaped and the failure would occur at different places,
the widths and thicknesses were measured at equally spaced points along the length. The resulting
cross sectional areas corresponding to the actual fracture sites measured before fracture were considered
to calculate the tensile modulus and strength.

2.4. Heat Deflection Temperature (HDT)

The deflection temperature of nanocomposites was measured following the Japanese Industrial
Standards JIS K7191-3 under a load of 0.45 MPa (Method B) and 1.8 MPa (Method A). Specimen
dimensions were 80 mm in length, 10 mm in width, and 4 mm in thickness.
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2.5. Izod Impact Strength Test

Impact resistance of nanocomposites was measured by an Izod impact tester (No. 158, Yasuda
Seiki Seisakusho, Ltd., Hyogo, Japan). Notched specimens 80 ± 2 mm long, 4.0 ± 0.2 mm thick,
10.0 ± 0.2 mm wide with remaining width of 8.0 ± 0.2 mm at the notch, were tested according to the
Japanese Industrial Standards JIS K7110.

2.6. X-ray Computed Tomography

The 3D imaging of samples were obtained by a high resolution desk-top micro-CT SKY Scan 1172
(Bruker-Micro CT, Kontich, Belgium).

3. Results and Discussion

The results of tensile test of the thin ChNF-MFC-PLA nanocomposites are shown in Figure 1.
It depicts nanocomposites containing 50 wt % nanofibers but with differing ChNF to MFC ratios.
Among the nanocomposites with varying ChNF to MFC compositions, there is a clear predominance of
the ChNF-MFC mixed nanocomposites over those reinforced solely either with ChNF or MFC. In this
50 wt % nanofiber load case, the equal amounts of chitin and cellulose (ChNF to MFC ratio of 1:1)
produced the best tensile property results. Although it seems counterintuitive, the phenomenon might
be explained in terms of the number of hydroxyl groups present in chitin and cellulose. Cellulose
molecule has three hydroxyl groups attached to each glucose ring, whereas chitin retains only two
as the C-2 position is occupied by an acetamido group, making chitin less hydrophilic than cellulose.
At the higher MFC content end of the ChNF-MFC composition spectrum, the percolation of cellulose
nanofibers forms a stiff network interconnected by hydrogen bonds that confers much of the strength
to the composites. On the other extreme containing more chitin, the more hydrophobic character
relative to cellulose makes chitin more compatible with the hydrophobic PLA, with the percolated
network playing a lesser role on strength. However, when chitin and cellulose were combined,
both percolation of cellulose and better affinity of chitin with the PLA matrix seem to have worked
in concert to enhance the mechanical properties of the composites. This hypothesis is based on
the results of a previous study [34] in which ChNF-PLA composites were stronger than MFC-PLA
composites at lower nanofiber contents, while MFC-PLA composites were stronger at higher nanofiber
loadings. In order to verify this assumption, nanocomposites with different reinforcing nanofiber
contents were later produced and tested. For lesser reinforcing nanofiber containing composites,
the percolated network of MFC would be weaker while the ChNF-PLA interaction would be dominant,
resulting in a shift of the mechanical property peak to the ChNF-rich side of composites. On the other
hand, composites containing higher amounts of nanofibers would have the peak shifted towards the
MFC-rich composites due to the MFC percolation controlling the mechanical properties.

At the time of fabrication of a new batch of composites, the production of the colloidal suspension
type Landy PL-2000 had been discontinued by the manufacturer. Unable to purchase the same product,
other two varieties Landy PL-1000 and Landy PL-3000 still in production were purchased and mixed
in a 1 to 1 ratio, to replace PL-2000. The mixture was not intended to serve as an equivalent substitute
for Landy PL-2000, as the mechanical properties of the composites with the new PLA matrix decreased
relative to the previous one. However, the measurements are still valid for comparative purposes
concerning variations in ChNF to MFC ratio. The results of tensile test are presented in Figure 2.
As predicted, the composites containing 75 wt % nanofibers had the peak of strength (ChNF to
MFC ratio of 2:3) shifted towards higher MFC content. This means that at higher nanofiber content,
the contribution of MFC to the mechanical properties of composites is dominant, by the formation
of a percolated network that promotes stiffness and strength. Looking at the composites with low
nanofiber content of 25 wt % in Figure 3, even though it is subtle, the highest strength is displaced to the
side with higher ChNF content. In this case, the percolated framework of MFC becomes less relevant
to the strength of composites, and the affinity of ChNF with PLA matrix becomes determinant to the
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properties of the composite. Once again, the combination of ChNF and MFC reinforcing nanofibers
delivered higher strength than ChNF or MFC reinforcements alone. The data depicted in Figures 1–3
are summarized in Figure 4.

Figure 1. Tensile strength and Young’s modulus of nanocomposites with 50 wt % reinforcing phase
with varying chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios.

