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Preface

Polymer blends and composites, including nanocomposites, have influenced the field of

materials science and have found use in a wide range of engineering applications. These materials

are derived as a combination of the useful properties of two polymers or polymer-filler systems and

mainly do not have the weaknesses associated with theindividually used polymers. For instance, the

incorporation of fillers such as graphite, carbon nanotubes, graphene, or metal nanoparticles

increases the strength, stiffness, and thermal conductivity or antimicrobial properties of the polymeric

composites. In the same manner, the fiber-reinforced composites developed using carbon fiber, glass

fiber, and natural fiber also provide a remarkable strength-to-weight ratio, making them perfectly

suitable for high-performance applications. In addition, functional polymer blends extend the range

of application through the fusion of characteristics which creates products possessing enhanced

mechanical strength, flexibility, and high-impact strength.

Because of their versatility, these materials have been able to make their way into almost every

industry. Conductive polymer composite solutions will open the door for the creation of bendable,

robust, and portable electronics. The use of antimicrobial polymeric composite materials in areas

such as medical equipment, high-risk professional environments (e.g., hospitals), or food packaging

can directly contribute to improving public health by reducing contamination risks and supporting

global efforts to prevent infections. Also, polymer composites are utilized in renewable energy in

relation to solar energy panels, wind turbine blades, and energy storage systems.

By addressing issues of sustainability, performance, and usefulness, polymer blends and

composites are contributing to the development of a more ecologically friendly future while also

advancing technology.

Eduard-Marius Lungulescu, Radu Setnescu, and Cristina Stancu

Guest Editors
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Polymer Composites with Self-Regulating Temperature
Behavior: Properties and Characterization
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13 Aleea Sinaia, 130004 Târgovis, te, Romania

* Correspondence: marius.lungulescu@icpe-ca.ro

Abstract: A novel conductive composite material with homogeneous binary polymer matrix of HDPE
(HD) and LLDPE (LLD), mixed with conductive filler consisting of carbon black (CB) and graphite
(Gr), was tested against a HDPE composite with a similar conductive filler. Even the concentration of
the conductive filler was deliberately lower for (CB + Gr)/(LLD + HD), and the properties of this
composite are comparable or better to those of (CB + Gr)/HD. The kinetic parameters of the ρ-T
curves and from the DSC curves indicate that the resistivity peak is obtained when the polymer matrix
is fully melted. When subjected to repeated thermal cycles, the composite (CB + Gr)/(LLD + HD)
presented a better electrical behavior than composite CB + Gr)/HD, with an increase in resistivity
(ρmax) values with the number of cycles, as well as less intense NTC (Negative Temperature Coefficient)
effects, both for the crosslinked and thermoplastic samples. Radiation crosslinking led to increased
ρmax values, as well as to inhibition of NTC effects in both cases, thus having a clear beneficial effect.
Limitation effects of surface temperature and current intensity through the sample were observed
at different voltages, enabling the use of these materials as self-regulating heating elements at
various temperatures below the melting temperature. The procedure based on physical mixing of the
components appears more efficient in imparting lower resistivity in solid state and high PTC (Positive
Temperature Coefficient) effects to the composites. This effect is probably due to the concentration of
the conductive particles at the surface of the polymer domains, which would facilitate the formation
of the conductive paths. Further work is still necessary to optimize both the procedure of composite
preparation and the properties of such materials.

Keywords: polymeric composites; PTC; NTC; self-regulating temperatures; conductive polymers

1. Introduction

Electrically conductive polymer composites (some remarkable pioneering work in
this field should be mentioned, se for example [1–3]) attracted much attention due to
their remarkable properties, which combine economic processing, good mechanical and
chemical properties, and wide range of electrical properties, which can be finely con-
trolled by adjusting the composition—polymer matrix and conductive filler [4,5]. Due
to their properties, these materials exhibit high functionality and smartness in various
technical applications comprising conductive coatings, electromagnetic shielding, elec-
tronic packaging flexible displays, sensors, etc. [6–10]. Various conductive powders or
fiber materials/nanomaterials [7,11,12] can be used as conductive fillers, the carbon ones
being of great interest due to low cost, good electrical properties, acceptable compatibility
with polymer matrix, low density, and corrosion resistance. Carbon black [8,13,14], carbon
fibers [15,16], graphite [17]), graphene [9,18], reduced graphene oxide [19], CNT [11,16,18],
and other carbon materials were studied in order to obtain adequate properties for a wide
range of applications. Among them, the composites exhibiting so-called Positive Temperature

Materials 2023, 16, 157. https://doi.org/10.3390/ma16010157 https://www.mdpi.com/journal/materials1
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Coefficient (of resistivity) effect, abbreviated PTC [1] or PTCR [13], are of special interest for
specific applications claiming self-limitation (of current) or switching (conductive/resistive)
behaviors, such as self-regulating heating elements, current or voltage protections or tem-
perature sensors [15,17]. Another effect occurring in conductive composites is known
as NTC (Negative Temperature Coefficient), i.e., decrease in resistivity as the temperature
increase. Note that these effects may occur in the same conductive composite, depending
on several factors, such as temperature, polymer state, distribution of the filler, etc. Even
there are some applications for the NTC materials, for example as temperature sensors, the
PTC effect have a wider field of applications due to resistance increase with temperature
rise, resulting in limitation of both the current and temperature of the device [6].

Due to its high crystallinity, HDPE is a good candidate for high PTC effects, but the
mechanical rigidity of the resulting composites would be high at higher filler contents
(15–25%), specific for self-regulating heating materials, are used. Blends of HDPE with other
(miscible, low crystallinity) polymers, such as EVA (Ethylene-vinyl acetate), LDPE (Low-
Density Polyethylene), would improve the mechanical properties of the composites [20].
In general, improvement of the properties of PTC materials requires compositional opti-
mization of both polymer matrix and conductive fillers [17]. Polymer blends and synergic
mixtures of different conductive powders are of actual interest in this direction [5,17,21,22].

The aim of this work was to study the PTC properties of a composite with a matrix
consisting of a miscible blend of two polymers, LLDPE and HDPE, in comparison to HDPE
only. This type of blend was less studied in composites in general [23], but it would present
some interesting properties for PTC composites. Even a decrease in PTC intensity due to
blending with lower crystallinity LLDPE is expected if we consider the hypothesis that
some amorphous non-crystalline regions of PE remain unperturbed in the vicinity of CB
particles [24], and LLDPE would be of interest due to its regular structure. In addition,
the studied composites were prepared using a procedure based on powder mixing in a
dry state, which appears to present some advantages. The influence of the processing
technology and matrix composition is discussed in comparison with a composite having
similar conductive filler but HDPE matrix.

2. Materials and Methods
2.1. Materials

Blends of polymer and conductive particles were prepared by dry mixing of different
amounts of polymer powders, antioxidants, and conductive carbon powders.

HDPE, type ELTEX A3180PN1852 from Ineos, Vienna, Austria, and LLDPE, type RX
806 Natural from Resinex, Bucharest, Romania were used, as received, for polymer matrices.
The weight ratio LLDPE: HDPE was 0.6:1.

The list of abbreviations used in this manuscript are presented in Table 1.

Table 1. List of abbreviations.

Abbreviation Full Name/Description

PTC Positive Temperature Coefficient
NTC Negative Temperature Coefficient
HDPE (HD) High Density Polyethylene
LLDPE (LLD) Linear Low-Density Polyethylene
FEF Fast Extruder Furnace
SEM Scanning Electron Microscopy
CB Carbon Black
Gr Graphite
ρV Volume resistivity
ρs Surface resistivity
Ts Sample surface temperature
ρ-T Resistivity-Temperature
Xc Crystallinity degree
OOT Onset Oxidation Temperature
∆Hm/∆Hc Melting/Crystallization enthalpies
Tm/Tc Melting/Crystallization temperatures

2
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As conductive fillers, carbon black (FEF type) and natural graphite (CR10) were used
(see [22] for more details).

The composite with HDPE matrix was codified (CB + Gr)/HD, meaning that it contains
an HDPE matrix and carbon black (CB) and graphite (Gr) as conductive fillers. Similarly,
the composite named below (CB + Gr)/(LLD + HD) has a binary blend matrix consisting in
LLDPE and HDPE and a mixture of carbon black and graphite as conductive filler.

The procedures to prepare the above-mentioned composites (CB + Gr)/HD and
(CB + Gr)/(LLD + HD) are described in applications [21,25]. In essence, the composite
(CB + Gr)/HD is prepared by dry mixing of the powder components followed by extruder
mixing (in melts state) and molding. The composite (CB + Gr)/(LLD + HD) was prepared
by intensive dry mixing of the components followed by molding. To prove the effectiveness
of this second procedure, the total concentration of the conductive filler was lower in
(CB + Gr)/(LLD + HD), namely, 18.6%, as compared to 24.2% in (CB + Gr)/HD, but the
weight ratio CB/Gr was the same, namely 4.5:1. Similar counterparts of these composites
were prepared by melt extrusion + molding for (CB + Gr)/(LLD + HD) and intensive dry
mixing + molding for (CB + Gr)/HD compounds.

2.2. Instruments and Methods

The pellets resulted from extrusion mixing or the powder mixture was formed as plates
of 120 × 100 × 0.8 mm using a conventional heated mold with controlled temperature
and a laboratory hydraulic press. Basically, the following molding conditions were used:
temperature 170 ◦C (heating rate by 5 ◦C/min), holding time at maximum temperature
2 min, chilling under pressure (2.5 ◦C/min).

For radiation crosslinking, the samples were wrapped in aluminum foil and exposed to
γ-rays in Ob-Servo Sanguis laboratory irradiator (Institute of Isotopes, Budapest, Hungary)
equipped with 60Co isotope (dose rate ~0.7 kGy/h, integral dose 150 kGy) in presence of
air at room temperature.

SEM micrographs were recorded on FESEM scanning electron microscope dual beam
type, model Auriga (Carl Zeiss SMT, Oberkochen, Germany). Additionally, a secondary
electron detector Everhart-Thornley type within the chamber and In-Lens in column
detector for ultra-topography images were employed. The magnification range was
1000x–50,000x with approximately 5 mm working distance. Various magnification SEM
images (basically 1 kx, 5 kx and 20 kx) were taken out in different representative regions of
each sample in order to better understanding their morphologies.

The volume (ρV) and surface (ρS) resistivities were measured at room temperature on
100 × 100 × 0.7 mm plates, using a Keithley electrometer, following a standard procedure.