Figure 2. Tensile strength and Young’s modulus of nanocomposites with 75 wt % reinforcing phase
with varying chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios.
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Figure 3. Tensile strength and Young’s modulus of nanocomposites with 25 wt % reinforcing phase
with varying chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios.

 
(a) (b) 

Figure 4. Plots summarizing the data of all composites (reinforcement fraction of 25 wt %, 50 wt %,
and 75 wt %) as a function of varying chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios:
(a) tensile strength; (b) tensile modulus.

To evaluate the mechanical properties of composites at higher temperatures, the heat deflection
temperature (HDT) was measured. As shown in Figure 5, by Method B of HDT measurement,
all nanocomposites warped in the direction opposite to the application of the load of 0.45 MPa as
the temperature was increased. This phenomenon was likely caused by a ChNF-MFC distribution
gradient along the thickness of the specimens. Due to the fabrication process, reinforcing fibrils tend
to concentrate on the bottom side of the specimens during dewatering, effectively restraining the
thermal expansion of the PLA matrix at one side of the composite. As the temperature approached
200 ◦C, the only nanocomposite to deflect by 0.34 mm was PLA containing solely MFC, with an HDT
of 191 ◦C. As the remaining nanocomposites did not show any deflection up to 200 ◦C, they were
subjected to a higher load of 1.8 MPa following Method A of measurement, and the results are depicted
in Figure 6. The HDT for nanocomposites containing ChNF to MFC ratios of 1:4, 1:1, and 4:1 were
60, 75, and 96 ◦C respectively, increasing with increments in ChNF content. This is attributed to
the intermediate hydrophilic ChNF that delivered a better bond between the hydrophobic PLA and
hydrophilic MFC, delivering good stress transfer even at high temperature.
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Figure 5. Heat deflection temperature (HDT) curves by the Method B (load of 0.45 MPa)
of nanocomposites with 50 wt % reinforcing phase with varying chitin nanofiber (ChNF) to
microfibrillated cellulose (MFC) ratios.

Figure 6. Heat deflection temperature (HDT) curves by the Method A (load of 1.8 MPa)
of nanocomposites with 50 wt % reinforcing phase with varying chitin nanofiber (ChNF) to
microfibrillated cellulose (MFC) ratios.

Izod impact test results are shown in Figure 7. The ChNF-MFC nanocomposites containing
50 wt % nanofibers delivered impact resistance higher than neat PLA and similar to that of
MFC-reinforced composite, with the ChNF to MFC ratio 3:2 composite showing slightly higher
mean impact strength. However, considering the whole series of measured values and the size
of the error intervals, there were no significant differences in impact resistance when chitin and
cellulose were combined. Although a clear change was not observed when reinforced with ChNF-MFC
mixture or MFC only, it is an indication that the combination of cellulose and chitin nanofibers had no
negative effect on the impact resistance of composites, corroborating the results of enhanced impact
strength obtained in chitin nanofiber-reinforced PLA reported by Li et al. [14]. According to their
reasoning, the impact strength is obtained owing to uniformly dispersed nanofibers forming a network
that absorbs large amounts of energy during the fracture. The state of nanofibers dispersion of the
composites in the present study is shown by X-ray tomography images in Figure 8. It is difficult to
state that dispersion was achieved at nano-scale since the resolution is limited to a few micrometers,
but agglomerations at micro-scale can be observed. There are apparent differences in dispersion
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depending on the ChNF to MFC ratio, but they did not significantly affect the impact resistance of
the nanocomposites.

Figure 7. Notched impact resistance of nanocomposites with 50 wt % reinforcing phase with varying
chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios.

 

Figure 8. X-ray computed tomography of nanocomposites with 50 wt % reinforcing phase with varying
chitin nanofiber (ChNF) to microfibrillated cellulose (MFC) ratios: (a) 4:1; (b) 1:1; (c) 1:4; (d) 0:1 (all
MFC-reinforced). Due to the resolution limitation, the ChNF comprised of sub-micrometer diameter
elements is not observable, whereas the portion of MFC larger than a few micrometers is seen as
white spots.
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Considering all the mechanical properties evaluated for the nanocomposites, it was revealed
that the combination of ChNF and MFC to reinforce PLA produces higher mechanical performance
than PLA reinforced with ChNF or MFC separately. Even though each type of reinforcing nanofiber
provides significant reinforcement to PLA, there is some kind of synergistic effect that enhances
the reinforcement when mixed. The combination of hydrophilic MFC, less hydrophilic ChNF and
hydrophobic PLA composite resembles the composition of plant fibers. The cell wall of plant fibers is
a biocomposite made of a framework of cellulose embedded in hydrophobic lignin matrix, in addition
to compounds called hemicelluloses. Hemicelluloses have a hydrophilic character in between cellulose
and lignin, working as a compatibilizer to hydrophilic cellulose and hydrophobic lignin. In that
sense, the ChNF-MFC-PLA can be seen as a biomimetic nanocomposite system. This study revealed
that not only is it possible to reinforce hydrophobic resins with either cellulose or chitin nanofibers,
but the combination of these nanofibers can further improve the reinforcing effect. Even though the
extraction of cellulose nanofibers is difficult and costly, the extraction of chitin nanofibers is relatively
easier and therefore less costly [35]. The proper combination of these two nanofibers may bring
a method of reducing the production cost of cellulose-based nanocomposites while enhancing their
mechanical properties.

4. Conclusions

This study assessed the effect of the combination of chitin and cellulose nanofibers on the
reinforcement of polylactic acid composites fabricated by a papermaking process. The following
conclusions can be summarized.

1. The tensile strength, tensile modulus, and heat deflection temperature of chitin-cellulose
nanocomposites were increased relative to their counterparts reinforced only by chitin nanofibers
or only by cellulose nanofibers;

2. The reinforcing mechanism of chitin-cellulose nanofibers is presently not fully understood and
requires additional studies;

3. The chitin-cellulose reinforcement increases the impact resistance of PLA with values on a par
with cellulose nanofiber-reinforced PLA;

4. The overall cost of nanocomposites could potentially be reduced by addition of chitin nanofibers
as they are easier to extract than cellulose nanofibers.
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Abstract: In this article, the effect of polycaprolactone nanofibers on the dynamic behavior of
glass fiber reinforced polymer composites is investigated. The vibratory behavior of composite
beams in their pristine state (without any nano modification) and the same beams modified
with polycaprolactone fibers is considered experimentally. The experimental results show that the
incorporation of polycaprolactone nanofibers increases the damping; however, it does not significantly
affect the natural frequencies. Additionally, the paper analyses the effect of polycaprolactone
nanofibers on the impact behavior of glass fiber/epoxy composites. This has already been analyzed
experimentally in a previous study. In this work, we developed a finite element model to simulate
the impact behavior of such composite laminates. Our results confirm the conclusions done
experimentally and prove that composites reinforced with polycaprolactone nanofibers are more
resistant to damage and experience less damage when subjected to the same impact as the pristine
composites. This study contributes to the knowledge about the dynamic behavior and the impact
resistance of glass fiber reinforced polymer composites reinforced with polycaprolactone nanofibers.
The findings of this study show that interleaving with polycaprolactone nanofibers can be used to
control the vibrations and improve the impact damage resistance of structures made of composite
mats as aircrafts or wind turbines.

Keywords: composite materials; nano composites; dynamic behavior; impact behavior; finite element
model; electrospinning

1. Introduction

Composite laminates reinforced with polymeric electrospun nanofibers are attracting increasing
attention among the scientific community due to their superior material properties. It is well known
that the incorporation of electrospun nanofibers into the interfaces of composite laminates can
drastically change/improve some material properties. For example, the inclusion of polycaprolactone
nanofibers in the interfaces of composite laminates can be used to increase the mode I fracture
toughness up to 50% [1]. The introduction of tetraethyl orthosilicate electrospun nanofibers in
the epoxy resin of glass fiber composites was found to enhance the interlaminar shear strength
up to 15% [2]. Core-shell polyamide nanofibers can be used to prepare flame-retardant polymer
nanofibers [3], which can be potentially used to develop composite laminates with enhanced flame
retardancy. Thus, electrospun nanofibers offer great potential to improve some structural properties of
composite mats [4,5].

In the last years, the dynamic properties of composite laminates have been widely studied because of
their applications in delamination detection [6] and structural health monitoring [7]. However, only several
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studies have investigated the vibratory behavior of composites reinforced with electrospun nanofibers.
For example, the authors of [8] demonstrated that the incorporation of nylon nanofibers in glass fiber
composite mats increases the damping ratio; however, it does not considerably affect the natural frequencies.
Similar results were found in [9], where an important increase of the damping ratio in carbon fiber composite
laminates due to the incorporation of nylon nanofibers is found. To date, the dynamic and vibratory
behavior of composite laminates reinforced with electrospun nanofibers has been poorly investigated.
Therefore, there is an urgent need to explore the effect of electrospun nanofibers (e.g., polycaprolactone or
polyamide) on the vibration properties of composite laminates.