The variation of the resistivity with temperature was measured on small samples
(chips of 35 × 25 × 0.7 mm, with 25 mm distance between the flat electrodes, Figure 1)
using a digital multimeter for electrical resistance and a thermocouple in contact with the
sample surface.
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The slope of ρ increase (the rate of resistivity increase on the heating curve) was
calculated with the Formula (1):

slope =
ρ2 − ρ1
ρmax

· 1
T2 − T1

(1)

Similar formula was used to describe the resistivity decrease (on NTC regions) or to
calculate the slopes on the cooling curves.

A similar setup as above was used for measurements of the temperature on the sample
surface (Ts, Figure 2). A thermo-insulating enclosure was used instead of the oven. An
amperemeter was integrated within the circuit enabled the measurement of the absorbed
electrical power.
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Figure 2. Schematic setup for Ts vs. time and I vs. time measurements.

A typical curve of ρ vs. T upon heating, with the parameters characterizing the kinetics
of the process is shown in Figure 3. The cooling curve has similar shape, but is inversed,
due to temperature decrease.
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Figure 3. Typical ρ-T heating (a) and ρ-T cooling (b) curves and parameters used for kinetic charac-
terization of resistivity vs. temperature.

DSC measurements were performed in non-isothermal mode, under either air (ox-
idation tests) or nitrogen (melting/crystallinity tests), using a DSC 131 evo instrument
(Setaram, Lyon, France). The parameters describing the oxidation (OOT, oxidation rate,
oxidation heat) were calculated from the thermograms as described in references [26,27].
The melting/crystallinity peaks, the melting/ crystallization temperatures, and the thermal
effects associated to either melting or crystallization were calculated as described earlier
in the reference [22]. The crystalline content (Xc) of the material was calculated by equa-
tions presented in reference [22], using a value of 279 J/g for melting enthalpy of totally
crystalline polyethylene [28].
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3. Results and Discussion
3.1. SEM Characterization

The Figure 4 presents the effect of long-term storage at room temperature (r.t.) on a
(CB + Gr)/HD (24.2% conductive charge) sample prepared by melt extrusion followed by
press molding (at 150 ◦C). It can be seen that the “luminosity”, due to charge accumulation,
on the sample surface during the SEM measurement decreased clearly from the freshly
prepared sample to those stored for one year or more. It can be said that the stored
material is better structured in the sense that for the long-term stored materials, and the
conductive particles are more segregated from the polymer matrix, enabling the formation
of more conductive channels and, as a result, higher conductivity. Resistivity measurements
confirmed this interpretation: while the freshly prepared sample presented rather low
conductivity [29], the stored samples presented considerably higher conductivity. This
is seen, for example, in the composite (CB + Gr)/HD, which presented a decrease from
6.5 × 109 Ω·m for the freshly prepared sample [29] to 9.8 × 103 Ω·m after four years of
storage. The surface temperature (Ts) of similar samples measured at different moments
followed a similar trend (Figure 5): subjected to a same voltage, the stored sample presented
significantly higher Ts values (on the plateau region) as compared to the freshly prepared
one, indicating higher Joule effect due to increased current, which traverses the stored
sample. The effects of irradiation and preparation procedure are also illustrated in Figure 4.
The thermal effect of the studied composites is discussed in more detail in Section 3.3.

The Figure 6 shows the effect of processing on composite morphology: melt blend-
ing vs. room temperature physical blending of components in powder state [25]. For
(CB + Gr)/HD, the morphologies of these samples appear significantly different (Figure 6a,b):
the conductive particles in the case of the sample prepared by physical blending seem to be
better segregated at the surface of the polymer phase. Hence, the formation of the conduc-
tive paths would be much easier. Indeed, the conductivity of the freshly prepared sample
by dry physical mixing of powder components was considerably higher, which suggests a
comparison of the thermal effects, namely, the curves (1) and (4) (Figure 5). Therefore, the
same mixing procedure was applied for preparation of (CB + Gr)/(LLD + HD) composite
(Figure 6c). It can be easily observed that the morphology of this sample is very similar to
that of the sample (CB + Gr)/HD prepared by the same procedure (Figure 6b).

Another aspect of processing is comparatively illustrated in Figure 7 in the case of
(CB + Gr)/HD composite prepared by melt blending: the sample in Figure 7a was sub-
sequently pressed between two heated plates at 160 ◦C (press molding), using a spacer
of 0.7 mm, while the sample in Figure 7b was prepared by injection molding [29]. While
this sample presented conductivity (evolving from poor to high, as described above), the
injected sample is practically non-conductive. When re-formed by pressing in the same
conditions, the injected sample became conductive at the same level to the sample formed
directly by press molding (from pellets of composite). This behavior would be understood
if we compare the samples morphologies as they are seen from SEM analysis (Figure 7):
the press mold sample appears as a continue material with moderate luminosity, while the
injected mold sample appears as a stratified material, possibly due to the fine trepidations
related to the injection molding. As a result, the sample present higher luminosity, sug-
gesting that conductive channels may exist within each layer, but they are not extended
between two neighboring layers due to the fine interlayer empty spaces. Again, for a same
magnification, the aspect (morphology) of the samples (CB + Gr)/HD (Figure 7a) and
(CB + Gr)/(LLD + HD) (Figure 7c) are similar due to similar processing procedures (dry
mixing in powder state and hot molding).
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3.2. Resistivity vs. Temperature
3.2.1. Heating Curves

The first observation is that the heating curves ρ-T (resistivity-temperature curves) are
sigmoidal, similar to non-isothermal oxidation curves in thermal analysis [26,27], with
resistivity instead of the oxidation signal (heat flow, CL), hence similar kinetic parameters
can be used to describe the ρ-T curves (Figure 3). The experimental observations are
discussed below for each type of composite material, then a comparison of these materials
is presented.

For both thermoplastic and crosslinked (CB + Gr)/HD composites, the ρmax values
decreased with the number of cycles (Figure 8, Table 2). The onset values for thermoplastic
samples decreased with the number of cycles from 139 ◦C to 133 ◦C while for the crosslinked
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material, an inverse trend is observed. Hence, the onset values tend to reach a same value
(of ~130 ◦C) for both thermoplastic and crosslinked materials submitted to repeated thermal
cycles. Tmax data in Table 2 suggest a similar behavior. The slope of resistivity increase
appears lower at the first cycle, but it presents higher and comparable values for the further
two cycles.
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Figure 5. The surface temperature (Ts) vs. time for (CB + Gr)/HD composite with different histo-
ries/treatments: 1—freshly prepared by melt extrusion, unirradiated; 2—prepared by melt extrusion
and irradiated after 2 months after preparation; 3—prepared by melt extrusion, stored as pellets for
3 years, then formed by press molding and irradiated; and 4—freshly prepared by physical mixing of
the components and press molding, unirradiated.
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Figure 6. The effect of the preparation procedure on dispersion state of the conductive particles in
a polymeric matrix: (a) (CB + Gr)/HD composite prepared by melt extrusion; (b) (CB + Gr)/HD
composite prepared by mold pressing of a powder mixture; (c) (CB + Gr)/(LLD + HD) composite
prepared by mold pressing of a powder mixture.
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Table 2. Kinetic data of resistivity increase upon the heating of (CB + Gr)/HD composites.

Dose (kGy) Cycle Number ρ0
(kΩ/sq)

Onset
Temperature

(◦C)

Slope of ρ
Increase (K−1)

Tmax
(◦C)

ρmax·10−5

(kΩ/sq)
PTC Intensity

lg(ρmax/ρ0)

Slope of ρ
Decrease

(K−1)

0

1 3.50 137.0 0.54 139.6 2.32 4.83 −0.26

2 1.49 133.2 0.49 135.2 1.92 5.11 −0.47

3 1.23 133.1 0.47 135.1 1.90 5.19 −0.47

150

1 1.11 126.1 0.27 130.3 6.51 5.77 −0.14
−0.07

2 2.73 127.1 0.64 129.2 5.26 5.28 −0.09
−0.03

3 3.77 129.4 0.51 132.2 5.10 5.10 −0.04
−0.03

The PTC effect tends to decrease slightly for the crosslinked material from the first to
the third cycle due to increased values of ρ0 and lower values of ρmax. This behavior would
be related to the thermo-oxidative degradation of the polymer matrix due to repeated
exposure at elevated temperatures. However, for the thermoplastic material, the intensity
of PTC effect increased with the number of cycles because the room temperature values of
resistivity were lower after the former cycle. Possibly, the thermooxidative degradation is
not the single factor affecting the electric properties of the materials subjected to multiple
thermal cycles. The oxidation rate of HDPE was reported to be reduced in presence of CB
and Gr mixture [22], through several possible mechanisms, namely, (i) direct annihilation
of oxidation transient species produced by different active groups on CB surface [30,31],
(ii) free radicals trapping by fullerene or fullerene-like structures on CB surface [30,32],
and (iii) decrease in oxygen permeability within the amorphous phase induced by carbon
particles [4].

In general, the ρ–T curves suggest (Figure 8) an increase in reproducibility with
increasing the number of thermal cycles in agreement with previously reported data on
different other PTC materials with HDPE matrix [2]. As compared to the other literature
data on thermoplastic CB/HD composites, the stability and the reproducibility of the ρ–T
curves (see for example [33]) appears higher with our materials (both HD and LLD + HD),
possibly due to the benefic influence of the blend of conductive fillers used.

The ρ–T curves for thermoplastic and crosslinked (CB + Gr)/(LLD + HD) composites
are shown in Figure 9, while the parameters describing the kinetics of resistivity increase
with temperature are shown in Table 3. The curves at cycles 2 and 3 are closer to each other
for the crosslinked material, suggesting more reproducibility, in agreement with previously
reported data for radiation-crosslinked materials (see for example [2] for CB/HD and
Gr/(LLD + HD) data reported by [17]).
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Table 3. Kinetic data of resistivity increase upon the heating of (CB + Gr)/(LLD + HD) composites.