In the last decade, several papers have investigated the effect of electrospun nanofibers on the
mechanical properties of composite laminates. For example, the authors of [10] investigated the effect of
nylon nanofibers on the interlaminar properties of glass fiber/epoxy laminates. The results reveal that the
addition of nylon nanofibers increased the mode I and mode II energy releases rates by 62% and 109%,
respectively. Other works such as [11] reported that the maximum stress of carbon fiber composites is
significantly enhanced (with an increment of 35%) due to the incorporation of nylon polymer nanofibers into
the composite laminates. To date, most of the studies have investigated the effect of electrospun nanofibers
on the fracture toughness in opening and sliding mode [12,13], on the interlaminar shear strength [14],
on the tensile strength [15], and the compression strength after impact [16]. However, there are still very few
works that have reported the effect of electrospun nanofibers on the impact behavior of composite laminates.

In this work, the authors experimentally investigate the influence of polycaprolactone nanofibers
on the vibratory properties of glass fiber reinforced polymer composites. For that purpose, composite
beams without nanofibers (which will be referred to as pristine) and with polycaprolactone nanofibers
(referred to as nano) are subjected to free vibration tests. Subsequently, the vibration signals of the
pristine and nano composites are acquired through an accelerometer. The signals are further analyzed
to evaluate the natural frequencies and the damping ratio of the two types of specimens. The main
goal is to assess the influence of polycaprolactone nanofibers on the natural frequencies and damping
ratio of the glass fiber epoxy composite beams. To the best of our knowledge, this work is the first
attempt to study the vibratory behavior of composites reinforced with polycaprolactone nanofibers.

The second part of the manuscript numerically analyzes the effect of polycaprolactone nanofibers
on the impact behavior of glass fiber reinforced composites. For this study, a finite element model is
used to evaluate the impact response of composites with and without polycaprolactone nanofibers.
The numerical results obtained are compared to the experimental results published by [17] and
they show quite good agreement regarding the impact damaged area of the pristine and the nano
modified specimens. Both the experimental and the numerical results show that the incorporation
of polycaprolactone nanofibers in the composite interfaces significantly enhances the impact damage
resistance of the glass fiber composites. On the basis of these results, it can be concluded that composites
reinforced with polycaprolactone nanofibers are less prone to impact damage than the pristine
composites. As far as the authors are aware, this is the first time that a finite element model is used to
simulate the impact damage resistance of composites reinforced with polycaprolactone nanofibers.

The main contributions of this study are twofold: Firstly, the paper demonstrates that the interleaving
with polycaprolactone nanofibers can be used to reduce the composite vibrations, which have important
applications for composite structures in which vibrations are a source of problems. Secondly, the paper
reveals that the addition of polycaprolactone nanofibers can also be used to develop composite structures
with a higher resistance to impacts (e.g., bird strikes or hailstones), which is important for the health of the
composite mats used in aircrafts, wind turbines, and other civil structures.

The rest of the manuscript is organized as follows: The second section is devoted to the fabrication of
the pristine and nano-modified composites. The third section explains the methodology used to assess the
natural frequencies and the damping ratio of the composite beams. Section 4 presents the finite element
model used to simulate the impact response of the composite specimens. Section 5 presents and discusses
in detail the experimental and numerical results. The last section offers some conclusions.
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2. Fabrication of Composites with and without Polycaprolactone Nanofibers

This section describes the fabrication of the glass fiber/epoxy composites reinforced with and without
polycaprolactone nanofibers. Figure 1 illustrates the composite lay-up of the pristine and nano-modified
composites used in this study. Pristine composites (without polycaprolactone nanofibers) were fabricated
by hand lay-up of eight layers of unidirectional glass fiber epoxy prepreg, as detailed in Figure 1a.
The composite specimens are prepared with dimensions of 168 mm × 32 mm × 3.1 mm and stacking
sequence [0,90,0,90]s. After the lay-up, the composite beams are cured using a vacuum bag in an autoclave
at 150◦ for about one hour, as indicated in the supplier’s specifications. The weight fractions of the glass
fiber and epoxy resin are 78.6% and 21.4%, respectively, for the pristine composites.

The nano composites (with polycaprolactone nanofibers) are also manufactured by hand lay-up
with identical composite prepregs, number of layers, dimensions, ply orientations, and curing process
as the pristine composites. However, six layers of polycaprolactone nanofibers are interleaved at each
of the composite interfaces (excluding the central one), as shown in Figure 1b. It is also important
to mention that the effect of the nanofibers on the final thickness of the composites is negligible (less
than 1%). Additionally, the difference in weight for the pristine and nano composites due to the
incorporation of polycaprolactone nanofibers is also negligible. Therefore, the weight fraction of
polycaprolactone nanofibers in the nano composites is very small (less than 1%).

Figure 1. Composite lay-up of the (a) pristine and (b) nano modified composites. (c) Scanning electron
microscope (SEM) image of polycaprolactone nanofibers as spun, adapted from figure in [17].