Dose (kGy) Cycle
Number

ρ0
(kΩ/sq)

Onset
Temperature

(◦C)

Slope of ρ
Increase

(K−1)

Tmax
(◦C)

ρmax·10−4

(kΩ/sq)

PTC
Intensity

lg(ρmax/ρ0)

Slope of ρ
Decrease

(K−1)

0

1 4.12 122.2 0.25 132.8 0.481 3.07 −0.05

2 6.85 126.3 0.26 130.5 1.143 3.22 −0.05

3 8.53 128.1 0.35 130.7 1.610 3.28 −0.04

150

1 4.49 129.0 0.32 131.5 5.560 4.09 −0.04

2 11.2 126.5 0.37 130.5 7.860 3.85 −0.03

3 14.47 126.7 0.38 130.0 9.320 3.81 −0.04

Tmax and Tonset are shifted toward lower temperatures, especially after the first cycle.
This effect (attributable to either thermo-oxidative degradation or other structural changes
as already mentioned above for (CB + Gr)/HD) would be seen as favorable for device
security in limitation/switching applications if we take into account the increase in ρmax
with the number of cycles. In any case, these changes are lower as compared to the other
literature data, suggesting a more stable network in our case.

For (CB + Gr)/(LLD + HD), the rate of resistivity increase, calculated as the slope of
the leading edge of the resistivity peak, is significantly higher for the crosslinked samples
as compared to the thermoplastic ones (Table 3).

It is obvious that the resistivity peaks are significantly higher for the crosslinked mate-
rials compared to the corresponding thermoplastic ones. The ρmax values also increased
with the number of cycles for both thermoplastic and crosslinked materials, but the ρmax
values are much higher for the crosslinked samples.

The intensities of the PTC effects are significantly higher (around one order of magni-
tude) for the crosslinked materials as compared to the thermoplastic ones. However, for the
crosslinked materials, the PTC effect tends to slightly decrease as increasing the number of
thermal cycles because of increased ρ0 values, while an opposite trend is observed for both
thermoplastic composites. These opposite behaviors are caused by increase in higher extent
of room temperature resistivities with the number of cycles for crosslinked composite as
compared to the thermoplastic one (Tables 2 and 3).

For the crosslinked (CB + Gr)/HD composite, the decrease in the resistivity after
exceeding the Tmax presented two slopes suggesting the occurrence of two processes: one
is more rapid and is produced immediately after Tmax, while the second is slower and
covers a wider temperature range (Table 2). The slopes of both processes decreased with
the number of cycles, and their values became comparable and considerably lower for
cycles 2 and 3 as compared to the first cycle. This behavior reflects a decrease in NTC
effect after the first thermal cycle. In the case of the thermoplastic material, the resistivity
decreased sharply after Tmax, (Figure 8) until a flat region with low resistivities (~100 kΩ)
is reached, suggesting a strong NTC effect. Due to this behavior, the resistivity peak of
the thermoplastic material appears more symmetric as compared to the crosslinked one
(Figure 8).

The onset temperature appears a little higher for HDPE-matrix samples as compared
to the blend ones, especially at the first cycle and for the unirradiated samples, while for
the irradiated samples, the onset temperature values are practically similar for HD and
(LLD + HD) composites, possibly due to increased similarity of both matrices induced by
crosslinking.

The slopes values of ρ increase are significantly higher for HDPE composites than for
(LLD + HD) ones, and the ρmax values are considerably higher as well. The intensities of
the PTC effects are, therefore, much higher with HDPE composites, especially with the
radiation-crosslinked material.

Note that the slope values as calculated by formula (1) correspond to temperature
coefficient of resistivity (see for example [34]). Unless the NTC effect, for PTC materials’
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TCR has negative values. The slope values represent in our case the maximum of TCR
values because the variation of ρ or (ρ/ρmax) with temperature is typically not linear for
PTC materials.

In addition, the resistivity peak of thermoplastic (CB + Gr)/(HD) appears shifted to
lower temperatures to a greater extent than for (CB + Gr)/(LLD + HD) (Figures 8 and 9).
For the (CB + Gr)/(LLD + HD) crosslinked samples, the peak becomes wider as the number
of cycles increased (Figure 8), while for CB + Gr)/HD, this effect is considerably weaker
(the ratio height/width remains practically constant).

The peak intensities (ρmax) are lower for (CB + Gr)/(LLD + HD) composite than
the (CB + Gr)/(HD) by more than one order of magnitude. For both thermoplastic and
crosslinked (CB + Gr)/HD material, the ρmax value tends to decrease by thermal cycling, a
behavior which is different to that observed for (CB + Gr)/(LLD + HD) composites and
also differing to the above-mentioned literature data ([2] for CB/HD and [15] for CF/HD
systems). After three thermal cycles, the ρmax value of crosslinked (CB + Gr)/(LLD + HD)
composite became comparable to that of thermoplastic (CB + Gr)/HD.

The intensity of the NTC effects seem to be higher than in the above-mentioned litera-
ture cases, where a flat portion of high temperature heating curve is described ([2,15,17]),
illustrating the possible role of the composition, conductive phase, type, and blending
conditions on the PTC and NTC behavior of conductive composites.

It can be observed that the resistivity of the thermoplastic (CB + Gr)/HD material
decreased strongly as the temperature increased (strong NTC effect), while the crosslinked
sample presented only limited decrease in resistivity in molten state (Figure 8). For example,
the resistivity at 150 ◦C (upon heating, 2nd cycle) was ~150 kΩ/sq for the thermoplastic
material vs. 74,800 kΩ/sq for the crosslinked sample. This behavior illustrates that
crosslinking suppressed significantly the NTC effect for (CB + Gr)/HD material. The wider
peaks of resistivity observed for both thermoplastic and crosslinked CB + Gr)/(LLD + HD)
and for crosslinked (CB + Gr)/HD, as compared to thermoplastic (CB + Gr)/HD, would
be interpreted in a similar manner (see a comparison of resistivity values on heating in
Figure 10).
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As compared to the similar composite samples with HDPE matrix, the blend LLD + HD in-
duced lowerρmax values, wider resistivity peaks and lower PTC (Tables 2 and 3, Figures 8 and 9),
but lower NTC also, even in thermoplastic state (Figure 10).

3.2.2. Cooling Curves

The cooling curves are presented in Figures 11 and 12 for (CB + Gr)/HD and
(CB + Gr)/(LLD + HD) composites, respectively. The thermoplastic (CB + Gr)/HD presents
again a distinct behavior as compared to other materials: the peak is sharp and sym-
metric while, for crosslinked (CB + Gr)/HD and (CB + Gr)/(LLD + HD), the peaks are
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clearly asymmetric with slow increase in resistivity in molten state and sharp decrease in
solid state.
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thermoplastic material. These curves are shown in the inset.
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Figure 12. Resistivity vs. temperature for (CB + Gr)/(LLD + HD) samples on repeated temperature
cycles, cooling portions: 1T, 2T, 3T—thermoplastic (D = 0 kGy) cycles 1, 2, 3, respectively; 1R, 2R,
3R—crosslinked (D = 150 kGy), cycles 1, 2 and 3, respectively.

It can be observed that the resistivity of the HD thermoplastic composites remained
low for a relatively long period after heating cease, while other ρs increased with a smoother
slope at the beginning followed by a more abrupt region as the temperature approached
the Tmax value. Thus, an onset temperature (T′onset) of ρ increase can be defined as the
intersection point of the flat (or slightly inclined) region at higher temperatures and the
sharply increasing portion of the leading edge (when approaching the peak). The T′onset
values of the studied materials are shown in Tables 4 and 5. While for thermoplastic HD
composite, T′onset values are practically unchanged for the first and second cycle, and a
significant increase with the number of cycles is observed for crosslinked (CB + Gr)/HD
one. Increased values of T′onset signify that a melt material become resistive, on cooling,
earlier than a material with lower T′onset values; this behavior would be related with lower
NTC and higher PTC properties of such a material. Hence, the increase in Tonset values
for crosslinked (CB + Gr)/HD suggests an improvement of the electrical properties of this
material induced by thermal cycling (assuming that NTC effect is undesired for our case).
It can be observed that (CB + Gr)/(LLD + HD) composites present this behavior even in
thermoplastic state (Figure 12).
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Table 4. Kinetic data of resistivity change on cooling of (CB + Gr)/HD composites.

Dose (kGy) Cycle
Number

T′onset
(◦C)

Slope of ρ
Increase in

Molten
State (K−1)

ρ′max·10−4

(kΩ/sq)
T′max
(◦C)

Slope of ρ
Decay in

Solid State
(K−1)

Toffset
(◦C)

ρr.t. at the
Cycle End

(kΩ/sq)

0

1 124.6 −0.41 0.375 121.5 0.28 118.7 1.54

2 124.2 −1.07 0.594 122.1 0.50 120.2 1.23

3 124.1 −1.10 0.602 122.2 0.55 120.3 1.19

150

1 125.0 −0.53 36.06 123.1 1.09 122.0 2.79

2 127.2 −0.10
−0.01 36.50 121.81 0.33 119.0 3.83

3 134.8 −0.03
−0.01 47.65 121.64 0.20 114.4 8.7

Table 5. Kinetic data of resistivity change upon the cooling of (CB + Gr)/(LLD + HD) composites.

Dose (kGy) Cycle
Number

T′onset
(◦C)

Slope of ρ
Increase in

Molten
State (K−1)

ρ′max·10−4

(kΩ/sq)
T′max
(◦C)

Slope of ρ
Decay in

Solid State
(K−1)

T′offset
(◦C)

ρr.t. at the
End of Cycle

(kΩ/sq)

0

1 134.1 −0.06 1.255 122.6 0.43 119.8 6.85

2 >139 −0.04 2.340 121.0 0.47 118.9 8.94

3 >137 −0.04 3.030 121.1 0.41 118.9 13.15

150

1 133.7 −0.04
−0.18 4.55 121.7 0.51 119.2 11.22

2 129.2 −0.02
−0.05 11.40 121.1 0.53 119.2 16.02

3 135.9 −0.03
−0.08 16.43 120.3 0.30 117.1 18.81

For thermoplastic HD composites, as well as for crosslinked (CB + Gr)/HD at the
first cycle, the rate of resistivity increase in molten state can be described by a single slope,
while for others, two slopes can be defined for each process, suggesting two mechanisms
of decay of conductive paths. This behavior could be related to the existence of two
conductive powders with different aspect ratios, CB particles are spherical, while graphite
ones are platelike [22], hence they would impart conductivity by different mechanisms [5].
Another factor would be the nature of the polymer matrix: the linear macromolecules allow
easier movement of conductive particles and thus allow easier restoration/interruption of
conductive paths while, in the case of crosslinked polymers, the mobility of the conductive
particles is lower.

It is obvious also that ρmax values are considerably higher for the crosslinked materials, a
behavior which is similar to that observed upon cooling. Repeated cycles produced increased
and wider resistivity peaks for crosslinked (CB + Gr)/HD and (CB + Gr)/(LLD + HD).

After the ρmax value is reached, the resistivity dropped abruptly until values of hun-
dred kΩ/sq, then the resistivity decreased slowly until few kΩ s were observed at r.t. The
slopes of ρ decay (the rate of resistivity decrease) increased with the number of cycles for
thermoplastic (CB + Gr)/HD, which remained practically unchanged for thermoplastic
(CB + Gr)/(LLD + HD), but tended to decrease for crosslinked composites, especially
for the (CB + Gr)/HD one (Tables 4 and 5). This behavior would be related, as well, to
limited mobility of conductive particles in crosslinked polymers. Excepting thermoplastic
(CB + Gr)/HD, all other materials presented slightly higher values of r.t. resistivity after
each thermal cycle suggesting a certain “ageing” process.
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3.3. DSC Measurements

DSC measurements aimed to check if the structural changes induced by repeated cycles
in air in DSC furnace would be related to the above-discussed parameters of resistivity vs.
temperature curves. The typical recorded heating and the cooling curves are presented in
Figure 13. Note that, because the aim of these measurements was to correlate the parameters
of the DSC curves to ρ-T curves to melting and crystallization data from DSC, and to detect
eventual changes induced by repeated thermal cycles, the samples were measured in their
initial state, as resulted from molding, without any treatment for erase their initial thermal
history (as usual when the intrinsic melting and crystallization behaviors are assessed, see
for example reference [35]).
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Figure 13. DSC curves from three repeated heating/cooling cycles between r.t. and 170 ◦C of
thermoplastic (CB + HD)/(LLD + HD) composite: (a) heating curves (5 ◦C /min, air); (b) cooling
curves (5 ◦C /min, air).

It was observed that for both thermoplastic and crosslinked (CB + Gr)/(LLD + HD)
composites, the heating curves at the first cycle differs from others by presence of a peak
at ~114.5 ◦C (it disappeared to further 2nd and 3rd cycles) and a Tmax value of ~130.7 ◦C
which subsequently decreased to ~128.1 ◦C. As the melting peak (for the 2nd and 3rd cycles)
is unique, without shoulders or secondary peaks, it can be concluded that the LLD/HD
blend is homogeneous. The small peak at ~114.5 ◦C, on the peak at first cycle, was related
to a pseudo-crystalline phase possibly resulted on composite molding [22]. It seems to be
related to the presence of HDPE. In the case of thermoplastic (CB + Gr)/HD composite, the
shoulder on the main peak persists to further cycles while, for the crosslinked material, this
shoulder is visible in the cooling curve at first cycle only, and not in the further ones. A
diminution in crystallinity (calculated from DSC) of ~10% is also produced after the first
cycle for crosslinked (CB + Gr)/HD as compared to less than 2% for (CB + Gr)/(LLD + HD)
composites (either crosslinked or thermoplastic). For thermoplastic (CB + Gr)/HD com-
posite, the drop in crystallinity after the first cycle is ~15%, but the decrease continued
to further cycles, suggesting that thermoplastic HDPE network would be less stable than
(CB + Gr)/(LLD + HD) one.

In general, the parameters of the heating curves of (CB + Gr)/(LLD + HD) shown in
Table 6 were practically the same for the 2nd and the 3rd cycles, and differed slightly from
those of the first cycle. In the case of (CB + Gr)/HD composites, the previous statements
are especially valid for the crosslinked material, while the thermoplastic one appears less
stable at repeated cycles test (Table 7). However, as the melting temperature does not
practically change with repeated DSC cycles, the observed changes cannot be attributed to
oxidative (chemical) degradation, but rather to molecular rearrangements which affect the
crystallinity content.
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Table 6. Kinetic parameters of the melting curve of (CB + Gr)/(LLD + HD).

Dose (kGy) Cycle Tm (◦C) ∆Hm (J/g) Tonset (◦C) Toffset (◦C)

0

1 130.66 122.5 124.6 133.24

2 128.14 117.5 121.4 130.82

3 128.18 117.4 121.3 130.70

150

1 130.72 122.2 123.7 133.30

2 128.43 119.9 121.6 130.35

3 128.44 119.5 121.6 130.33

Table 7. Kinetic parameters of the crystallization curve of (CB + Gr)/(LLD + HD).

Dose (kGy) Cycle Tc (◦C) ∆Hc (J/g) Tonset (◦C) Toffset (◦C)

0

1 117.96 −106.6 119.87 114.28

2 117.93 −106.6 119.85 114.17

3 117.95 −106.7 119.96 114.22

150

1 118.47 −106.4 120.21 114.56

2 118.43 −106.2 120.25 114.45

3 118.47 −106.2 120.34 114.57

The behavior of the (CB + Gr)/(LLD + HD) samples at the first heating cycle (Table 6)
are similar to those of the resistivity variations with the temperature (see Tonset, Tmax, Toffset
data in Table 3) in the sense that the parameters of the first cycle are different from those of
other two cycles which are practically equal. The resistivity peak (Tmax) values are close
to the Toffset from DSC ones (Figure 14), suggesting that the maximum of the resistivity is
reached when the crystallinity completely disappear.
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In the case of thermoplastic HDPE composite, the temperature of reaching ρmax is
closer to Toffset (DSC), that is the maximum of resistivity corresponds to complete molten state
of the matrix (Figure 14). This behavior resembles to (CB + Gr)/(LLD + HD) composites.
For the crosslinked (CB + Gr)/HD composite, the temperatures of ρmax are better correlated
to Tmax (DSC), meaning that there is still crystallinity within the system when the ρmax value
is attained. In general, the resistivity data seem to be poorly correlated with DSC ones for
(CB + Gr)/HD composites as compared to (CB + Gr)/(LLD + HD) ones.

The cooling curves are practically the same for all three cycles both in the case of
thermoplastic and crosslinked (CB + Gr)/(LLD + HD) composites (Figure 13b, Table 7). In
the case of crosslinked composite, the crystallization occurs slightly earlier, as the higher
values of Tmax and Tonset suggest, as compared to the thermoplastic material, due to
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lower mobility of crosslinked polymer chains. However, the duration of crystallization
process remains practically the same, as suggest the values of difference between the
average Tonset and Toffset values (∆c = Tonset − Toffset), which are equal to 5.67 ◦C for
thermoplastic and 5.72 ◦C for crosslinked composite. HDPE composites behave in general
similarly (Tables 8 and 9), with the only difference of the above-mentioned shoulder. The ∆c
parameter has similar values to (CB + Gr)/(LLD + HD), namely, 5.67 ◦C for thermoplastic
and 5.74 ◦C for crosslinked (CB + Gr)/HD composites, suggesting that crystallization
processes are similar for both materials.

Table 8. Kinetic parameters of the melting curve of (CB + Gr)/HD.

Dose (kGy) Cycle Tm (◦C) ∆Hm (J/g) Tonset (◦C) Toffset (◦C)

0

1 131.92 183.4 124.56 135.84

2 131.24 156.2 122.84 134.66

3 131.24 149.4 122.68 134.85

150

1 131.92 175.5 124.56 135.84

2 130.67 157.1 121.53 133.65

3 130.64 157.2 121.57 133.75

Table 9. Kinetic parameters of the crystallization curve of (CB + Gr)/HD.

Dose (kGy) Cycle Tc (◦C) ∆Hc (J/g) Tonset (◦C) Toffset (◦C)

0

1 119.90 −128.7 122.73 112.31

2 119.84 −122.4 122.52 112.59

3 119.93 −122.2 122.69 112.28

150

1 119.47 −128.8 121.88 112.12

2 119.42 −121.4 121.98 112.32

3 119.41 −121.0 122.05 112.27

Concerning the correlation between the parameters of ρ-T and DSC cooling curves,
for (CB + Gr)/(LLD + HD) composites, T′max values (considered as relevant for PTC
properties) are closer to Tonset ones from DSC (Figure 15). This result is consistent with that
from heating curves (Figure 14) in the sense that the maximum of the resistivity corresponds
to the start of crystallization process (the system does not contain crystallinity, but it is
going to have it immediately). For (CB + Gr)/HD composites, T′max values are also close to
the Tonset (DSC), meaning that the melt HDPE matrix behave similarly to (LLD + HD) one.
Note also that the values of peak temperatures (Tmax) from DSC curves did not indicate
the occurrence of some structural changes during the multiple thermal cycles, hence no
chemical degradation can be supposed neither heating nor cooling.
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The correlations of the behavior of the studied composites in DSC and ρ-T measure-
ments would be related to major changes in conductive particles distribution within the
liquid polymer matrix. However, it is not clear why the considerably rise of resistiv-
ity peak height in the case of crosslinked composites is observed. If radiation used for
crosslinking bonds strongly, the CB particles on polymer chains, matrix dilatation in molten
state should enable stronger dilatation effects. Thermally induced supplementary fixa-
tion of CB particles during the repeated cycles would result in higher resistivity values
for (CB + Gr)/(LLD + HD), both in crosslinked and in thermoplastic state, as well as for
crosslinked (CB + Gr)/HD composite. For Gr particles (where no significant interactions
with the polymer chains are expectable), the rearrangement in the molten state is more
probable mechanism. Hence, the higher values of the crystallinity and Tmax at the first
cycle can be assigned to molecular rearrangements during the sample molding and subse-
quent storage. Their evolution is in the same direction with the thermal parameters of the
resistivity, but not with the resistivity values themselves.

3.4. Temperature Self-Regulation Behavior

The operation of the studied composites as self-regulating heating elements is illus-
trated in the Figures 5 and 16–18 and is based on the PTC effect shown in Figures 8 and 9.
Practically, the jump of 4–5 orders of magnitude of the resistivity, from a few kΩ/sq to
values of the order of 104–105 kΩ, enables a clear transition of the material from the state of
semiconductor to that of electrical insulator, ensuring so the functionality of the element.
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The curves of surface temperature (Ts) vs. time (Figure 5) show, as already mentioned,
the effect of some treatments on Ts. It can be noted that although the surface equilibrium
(plateau) temperature (Ts(eq)) is considerably lower than Tmax (from the ρ-T or DSC curves),
and the materials show an obvious self-limiting effect of Ts.

Figure 16 shows that, apart from compositional effects and those regarding treatments
applied during or after processing, the Ts value can also be controlled with the help of the
voltage (electric field) applied between the electrodes of the element. This feature allows
these materials to be used over a much wider temperature range, not just near Tmax. In this
range, where Ts < Tmax, the material operates in a regime apparently similar to constant
power devices. However, from Figure 17, it can be seen that the self-limiting properties
are clearly manifested for very long, practically infinite periods, in which both Ts and the
intensity of the current passing through the element remain constant.