The layers of polycaprolactone nanofibers were prepared by the electrospinning technique [18].
This procedure was chosen because is an easy and low-cost technology to prepare polycaprolactone
nanofibers with a wide variety of morphologies. For the preparation of the fibers, polycaprolactone
pellets are dissolved in a solvent mixture of formic acid and acetic acid (60/40) at 15% w/v.
Subsequently, the chemical solution is transferred to a syringe to be spun using the following
operational conditions: a high voltage of 23 kV, a feed rate of 0.9 mL/h, and a needle tip-collector
distance of 15 cm. As a result, an ultrathin layer of interconnected polycaprolactone nanofibers is
obtained, as depicted in Figure 1c. The scanning electron microscope (SEM) image is adapted from [17]
and shows a dense array of polycaprolactone nanofibers distributed randomly in the membrane.
The diameter of the polycaprolactone nanofibers is 275 nm, with a standard deviation of 75 nm.

3. Vibratory Behavior of Pristine and Polycaprolactone Nano-Modified Beams

The aim of this section is to describe the vibration tests used to obtain the natural frequencies and
the damping ratio of the pristine and polycaprolactone nano-modified composites. The experimental
procedure used to measure the natural frequencies and the damping is given in Figure 2a and can
be divided into four steps. First, the composite beams are fixed at both ends (clamped-clamped
boundary conditions) using a test rig. The clamped regions are 8 mm long and the free span of the
beams is 152 mm. Second, an impact excitation is applied to the middle of the composite beam using
a modal hammer. Third, the free vibration response of the composite specimens is measured by
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an accelerometer (RT-440 portable analyzer, SKF, Gotemburgo, Sweden). The vibration signals are
recorded for 0.5 s at a sampling rate of 5 kHz, as shown in Figure 2b, and each measurement is repeated
ten times per specimen. Finally, the free vibration responses (Figure 2b) are used to calculate the
first five natural frequencies using the fast Fourier transform [19] and the damping via the logarithm
decrement method [20].

Figure 2. Schematic representation of the (a) vibration test used to measure the natural frequencies and
damping in pristine and nano composites and (b) free vibration response of the composite specimens.

4. Impact Behavior of Pristine and Polycaprolactone Nano-Modified Beams

This section explains the methodology used to evaluate the impact response of the composites
reinforced with and without polycaprolactone nanofibers. The section is organized as follows.
The first part describes the finite element model used for studying the impact behavior of the
composite specimens and the second part compares the results of the numerical model with available
experimental data.

4.1. Numerical (FE) Modelling

This paragraph presents the finite element model used to simulate the impact damage resistance
of the composite beams with and without polycaprolactone nanofibers. The composite laminates are
modelled using ANSYS composite PrepPost. The layers of the composite laminates are modelled one
by one including the ply thickness, stacking orientations, materials, and other heterogeneous features
for each of the layers. The unidirectional glass fibre/epoxy layers are simulated using Solid 185 type
elements and the material constants which are indicated in Table A1. The composite interfaces made
of epoxy resin in the pristine composite and polycaprolactone nanofibers in the nano composite are
modelled using cohesive elements.

Figure 3 represents the cohesive zone model used to simulate the initiation and the evolution of
damage in the pristine and the nano-modified laminates. The cohesive model is based on the bilinear
model proposed by Alfano and Crisfield [21]. From the figure, it can be deducted that the stiffness of the
cohesive elements (K0) is constant under small element displacements (<δn,t*). However, the stiffness of the
cohesive elements (K1) decreases progressively when the level of displacement is above δn,t*. The figure also
shows that the initiation of the damage is defined by the displacement at maximum cohesive traction (δn,t*).
Therefore, for small displacements below δn,t*, it is considered that there is no delamination/damage. As the
material is non damaged, the stiffness is constant and equal to the original stiffness of the material. When the
displacement of the elements is above δn,t*, the damage progresses with the increase of the displacement
δn,t and accordingly, the stiffness goes down with a factor of (1 − Dm), as indicated in the equation shown
in Figure 3.
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Figure 3. Schematic of the cohesive zone model used to simulate the composite interfaces.

The relation between the traction (Tn,t) and the displacement (δn,t) of the cohesive elements can
be defined using the following Equation (1).

Tn,t

δn,t
= (1 − Dm)K◦

n,t (1)

where K◦
n,t represents the initial stiffness of the cohesive element and (1 − Dm) is a factor reduction

of the stiffness due to the damage. The subscripts “n” and “t” refer to the normal and the tangential
states. When the composites are undamaged, the damage parameter (Dm) is 0 and the value of the
stiffness is equal to the original stiffness. When the composites are damaged, the Dm is between the
two values 0 to 1 and the stiffness goes down, as indicated in Equation (1). Therefore, the level of
damage is defined by the reduction of the stiffness. The value of Dm = 1 corresponds to complete
debonding, which corresponds to the critical displacement δn,t

c .
The corresponding cohesive parameters used to simulate the delamination between the composite

interfaces for the pristine and the nano-modified composites are indicated in Table 1. From the table,
it can be seen that the initial stiffness for the interfaces made of epoxy resin is 926 MPa/mm, while the
stiffness for the interfaces of polycaprolactone nanofibers is 533 MPa/mm. The cohesive stiffness
shows the same value for the normal and tangential components due to the isotropic nature of epoxy
resin and the uniform distribution of polycaprolactone nanofibers in epoxy resin. The parameter
alpha is defined as the ratio of δn,t* to δn,t

c (see Figure 3) and can be used to calculate δn,t*. This is of
the utmost importance as the area under the triangle 0, δn,t*, Tn,t

max on Figure 3 corresponds to the
energy needed to initiate delamination and the area under the triangle δn,t*, δn,t

c, Tn,t
max is associated

with the energy for the damage propagation. The non-dimensional weighting parameter (betha)
assigns different weights to the tangential and normal displacements, where we have assumed that
the tangential and normal displacement contributes to the delamination (mixed mode debonding).
The criteria used to select the material constants are shown in Appendix B.

Table 1. Cohesive zone parameters used to simulate the composite interfaces made of epoxy resin
(pristine) and polycaprolactone nanofibers (nano).

Parameter Abreviation Pristine Nano Units

Maximum Normal Traction Tn
max 5 2.8 MPa

Normal Displacement at Debonding δn
c 0.27 0.35 mm

Maximum Tangential Traction Tt
max 5 2.8 MPa

Tangential Displacement at Debonding δt
c 0.27 0.35 mm

Ratio α 0.02 0.015 Dimensionless
Non-Dimensional Parameter

Initial Stiffness
β

K0
n,t

1
926

1
533

Dimensionless
MPa/mm
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It has to be mentioned that in addition and together with the bilinear model proposed by Alfano
and Crisfield [21], the Puck criterion is used when modelling damage initiation [22]. This criterion
is based on the material properties, stresses, and strains, and incorporates the limit values of the
strains in the different modes. According to this criterion, damage initiation is related to a certain
value of stiffness reduction. In this study, the Puck criterion was used for modelling the interface
delamination for the four failure modes of damage initiation related to the fibers and the matrix.
These four modes are Tensile Fiber Failure Mode, Compressive Fiber Failure Mode, Tensile Matrix
Failure Mode, and Compressive Matrix Failure Mode.

The damage evolution law utilized in the numerical simulations is based on the instant stiffness
reduction. The stiffness reduction is used to define how the composite interfaces are degraded because
of the damage. Accordingly, this stiffness reduction can vary between 0 and 1, where 0 indicates
no reduction in the stiffness and 1 is associated with complete stiffness loss. In this study, we have
assumed that there is an 80% reduction of stiffness reduction due to the delamination/damage for the
four modes of damage.

4.2. Model Verification

To verify the results obtained using the finite element model and to validate the model, the finite
element results are compared with the experimental results obtained in the paper of Saghafi et al. [17].
The numerical and the experimental results are presented in Table 2. The table represents the damaged
area on the laminates with and without polycaprolactone nanofibers as a result of the impact with
energies of 24 J and 36 J. From the table, it can be seen that the numerical results show the same
trend as the reported experimental results and the delaminated area decreases for the nano modified
samples for both cases of impact. Furthermore, it should be noted that the experimentally measured
damaged area is in very good agreement with the damaged area obtained in the numerical simulations,
which comes to further validate the results of the numerical simulations.

Table 2. Area damaged (mm2) in pristine and nano composite due to the 24 and 36 J energy impact.

Energy Sample Experimental [17] Numerical

24 J Pristine
Nano

170 mm2

125 mm2
175 mm2

126 mm2

36 J Pristine
Nano

260 mm2

197 mm2
275 mm2

196 mm2

The experimental results were conducted using a drop-weight impact machine as reported in [17].
For this purpose, the same composite specimens are impacted at 24 and 36 J using a drop-weight
impact machine. The impactor consists of a steel spherical ball with a diameter and weight of 12.7 mm
and 1.22 kg, respectively. Each impact was repeated three times for configuration.

5. Results and Discussion

This section analyzes the effect of polycaprolactone nanofibers on the dynamic and the impact
behavior of glass fiber composite laminates. The section is divided into three parts. The first and
second parts are devoted to the effect of polycaprolactone nanofibers on the natural frequencies and
the damping, respectively. The last part investigates the effect of polycaprolactone nanofibers on the
impact damage resistance of glass fiber composite laminates.

5.1. Effect of Polycaprolactone Nanofibers on the Natural Frequencies

The effect of polycaprolactone nanofibers on the natural frequencies of the composite laminates
is analyzed in this paragraph. For that purpose, the first five natural frequencies of the composites
with and without polycaprolactone nanofibers are determined using the results from the vibration
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test explained in Section 3. Table 3 shows the natural frequencies for the pristine and nano modified
composites and the variation of the natural frequencies in percentage due to the incorporation of
polycaprolactone nanofibers.