Figure 18 shows the thermal image of the surface of a heating element in the form of
a plate with dimensions of 120 × 100 × 0.8 mm made from (CB + Gr)/HD thermoplastic
material (with the electrodes fixed on the 120 mm sides). The uniformity of the temperature
distribution on the surface of the element is noticeable, even during heating, when the
non-uniformity of the temperature field is expected to be higher, especially for samples
with large distances between the electrodes.

4. Conclusions

A novel conductive composite material with homogeneous binary polymer matrix of
HDPE and LLDPE and mixed conductive fillers (carbon black and graphite) was tested
against a composite with similar conductive filler but with HDPE matrix. Even the concen-
tration of the conductive filler was deliberately lower for (CB + Gr)/(LLD + HD), and the
properties of this composite are comparable or better to those of (CB + Gr)/HD.

The kinetic parameters of the ρ–T curves (most relevant being Tmax on heating and
T′max on cooling) correlate well with Toffset on heating or Tonset on cooling from the DSC
curves, indicating that the resistivity peak is obtained when the polymer matrix is fully
melted. However, for (CB + Gr)/HD, upon heating, the maximum of resistivity corresponds
to Tmax from DSC, i.e., when a certain degree of crystallinity still persists in the system.

When subjected to repeated thermal cycles, the composite (CB + Gr)/(LLD + HD)
presented a better electrical behavior than CB + Gr)/HD, with an increase in ρmax values
with the number of cycles, as well as less intense NTC effects, both for the crosslinked and
thermoplastic samples.

Radiation crosslinking led to increased ρmax values, as well as inhibition of NTC effects
in both cases, thus having a clear beneficial effect.

Limitation effects of surface temperature and current intensity through the sample
were observed at different voltages, enabling the use of these materials as self-regulating
heating elements at temperatures below the melting temperature.
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The procedure based on physical mixing of components appears more efficient in
imparting lower resistivity in solid state and high PTC effects to the composites, possibly
due to the concentration of the conductive particles at the surface of the polymer domains.
This heterogeneous distribution of the filler would facilitate the formation of the conductive
paths, because a greater number of conductive particles are available on the surface of the
polymer domains (the conductive filler would escape easier to be incorporated into the
insulating polymer layer). Further work is still necessary to optimize both the procedure of
composite synthesis and the properties of such materials.
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Abstract: In this work, to better understand the bonding process of plastic plywood panels, the
effects of recycled low-density polyethylene (rLDPE) film of three thicknesses (50, 100, and 150 µm)
and veneers of four various wood species (beech, birch, hornbeam, and poplar) on the properties of
panels were studied. The obtained properties were also compared with the properties of plywood
panels bonded by virgin low-density polyethylene (LDPE) film. The results showed that properties
of plywood samples bonded with rLDPE and virgin LDPE films differ insignificantly. Samples
bonded with rLDPE film demonstrated satisfactory physical and mechanical properties. It was also
established that the best mechanical properties of plywood are provided by beech veneer and the
lowest by poplar veneer. However, poplar plywood had the best water absorption and swelling
thickness, and the bonding strength at the level of birch and hornbeam plywood. The properties of
rLDPE-bonded plywood improved with increasing the thickness of the film. The panels bonded with
rLDPE film had a close-to-zero formaldehyde content (0.01–0.10 mg/m2·h) and reached the super
E0 emission class that allows for defining the laboratory-manufactured plastic-bonded plywood as
an eco-friendly composite.

Keywords: plastic film-bonded plywood; recycled polyethylene film; formaldehyde release;
physical-mechanical properties; bonding strength; wood species

1. Introduction

Despite the widespread use of traditional wood-based materials such as particle
board, oriented strand board (OSB), and medium-density fiberboard (MDF), plywood is
still a valuable material used in many industries. In 2020, the industrial production of
wood-based panels in the world reached an output of 367 mln. m3, including 118 mln.
m3 (32.2%) of plywood [1]. Synthetic adhesives based on formaldehyde are mainly used
for the manufacture of wood-based panels, including plywood [2]. Among the synthetic
adhesives, the urea-formaldehyde (UF) adhesives are the most widely used adhesives for
the preparation of interior grade composites used for furniture and a wide variety of other
applications, accounting for about 85% of the total volume worldwide [3,4].

Along with their many advantages such as chemical versatility, a high reactivity,
excellent adhesion properties, solubility in water, relatively low curing temperatures, a
short pressing time, ease of transportation, and a relatively low cost [2,5], these adhesives
are characterized by certain problems associated with the release of hazardous volatile
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organic compounds (VOCs), including free formaldehyde, from finished wood compos-
ites. Formaldehyde is carcinogenic to humans and harmful to the environment, and its
release indoors is associated with adverse human health problems [6,7]. The growing
environmental problems and strict legal requirements for free formaldehyde emissions
from wood-based panels have posed new challenges to researchers and industry in the
development of environmentally friendly engineering wood products with close-to-zero
formaldehyde emissions [8]. Therefore, the development of highly efficient ultra-low
formaldehyde emissions is necessary for the sustainable production of wood-based panels.
The current state of research and recent developments in the field of ultra-low formalde-
hyde emission wood adhesives and formaldehyde scavengers for manufacturing low-toxic,
eco-friendly wood-based panels is summarized in the review [9].

On the other hand, it is well known that environmental pollution and the scarcity
of natural resources are becoming pressing issues. Every year, a huge amount of plastic
waste is generated worldwide (≈6.3 billion tons) [10]. Only 9% of plastic waste is recycled,
another 19% is incinerated, 50% ends up in landfill, and 22% evades waste management
systems and goes into uncontrolled dumpsites, is burned in open pits, or ends up in
terrestrial or aquatic environments [11]. Plastic waste generated annually per person varies
from 221 kg in the United States and 114 kg in European OECD countries to 69 kg, on
average, for Japan and Korea [11]. In Ukraine, on average, 250–270 kg of plastic waste
is generated annually per person. Moreover, most of the waste goes to landfills, mainly
industrial waste, of which only 2–3% is disposed of, others accumulate in landfills and
local landfills [12]. Of the total amount of waste generated, almost 50,000 tons is polymer
waste, of which low-density polyethylene (LDPE) and high-density polyethylene (HDPE)
account for more than 30% of the total amount of polymer waste in Ukraine [13]. In
Ukraine, only 10% of waste polymer materials are recycled, while the period of polymers
biodegrading, such as plastic bags, is hundreds of years. The combustion of polymeric
materials releases hazardous substances that pose a great danger to the environment. That
is why the problem of recycling polymer waste is very relevant. Plastic is widely used
in many applications, especially in the form of disposable products such as plastic bags,
agricultural, and greenhouse films. These wastes mainly consist of polyethylene (PE),
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC) [14]. The disposal
of plastic is one of the major concerns for the environment due to its slow degradation.
Nowadays, recycling waste by using it in production processes has also been in trend
because it can prevent environmental pollution and reduce production costs.

Therefore, one of the promising directions for solving the problem of plywood toxicity
is the use of thermoplastic polymers, especially recycled, instead of toxic thermosetting
adhesives [4,15–20]. This not only improves the environmental performance of plywood
and its production conditions, which mainly affects the quality and cost of plywood
production, but also reduces the negative impact of such polymers on the environment due
to the long process of their biodegradation. Recycled thermoplastic films can withstand
more than two or three cycles of processing without compromising their physical and
mechanical properties [21]. The application of thermoplastic film as an adhesive for the
bonding of veneer, apart from the fact that the film is formaldehyde-free, has several
other advantages compared with using liquid adhesives, which were described in our
previous works [18–20]. Moreover, the recycled thermoplastic polymer materials are
waste products and are cheaper than virgin polymers [22]. Therefore, the disposal of
recycled thermoplastic synthetic waste allows economizing virgin polymer resources and
simultaneously protecting the environment.

Nevertheless, recent studies on thermoplastic polymers used as adhesives have mainly
focused on the application of virgin polymers for bonding wood veneers in plywood pro-
duction [16,18–20,23]. However, there is already some experience in the use of secondary
thermoplastic polymers for bonding veneers. For example, 1.5-mm industrial grade pine and
birch veneers were bonded with waste polystyrene (PS) recovered from disposable plates and
utensils at the bonding parameters as follows: thermoplastic load 750 g/m2, press temperature
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200 ◦C, maximum unit pressure 1.5 MPa, total pressing time 300 s [17]. The authors showed
that birch wood having a higher hardness gave higher bonding strengths.

The recycled thermoplastic polymers produced from tetra package waste, domestic
film waste, recycled synthetic textile fibers (polyurethane and polyamide-6), and recycled
polypropylene are also used as adhesives for bonding the birch wood veneer [15]. It was
found that the use of different recycled thermoplastic waste products for the bonding
of birch wood veneer guaranteed the shear strength of the materials, which is higher
than some virgin polymers and considerably exceeds the adhesive strength of industrial
plywood based on phenol–formaldehyde adhesives. The optimal technological parameters
for producing samples were noted: pressure 2 MPa, contact time 1–2 min, and a temperature
for polyethylene of 130 ◦C, for polypropylene of 180 ◦C, and for polyamide-6 of 220 ◦C.

In another study [24], the recycled 500 g shopping plastic bags, mainly composed of
polyethylene, polypropylene, polyvinyl chloride, and polystyrene were used as adhesive
for bonding poplar veneer. Before using, the recycled plastic bags were cleaned, processed
with a chemical reagent, dried, and shredded. A different amount of recycled plastic
bags, 60, 80, 100, and 120 g/m2, was spread between veneers. It was concluded that the
optimal hot-pressing parameters are as follows: a plastic use of 100 g/m2, a hot-pressing
temperature of 150 ◦C, and a hot-pressing time of 6 min. The bonding strength of the
plywood decreased markedly in response to the increase in the dosage of plastics.

Other authors [25] made the laminated veneer lumber (LVL), utilizing high-density
polyethylene (HDPE) from supermarket plastic bags as an adhesive for bonding wood
veneers from amescla wood (Trattinnickia burseraefolia) in a laboratory scale. Three HDPE
amounts were evaluated: 150 g/m2, 250 g/m2, and 350 g/m2. In general, composite boards
showed good quality and mechanical properties were similar or higher than those found
in LVL manufactured using thermosetting resin. The composite boards made with the
350 g/m2 HDPE amount showed better mechanical and dimensional stability properties.
Close contact between the HDPE plastics and the wood cell walls resulted in a stronger
physical and mechanical bond [26].