Table 3. Effect of polycaprolactone nanofibers on the natural frequencies.

Frequency (f ) Pristine (Hz) Nano (Hz) Variation (%)

First 484.5 461.5 4.7
Second 930.9 923.2 0.8
Third 1373.8 1369.8 0.3

Fourth 1857.5 1843.2 0.8
Fifth 2303.8 2278.0 1.2

The results reveal that the natural frequencies of the composites with polycaprolactone nanofibers
are smaller compared to the pristine specimens. However, these changes are rather small and the
variation of the natural frequencies is not significant (lower than 5%). In our view, the incorporation of
nanofibers into the laminates induces little reduction in the composite stiffness, which slightly reduces
the natural frequencies. In other words, the nanofibers create a matrix enrichment at the ply-to-ply
interfaces, causing an increment of the matrix content, which reduces the composite stiffness and
consequently the natural frequencies. These findings are in line with other results reported in the
literature. For example, Ref. [23] reported that the natural frequencies of glass fiber composites showed
minuscule changes (less than 4%) due to the inclusion of nylon nanofibers. Similar results were found
in [24,25], which reported very small changes in the natural frequencies due to the inclusion of carbon
nanofibers and nanotubes, respectively. In conclusion, it can be said that the changes of the natural
frequencies depend on the properties of the nanofiber interleaved. For this particular case, the effect
of the polycaprolactone nanofibers on the natural frequencies is miniscule and inconclusive as these
variations are in the region of experimental and measurement error.

5.2. Effect of Polycaprolactone Nanofibers on the Damping Ratio

This paragraph analyses the effect of polycaprolactone nanofibers on the damping ratio of glass
fiber composite laminates. The damping ratio for the laminates with and without nanofibers is
calculated using the method described in Section 3. Table 4 illustrates the damping of the pristine and
nano modified composites. Additionally, the table also includes the variation of damping ratio due to
the reinforcement with nanofibers.

Table 4. Effect of polycaprolactone nanofibers on the damping ratio.

Pristine (Dimensionless) Nano (Dimensionless) Variation (%)

Damping 0.01208 0.01277 5.7

The results indicate that the damping of the nano modified composites is higher with respect to
the damping of the pristine panels. It can be seen that the damping ratio increased by 5.7% due to the
reinforcement with polycaprolactone nanofibers. This can be attributed to the fact that nanofibers are able
to dissipate energy, giving the nano modified composite a higher damping ratio. Thus, the nanofibrous
mats play the role of dampers. Our results are in good agreement with other results published previously.
For example, the authors from [8] suggest that the damping of glass fiber composites increased by 36%
due to the interleaving with nylon nanofibers. Other works, such as [26,27], found that the damping
of composite laminates increased up to 28% and 108% because of the interleaving with jute nanofibers
and carbon nanotubes respectively. As a conclusion, it can be said that the inclusion of polycaprolactone
nanofibers in the composite interfaces increases the damping ratio because the nanofibers act as dampers.
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Therefore, composites interleaved with polycaprolactone nanofibers can be potentially used to reduce the
amplitude of the vibrations in composite structures such as aircrafts, wind turbines, or bridges.

5.3. Effect of Polycaprolactone Nanofibers on the Impact Damage Behaviour

The aim of this section is to analyse the effect of polycaprolactone nanofibers on the impact
damage resistance of glass fibre composites. For this study, the finite element model introduced in
Section 4.1 is used to simulate the damage caused by impacts with energies of 24 J and 36 J in the
pristine and nano modified composites.

The composite beams are subjected to impacts using energies of 24 J and 36 J, as detailed in
Figure 4. The figure shows that the experimental and numerical force-displacement curves for the
same energy impact are almost equal. Therefore, it can be concluded that the total impact energy
used in the experiments and numerical simulations is the same. From the figure, the peak forces and
displacements for the 24 and 36 J energy impacts can also be clearly observed. Therefore, according to
our simulations, the peak force increases from 3795 to 4821 N when the energy of the impact varies
between 24 and 36 J. The mechanical impacts are located at the center of the specimen and each
impact is applied at the same location for each test. The composite beams are fixed using clamp-clamp
boundary conditions. Therefore, the composite specimens are clamped using fixed supports at both
ends of the composite beams.

Figure 4. Comparison between the experimental and numerical force-displacement curves for the
energy impacts at 24 J and 36 J.