One of co-authors mixed wood flour and low-density polyethylene (LDPE) for rerout-
ing plastics waste to make wood composite plastics (WPC). Results of this study revealed
that WPC could be produced with a predominant matrix of LDPE up to 95%. The role of
the plastics matrix was beneficial in terms of a shortened degradation in nature, and even
the mechanical properties were affected, particularly higher in MOE [27].

Another study [28] demonstrated the suitability of recycling waste milk pouches of
40 and 60 µm thickness made out of low-density polyethylene (LDPE) as the bonding
agent in preparing plywood panels from veneers of Melia dubia wood. The panels were
prepared with varying proportions of LDPE films amounting to a polymer content of
80 g/m2, 105 g/m2, 210 g/m2, and 310 g/m2. The polymer content of 210 g/m2 was found
to be the optimum level to ensure the satisfactory physical and mechanical properties
of panels.

It was demonstrated that waste polyethylene in the form of granules between 0.7 mm
and 1.3 mm in thickness could be also used in the manufacture of OSB panels, resulting in
the enhancement of physical and mechanical properties [29].

In this study, the focus is on recycled LDPE as it is the most widespread type of plastics
in the packaging industry (different films) and agriculture (crop protection films, haylage
films). Recycled plastics contain a multitude of added chemical additives/contaminants
(e.g., pesticide residues, pigments, flame retardants, etc.) [30]. The identification of these
chemical additives is quite a difficult concern. It was established that the chemical com-
position of recycled LDPE was not more complex than that of virgin LDPE [31]. The
authors explain this by the fact that in the process of recycling, organic compounds may be
partially or selectively removed in the cleaning and/or extrusion steps of the recyclate [31].
Moreover, the recycled LDPE has higher tensile strength and shrinkage, but a lower mass
flow index compared to virgin LDPE [32].
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However, there is a lack of literature data comparing the adhesive ability of virgin
and recycled LDPE polymers. Therefore, the purpose of this study was to obtain a better
understanding of the bonding process of plastic plywood with recycled LDPE film when
using various wood species and to compare the obtained properties with the properties of
plywood panels bonded by virgin LDPE film.

2. Materials and Methods
2.1. Materials

In the experiments, the rotary-cut veneers of poplar (Populus alba L.), birch (Betula
verrucosa Ehrh.), beech (Fagus sylvatica L.), and hornbeam (Carpinus betulus L.) with thicknesses
of 0.75 mm, 1.55 mm, 0.45 mm, and 1.50 mm, respectively, and with a moisture content of
6 ± 2% were used. The recycled low-density polyethylene (rLDPE) film (LLC “Planet Plastic”,
Irpin, Ukraine) with the same dimensions as the veneers and thicknesses of 50 µm, 100 µm,
and 150 µm, density of 0.92 g/cm3, and melting point of 108 ◦C was used for the bonding of
plywood samples. The amount of plastic rLDPE film at thicknesses of 50 µm, 100 µm, and
150 µm equals 46, 92, and 138 g/m2, respectively. Virgin LDPE film with a melting point of
105–110 ◦C under the same conditions was used for the comparison.

2.2. Manufacturing and Testing of Plywood Samples

Three-layer plywood samples were made (Figure 1). Sheet of film was incorporated
between the two adjacent veneer sheets. The prepared veneer assemblies were subjected to
hot pressing in the lab press at a pressure of 1.4 MPa and temperature of 160 ◦C for 4.5 min.
After hot pressing, the plywood samples were removed from the press and were subjected
to the cold pressing at room temperature. The cold pressing was performed to release
internal stresses and reduce the warping of samples. Then, the plywood panels were air
conditioned at 20 ± 2 ◦C and 65 ± 5% (RH). Three plywood samples were prepared at
each condition.

Figure 1. Schematic of plywood samples production.

Density, bending strength (MOR), modulus of elasticity in bending (MOE), shear
strength, water absorption (WA), and thickness swelling (TS) of rLDPE film-bonded ply-
wood samples were determined according to the standards [33–37]. The shear strength
was measured after pre-treatment for bonding class 1—dry conditions—and plywood
test pieces were immersed in water at 20 ± 3 ◦C for 24 h [35,36]. To determine the WA
and TS, the samples were immersed in distilled water for 2 and 24 h according to the EN
317 standard [37]. For each variant, at least ten samples were used for the shear strength
test and six samples were used to determine MOR, MOE, WA, and TS.

For each test series, one panel was randomly selected for analysis of formaldehyde
content (FC) based on EN ISO 12460-3 standard (gas analysis method) [38]. In addition,
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urea-formaldehyde (UF) adhesive was used to manufacture plywood samples for the
comparison of formaldehyde release from UF and plastic-bonded samples. UF resin with
a 67% solid content, Ford cup (4 mm, 20 ◦C) viscosity of 117 s, spot life of 49 s, and a pH
value of 8.2 was used in the experiments. For the preparation of UF adhesive, 20% solution
of ammonium chloride as hardener and kaolin as filler were used. The plywood samples
using UF adhesive were produced according to the pressing parameters usually used in
practice: adhesive spread 110 g/m2, pressing temperature, pressure, and time of 160 ◦C,
1.8 MPa, and 6 min, respectively.

Furthermore, the measurement of the core temperature inside the veneer package
under given wood species and thickness of rLDPE film was undertaken. Temperature
changes were measured using thermocouples connected to a PT-0102K digital multichannel
device [39]. Statistical analysis of the obtained results was conducted using SPSS software
program version 22 (IBM Corp., Armonk, NY, USA).

3. Results

The properties of rLDPE-bonded plywood samples were compared with the properties
of virgin LDPE-bonded samples obtained by us in the previous work [20]. The effect of the
veneer wood species on several physical and mechanical properties of plywood samples
was found statistically significant. In addition, different thicknesses of the film caused the
differences in the properties of samples. The average values of the thickness and density of
plywood samples bonded by rLDPE and LDPE films are given in Table 1.

Table 1. Thickness and density of plywood samples.

Wood Species Thickness of
Veneer (mm)

Thickness of
Film (µm)

Thickness of Plywood Samples (mm) Density of Plywood Samples (kg/m3)

rLDPE LDPE rLDPE LDPE

Poplar 0.75 50 2.19 (0.02) * 2.19 (0.03) 435.36 (19.94) 463.86 (14.48)
100 2.23 (0.06) 2.23 (0.04) 463.91 (22.45) 488.74 (15.80)
150 2.22 (0.04) 2.23 (0.03) 484.48 (13.87) 505.11 (23.46)

Beech 0.45 50 1.39 (0.07) 1.32 (0.05) 618.25 (25.36) 661.16 (17.68)
100 1.31 (0.03) 1.35 (0.02) 659.83 (14.94) 677.45 (19.69)
150 1.42 (0.09) 1.39 (0.06) 673.05 (39.87) 720.20 (27.75)

Birch 1.55 50 4.57 (0.09) 4.41 (0.11) 649.93 (13.65) 668.21 (18.90)
100 4.62 (0.07) 4.52 (0.11) 644.95 (36.16) 651.82 (43.34)
150 4.69 (0.09) 4.58 (0.06) 632.36 (39.23) 659.53 (13.06)

Hornbeam 1.50 50 4.47 (0.09) 4.35 (0.13) 749.41 (17.66) 784.63 (15.08)
100 4.49 (0.16) 4.18 (0.03) 765.83 (34.76) 790.09 (15.82)
150 4.33 (0.13) 4.52 (0.03) 771.01 (15.96) 802.13 (10.94)

* Values in parenthesis are standard deviations.

3.1. Density of Plywood Samples

Since the veneer of different wood species was used for the manufacture of plywood
samples, it was natural that the density of the samples would depend on the wood species.
Plywood samples had a lower density using low-density wood species under the same
pressing conditions. The lowest average density of 461 kg/m3 was recorded for the poplar
and the highest of 762 kg/m3 for the hornbeam plywood samples bonded with rLDPE film
(Figure 2a). The densities of birch and beech plywood samples were 662 and 650 kg/m3,
respectively, and they differ insignificantly (p > 0.05) based on the Duncan’s test. A similar
trend in the density values was observed for samples bonded with virgin LDPE film
(Figure 2a). The values of the density of the plywood samples were related with the initial
density of the veneers. The densities of veneer used in this study were: for poplar wood
390 kg/m3, for beech wood 605 kg/m3, for birch wood 655 kg/m3, and for hornbeam wood
730 kg/m3. However, it should be noted that not only the density of the veneer, but also its
thickness affects the density of the finished plywood samples. The thickness of the veneer
used was different for various wood species (Table 1).
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Figure 2. Mean plots of density of plywood samples depending on wood species (a) and thickness of
rLDPE/LDPE film (b).

The film thickness has a much smaller effect (F = 13.690) on the density of plywood
samples compared to wood species (F = 803.682) according to the F-values of the ANOVA
analysis, but this effect was also significant (p ≤ 0.05). This can be explained by the much
smaller share of film compared to the share of wood in the volume of the plywood sample.
As the thickness of the film used increases from 50 to 150 µm, the density of rLDPE and
LDPE-bonded plywood samples increases by 4.2% and 4.1%, respectively (Figure 2b). The
plywood samples bonded with a film thickness of 50, 100, and 150 µm differ insignificantly
with each other in the density values (p > 0.05).

A non-strong significant difference in the values of the density of plywood samples
bonded with LDPE and rLDPE films was found (p = 0.043). Since the films had the same
thickness and density, this weak significance can be considered as a consequence of the
heterogeneity of veneer among the groups. Wood has a very complex anatomical structure
and different properties in various fiber directions. It is very difficult to select veneer sheets
identical in structure and properties even within the same wood species. The average
density values of the plywood samples that were bonded with LDPE film were higher
(656.1 kg/m3) than those for samples that was bonded with rLDPE film (629.0 kg/m3).
Thermosetting adhesives (urea-formaldehyde (UF), melamine-urea-formaldehyde (MUF),
and phenol-formaldehyde (PF) also significantly affect the density, MOR, and MOE of
plywood panels manufactured with eucalyptus, beech, and hybrid poplar veneers, as
evidenced by the results obtained by other authors [40]. On the contrary, Shukla and
Kamdem [41] studied laminated veneer lumber (LVL) manufactured from yellow poplar
veneers using UF, MUF, melamine formaldehyde (MF), and cross-linked polyvinyl acetate
(PVAc), and the results showed no differences.