The results obtained using the finite element model simulations are illustrated in Figure 5. The legend
scale on the left refers to the level of damage in the composite specimen, where the strong blue colour (0%)
represents the undamaged area of the composite and the red colour (100%) represents the severely damaged
area of the composite. The green colour in between (50%) corresponds to damage states, which are in
between the above two, the non-damaged and the severely damaged states, where the composite specimens
are partially damaged. From the simulations, it can be clearly appreciated that nano composites are less
damaged than the pristine panels for the two cases investigated (24 and 36 J). Therefore, it can be concluded
that according to the finite element modelling and experiments, the incorporation of polycaprolactone
nanofibers reduces the delaminated area by about 27% for the two energy levels at 24 and 36 J. This can be
attributed to the good adhesion between polycaprolactone nanofibers and epoxy resin and the formation of
heterogeneous separated phases on the composites interfaces, which increases the energy dissipation [28].
Additionally, the figure also shows that the most severe damage in the composite is located in the impacted
zones (red area).
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Figure 5. Area damaged after the energy impact at 24 and 36 J for the pristine and nano composites.

Experimental results show that the area damaged as a result of the 24 J impact is 170 and 125 mm2

for the pristine and nano composites, respectively [17], and our numerical simulations confirm that
the damaged area decreased from 175 to 126 mm2 as a result of the incorporation of polycaprolactone
nanofibers. The same trend is found for an impact with 36 J energy, where the area damaged in
the composite laminates decreased by around 26% due to the reinforcement with polycaprolactone
nanofibers. Therefore, the results obtained experimentally and numerically confirm that the composites
reinforced with polycaprolactone nanofibers are less susceptible to impact damage than pristine panels.
Similar results have been reported previously in other works. For example, Ref. [29] reported that the
addition of nylon nanofibers to the interfaces of carbon fiber epoxy composites significantly increased
the threshold impact force (the force to cause initiation of impact damage) up to 60%. Additionally,
this study shows that the impact damage area decreases considerably due to the interleaving with nylon
nanofibers. Other works, such as [30], indicated that the incorporation of a mixture of polycaprolactone
and nylon nanofibers into the composite ply interfaces could decrease the impact damage area by up
to 59.3% in glass fiber epoxy composites. Others authors, such as [31,32], suggest that the interleaving
with other electrospun nanofibers such as polyvinylidene fluoride and polyacrylonitrile is not a good
choice for toughening epoxy and improving the impact damage resistance of glass fiber/epoxy
laminates. In conclusion, it can be said that the interleaving with polycaprolactone nanofibers decreases
the impact damage area in glass fiber epoxy composites by more than 20%. This discovery is of the
utmost importance for structures made of composite materials (e.g., aircrafts or wind turbines),
where the impacts caused by bird strikers or hailstorms are a main concern.

6. Conclusions

This research investigates some important applied properties of polycaprolactone modified
glass fiber epoxy composites. It deals with their dynamic properties and their impact resistance.
The performed experimental investigations suggest that the incorporation of polycaprolactone
nanofibers into composite interfaces increases the damping ratio and does not affect to the natural
frequencies. This is important from the view point of using such materials as part of any structural
elements that experience vibration. The interleaving with polycaprolactone nanofibers is potentially
capable of reducing the amplitude of such vibration.

The impact resistance of materials is very important in a number of industries, including
aircraft design and production. The numerical investigation offered in this research shows that the
incorporation of polycaprolactone nanofibers can improve the impact resistance of glass fiber epoxy
layered composites. Thus, polycaprolactone nanofibers can be used to develop composite materials
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with improved impact resistance which can be a used for an important number of applications,
including aircrafts and wind turbines.

This work presents solid progress toward the practical applications of composites reinforced
with polycaprolactone nanofibers as per example the control of vibrations and prevention of damage
from delamination.
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Appendix A

Table A1. Material Constants used to simulate the layers of unidirectional glass fiber epoxy composite
supplied by ANSYS Workbench Engineering Data.

Constant Value

Young’s Modulus X direction 45 GPa
Young’s Modulus Y direction 10 GPa
Young’s Modulus Z direction 10 GPa

Poisson’s Ratio XY 0.3
Poisson’s Ratio YZ 0.4
Poisson’s Ratio XZ 0.3
Shear Modulus XY 5 GPa
Shear Modulus YZ 3.8 GPa
Shear Modulus XZ 5 GPa

Appendix B

Since the maximum traction (Tmax), displacement at debonding (δc), and ratio of δ* and δc (α)
cannot be determined by experimental tests, these values are determined through a comparison of
the experimental results with the numerical simulations of the same tests, allowing for an estimation
of the unknown material properties for the cohesive zone model. By definition, the area under the
triangle (see Figure 3) corresponds to the critical interlaminar fracture energy for the glass fiber
composites. Therefore, the numerical critical fracture energy for the pristine and nano composites is
675 J/m2 and 490 J/m2, respectively. These results are in the range of other composite laminates with
similar characteristics.
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