3.2. Bending Strength and Modulus of Elasticity of Plywood Samples

ANOVA analysis showed that both wood species and film thickness and their in-
teraction significantly affect MOR and MOE. The lowest MOR of rLDPE-bonded poplar
plywood samples averaged at 61.5 MPa, the highest in hornbeam plywood was 101.6 MPa,
and 81.3 and 85.4 MPa in beech and birch plywood, respectively (Figure 3a). There is no
significant difference in MOR values between beech and birch plywood samples. There is
also an insignificant difference in MOR values among rLDPE-bonded and LDPE-bonded
plywood samples. The MOR of LDPE-bonded poplar plywood averaged at 62.5 MPa,
122.8 MPa in hornbeam plywood, and 84.2 and 82.2 MPa in beech and birch plywood,
respectively. The average MOR values for the hornbeam plywood were 1.65 times higher
than those values for poplar plywood. The density values of hornbeam plywood were also
1.65 times higher than those values of poplar plywood. This indicates a virtually linear
dependence of MOR on the density of plywood samples. It is known that density strongly
correlates with the strength of wood [42]—the greater the density the greater the strength.
This is well confirmed by our research [43,44], and agreed well with the results of other
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researchers [40,41], who found that the MOR and MOE of plywood panels increase with
increasing density.

Figure 3. Mean plots of bending strength (a,b) and modulus of elasticity (c,d) of plywood samples
depending on type of adhesive, wood species, and thickness of rLDPE/LDPE film.

However, when analyzing the impact of wood species on the MOR and MOE, it should
be noted that veneers of different wood species and thicknesses were used in this study. As a
result, the plywood samples had different thicknesses (Table 1). It is known that the thickness
of the veneer affects the MOR of plywood samples [44]. Several researchers [45–47] found
that the mechanical strength of plywood panels decreases with increasing veneer thickness
due to an average depth of lathe checks. It was established that for a 3 mm thick veneer, the
lathe check depth is about 70% of their thickness [48]. The thickness of the plywood panels
also affects the MOR and MOE. These dependences are expressed linearly [43,44]—MOR and
MOE decrease with increasing plywood sample thickness. This is in good agreement with the
data of other authors [46,47], who also found a decrease in bending strength by increasing the
thickness of the panel.

As the thickness of the rLDPE film used increases from 50 to 150 µm, the MOR of
plywood samples increases by 37.1%, from 71.0 to 97.3 MPa (Figure 3b). For the LDPE-
bonded plywood, the MOR of samples increases by 14.6%, from 80.9 to 94.7 MPa. Despite
this, the insignificant difference in the values of MOR of the plywood samples bonded with
rLDPE and LDPE films of different thicknesses was established. This is in good agreement
with previous work [49], which showed a reduction in the properties of plywood panels
with low amounts of polymer when using plastic film as an adhesive for bonding. Reducing
the polymer content leads to the worse and less complete filling of wood cavities and as
a result, fewer adhesive locks are formed, which provide bonding strength. This follows
from the concept of mechanical adhesion, since mechanical locking is considered the most
likely mechanism for bonding thermoplastic polymers to wood [15,16,18–20]. According to
Pizzi [50], secondary forces are the dominant mechanism of wood bonding.
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The lowest value of the MOE of rLDPE-bonded plywood samples is recorded for the
poplar samples of 8772.2 MPa, then for the birch samples of 10,451.6 MPa, for the hornbeam
samples of 11,922.7 MPa, and the highest for the beech samples of 13,165.5 MPa (Figure 3c).
Thus, the poplar plywood samples had the greatest flexibility and elasticity, and the beech
samples, the greatest rigidity. When increasing the film thickness from 50 to 150 µm, and,
hence, with an increasing polymer content, the MOE of rLDPE-bonded plywood increases
by 15.2% from 10,373.9 MPa for a 50 µm thickness to 11,949.7 MPa for a 150 µm thickness
(Figure 3d); plywood becomes stiffer and less elastic. A similar tendency is observed for
LDPE-bonded plywood (Figure 3d); under similar conditions, the MOE value increased
by 12.8%. The difference between the MOE values for plywood bonded with LDPE and
rLDPE films is insignificant (p > 0.05) based on the Duncan’s test.

3.3. Shear Strength of Plywood Samples

It was established that the shear strength of plywood samples depends significantly on
both wood species and film thickness and their interaction. The effect of film thickness was
stronger (F = 195.981) than the effect of wood species (F = 106.074). All plywood samples
met the requirements of the EN 314-2 standard [36] with the average values of shear
strength (Figure 4a) that were above the limit value (1.0 MPa) indicated in the standard.
Beech plywood samples showed the highest shear strength value of 1.77 MPa, and poplar
samples showed the lowest shear strength value of 1.08 MPa. Poplar, birch, and hornbeam
plywood samples differed insignificantly (p > 0.05) in terms of shear strength based on
the Duncan’s test. All plywood samples had satisfactory bonding strength for indoor
applications. The difference between the values of shear strength for the plywood samples
from investigated wood species bonded with LDPE and rLDPE films was insignificant
(p > 0.05) based on the Duncan’s test.

Figure 4. Mean plots of shear strength of plywood samples depending on type of adhesive, wood
species (a) and thickness of rLDPE film (b).

One of the reasons for the higher bonding strength of beech plywood compared to
other wood species used is the use of beech veneer of the smallest thickness (Table 1).
Less veneer thickness, fewer lathe cracks in the veneer, and therefore the higher bonding
strength. Several authors [51,52] also suggested that the shear strength reflects mainly the
quality of veneer. Usually, the thicker the veneer, the deeper and more spaced the lathe
checks [46]. The deep lathe checks and rough surfaces in thick veneers significantly reduce
the shear strength of the plywood samples. Plywood samples from poplar veneer of lower
density and thickness, as well as plywood samples from birch and hornbeam veneers of
higher density and thickness, differed insignificantly in terms of bond strength based on
the Duncan’s test (Figure 4a). As was described in previous work “the amount of polymer
that penetrates per unit volume of poplar veneer with a thickness of 0.75 mm is much
greater than the amount of polymer that penetrates per unit volume of birch veneer with a
thickness of 1.55 mm or hornbeam veneer with a thickness of 1.50 mm” [20]. In addition,
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less polymer penetrates the cavities of birch and hornbeam veneer, because their porosity is
lower than that of poplar veneer. A linear relationship exists between the bonding strength
and the porosity [53].

With an increase in the film thickness from 50 to 150 µm, and, hence, in the polymer
content, the shear strength of plywood samples bonded with rLDPE film increases 2.1 times
(Figure 4b). Since the bonding strength is ensured by the formation of mechanical locks [15,16],
as the film thickness increases, more polymer penetrates the wood cavities and more such
mechanical locks are formed. This positively affects the bonding strength. However, it was
found that in the case of using a film thickness of 50 µm, the thermoplastic polymer is clearly
insufficient to ensure a satisfactory bonding strength. The shear strength of plywood samples
bonded with an rLDPE film thickness of 50 µm averaged at 0.77 MPa and was lower than the
value of 1.0 MPa specified in standard EN 314-2 [36]. This low bonding strength is due to the
low adhesive spread rate for this film thickness, which was equivalent to 46.0 g/m2. This is
almost three times less than the amount of adhesive used in practice for liquid thermosetting
adhesives. On the contrary, a virgin LDPE film thickness of 50 µm provided a bonding
strength 1.6 times higher (1.26 MPa) than an rLDPE film of similar thickness (Figure 4b).
Whereas, a 150 µm rLDPE film provided a bonding strength (1.60 MPa) 1.2 times higher
than an LDPE film of similar thickness. Nevertheless, the average values of shear strength
for rLDPE- and LDPE-bonded plywood samples were 1.29 and 1.34 MPa, respectively, and
differed insignificantly based on the Duncan’s test.

The interaction of wood species and film thickness also significantly affects the bonding
strength. As already mentioned, the bonding strength depends on the quality of the veneer,
as well as the degree of penetration of the polymer into the veneer. Wood species with
higher porosities provide a better penetration of polymer into the wood. According to
several researchers [15,16], in the case of using thermoplastic polymers as an adhesive for
the gluing of wood veneer, the concept of mechanical adhesion is suitable. This concept
involves good penetration of polymer into the wood and the formation of adhesive locks.
In this case, the bonding strength will depend on the number of such locks; the more of
them and the deeper they are, the better the bonding strength. Therefore, the spread of
polymer on the surfaces and in the structure of wooden elements is of great importance.
For the melting of polymer and its spreading on a surface and in the structure of wooden
elements, the pressing temperature should be sufficient. As can be seen from the heating
curves of the core layer of the veneer package (Figure 5), the accepted pressing temperature
was sufficient for this. The thickness of the film or the content of the polymer does not
affect the heating rate and it can be neglected. Packages of poplar and beech veneer heat
up faster than packages of birch and hornbeam veneer. This is due to both the density of
wood and the thickness of the veneer used.

Figure 5. Core temperature curves of plywood samples made with (a) veneers of different wood
species and rLDPE film of 150 µm thickness, and (b) beech veneers and different thicknesses of
rLDPE film.
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Moreover, unlike other wood composite materials, plywood has a continuous bondline.
In the case of a significant porosity of wood or a low viscosity of the polymer and its low
consumption, an excessive penetration of the polymer may occur, and it may not be
enough to form a continuous bondline of uniform thickness, which leads to a decrease
in bonding strength. That is why the film thickness of 50 µm was not sufficient to form
a continuous adhesive layer. This caused starvation at the bondline and poor bonding
(unsatisfactory bonding strength). Nevertheless, it should be noted that penetration is
but one factor contributing to bond performance. The results of several authors [53]
verified that compatibilizers and nanoparticles are suitable candidates to improve the
bonding strength.

3.4. Water Absorption and Thickness Swelling of Plywood Samples

The ANOVA analysis was performed on the data to evaluate the effect of wood species
and the thickness of the plastic film on the WA and TS of the plywood samples after 2 and
24 h immersion in water. It was found that both factors affect significantly the WA and TS of
samples. The weaker WA (2 h) was observed in birch and hornbeam samples bonded with
rLDPE film of 36.1% and 38.4%, respectively (the difference between them is insignificant),
the stronger WA (2 h) in beech and poplar samples 46.0% and 48.8%, respectively (the
difference between them is insignificant). After soaking in water for 24 h, the lowest WA of
48.7% was observed in birch plywood samples bonded with rLDPE film, and the largest
WA of 95.5% in poplar samples (Figure 6a). Although the plywood samples bonded with
virgin LDPE film showed a similar trend and less WA values than those bonded with
rLDPE film (Figure 6a), but the difference between WA values for these two types of films
was insignificant (p > 0.05).

The statistical analysis showed that wood species has a stronger effect on TS values of
rLDPE-bonded plywood samples for both 2 h and 24 h than the thickness of plastic film.
During the first 2 h of soaking in water, the least TS was observed in the poplar plywood
samples of 5.0%, and the largest of 10.4% in the hornbeam samples (Figure 6c). Birch, beech,
and hornbeam plywood samples did not differ in the values of TS for 2 h based on the
Duncan’s test. During the 24 h of soaking in water, the least TS was observed in the poplar
plywood samples of 5.7%, and the highest of 11.4% in the hornbeam samples (Figure 6c).
Birch and beech plywood samples did not differ in the values of TS for 24 h based on the
Duncan’s test. The plywood samples bonded with a virgin LDPE film demonstrated a
similar trend in TS values as those bonded with rLDPE film (Figure 6c), and the difference
between TS values for these two types of films was insignificant (p > 0.05).

As can be seen (Figure 6c), a very small differences between the values of TS for 2 h and
24 h exist for the rLDPE/LDPE-bonded plywood samples from veneer of all investigated
wood species. Small differences between the values of WA for 2 h and 24 h were observed
only for beech, birch, and hornbeam plywood samples (Figure 6a). This indicates that the
samples absorb water and swell most intensively during the first 2 h of soaking in water.
For poplar plywood samples bonded with rLDPE film, the WA increases almost twice with
the duration of immersion in water from 2 h to 24 h (Figure 6a).

The obtained values of WA and TS are in good agreement with the generally accepted
statement that these parameters are strongly related to density [54]. A higher density of
plywood samples leads to fewer voids and, consequently, to lower WA, but higher TS.
The wood species and the thicknesses of veneer and film affect the density of plywood
samples, and therefore their WA and TS. This is well illustrated by the example of poplar
plywood samples. A higher porosity (lower density) of poplar veneer compared to other
investigated wood species leads to a higher WA of plywood samples bonded with rLDPE
and LDPE films (Figure 6a). WA occurs by filling the voids and pores with moisture. On
the other hand, for the plywood samples from poplar veneer, the lowest TS was observed
(Figure 6c), which is due to the small thickness of the veneer used. As a result, more
polymer penetrated per unit volume of this veneer than per unit volume of birch, beech,
and hornbeam veneers.
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Figure 6. Mean plots of WA (a,b) and TS (c,d) of plywood samples depending on wood species
(a,c) and thickness of film (b,d).

As the film thickness increases, and, hence, the amount of thermoplastic polymer,
the WA and TS values of rLDPE-bonded plywood samples decrease for 2 h and 24 h.
The lowest values of WA (Figure 6b) and TS (Figure 6d) were observed in the plywood
samples bonded with 150 µm thick rLDPE film after 2 h of soaking in water, 34.4% and 7.3%,
respectively, and 56.0% and 8.2%, respectively, after 24 h of soaking in water. The 50 µm
thick rLDPE film demonstrated the worst WA and TS due to the low polymer content,
which was insufficient to fill the wood cavities with the molten polymer.

A similar trend in the influence of wood species and thickness of film on WA and TS
was observed for plywood samples bonded with virgin LDPE film. The average values
of WA (24 h) for plywood samples bonded with virgin LDPE and rLDPE films were
57.3% and 64.2%, respectively. Based on the Duncan’s test, this difference was significant
(p ≤ 0.05). On the contrary, the average values of TS (24 h) for samples bonded with
virgin LDPE and rLDPE films were 9.3% and 9.6%, respectively, and this difference was
insignificant (p > 0.05) based on the Duncan’s test.

3.5. Pearson Correlation for Properties Versus Density

The obtained results showed that the investigated factors and their interaction affect
significantly the properties of plywood samples bonded with rLDPE film. Information on
the correlation of the investigated properties with each other and the density, as one of
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the parameters that can significantly affect the properties of plywood samples, would also
be useful. Therefore, Pearson’s correlation coefficient was applied to correlate properties
among themselves and with density (Table 2). This coefficient indicates that density cor-
related significantly with all physical and mechanical properties. The highest correlation
was found between density and WA (−0.834). This correlation was moderate and negative,
which means that an increase in density causes a decrease in water absorption. The density
also correlated well with TS (0.774), MOR (0.583), and MOE (0.617). These correlations
were moderate and positive, which means that an increase in density causes an increase in
bending strength, the modulus of elasticity, and thickness swelling. No correspondingly
useful correlation was observed between density and shear strength (0.111). However,
shear strength was positively correlated with MOR (0.498) and MOE (0.728), i.e., an in-
crease in bonding strength means a corresponding increase in MOR and MOE. WA was
negatively correlated with MOR (−0.657) and MOE (−0.621), which means that the greater
the absorption of water by plywood samples, the lower the values of MOR and MOE.

Table 2. Pearson correlation (r) for properties versus density of plywood samples.

Property Density WA (24 h) TS (24 h) Shear Strength MOR MOE

Density 1
WA (24 h) −0.834 a 1
TS (24 h) 0.774 a −0.554 b 1

Shear strength 0.111 −0.334 −0.287 1
MOR 0.583 b −0.657 b 0.113 0.498 b 1
MOE 0.617 b −0.621 b 0.325 0.728 a 0.704 a 1

a Correlation is significant at the 0.01 level; b Correlation is significant at the 0.05 level.

3.6. Formaldehyde Release

Table 3 shows that emissions of formaldehyde from plywood samples made from
virgin and recycled LDPE films are very low (0.01–0.10 mg/m2·h) compared to conventional
UF-bonded (0.66–0.85 mg/m2·h) plywood samples. The slight release of formaldehyde
can be explained by its presence in natural wood [55]. This result suggests that plastic-
bonded plywood reached super-E0 classification and can be considered a product with
“zero formaldehyde emissions”. This can be considered a significant contribution from the
environmental point of view.

Table 3. Formaldehyde release of plywood samples.

Formaldehyde Release (mg/m2·h)

Adhesive
Wood Species

Beech Birch Hornbeam Poplar

UF 0.85 (0.03) 0.69 (0.02) 0.73 (0.03) 0.66 (0.03)
LDPE—50 0.03 (0.004) 0.06 (0.001) 0.10 (0.002) -
LDPE—100 - 0.08 (0.001) - -
LDPE—150 - 0.04 (0.002) 0.06 (0.002) 0.07 (0.002)
rLDPE—50 - 0.05 (0.002) - 0.09 (0.001)
rLDPE—100 - - 0.10 (0.002) 0.03 (0.001)
rLDPE—150 0.06 (0.002) 0.01 (0.001) 0.10 (0.002) -

Values in parentheses represent standard deviations.

4. Conclusions

Currently, eco-sustainability and the reuse of plastic wastes are highly topical issues.
This study demonstrated that the rLDPE film is suitable for obtaining environmentally
friendly plywood panels from veneers of different wood species with characteristics suitable
for use successfully in indoor applications. Wood species and film thickness significantly
affect the MOR, MOE, shear strength, and dimensional stability of rLDPE-bonded plywood
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samples. The use of high-density wood species (beech, birch, and hornbeam) compared
to low-density wood species (poplar) resulted in higher MOR, MOE, and TS and lower
WA of the samples. No clear effect of the density of wood species on the shear strength
was found. With an increase in the thickness of plastic film, and, hence, in the polymer
content, the values of MOR, MOE, and shear strength of rLDPE-bonded plywood samples
increase by 37.1%, 15.2%, and 107.7%, respectively, whereas the values of WA and TS
decrease by 25.6 % and 26.9%, respectively. Furthermore, the physical (except WA) and
mechanical properties showed no statistical differences between the rLDPE-bonded and
virgin LDPE-bonded plywood samples. The main advantage of these polymers is that
the amount of formaldehyde emission from the plastic-bonded plywood is close-to-zero
(0.01–0.10 mg/m2·h). These results confirm the effectiveness and the environmental benefits
in the use of the recycled plastic wastes.
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Abstract: Flexible films of a conductive polymer nanocomposite-based castor oil polyurethane (PUR),
filled with different concentrations of carbon black (CB) nanoparticles or multiwall carbon nanotubes
(MWCNTs), were obtained by a casting method. The piezoresistive, electrical, and dielectric properties
of the PUR/MWCNT and PUR/CB composites were compared. The dc electrical conductivity of both
PUR/MWCNT and PUR/CB nanocomposites exhibited strong dependences on the concentration of
conducting nanofillers. Their percolation thresholds were 1.56 and 1.5 mass%, respectively. Above
the threshold percolation level, the electrical conductivity value increased from 1.65 × 10−12 for the
matrix PUR to 2.3× 10−3 and 1.24× 10−5 S/m for PUR/MWCNT and PUR/CB samples, respectively.
Due to the better CB dispersion in the PUR matrix, the PUR/CB nanocomposite exhibited a lower
percolation threshold value, corroborated by scanning electron microscopy images. The real part of
the alternating conductivity of the nanocomposites was in accordance with Jonscher’s law, indicating
that conduction occurred by hopping between states in the conducting nanofillers. The piezoresistive
properties were investigated under tensile cycles. The nanocomposites exhibited piezoresistive
responses and, thus, could be used as piezoresistive sensors.

Keywords: conductive nanocomposite; castor-oil polyurethane; multiwall carbon nanotube; carbon
black; piezoresistive sensor

1. Introduction

Owing to the increasing environmental concerns and decreasing fossil fuel sources, the
scientific community and industry search for sustainable sources to produce new materials.
Materials obtained from renewable and sustainable sources, such as bio-based and natural
polymers, have attracted considerable interest in recent decades. These include natural
rubber [1], cellulose [2], polypropylene based on cane alcohol [3], and polyurethane based
on castor oil (PUR) [4].

Among bio-based polymers, PUR attracts considerable attention because it uses veg-
etable oils as polyols obtained from natural sources [5]. Castor oil is attractive because it
has a high quantity of hydroxyl groups (–OH) that react with isocyanate (–NCO), forming
urethane bonds [6]. These hydroxyl groups are derived from ricinoleic acid, which con-
stitutes approximately 80% of the oil. The hydrophobic nature of the triglycerides in the
castor oil contributes to its excellent mechanical properties, including good elongation and
tensile strength [6–8]. Owing to its good characteristics, a vegetable-oil-based PUR has
been used as a polymeric matrix to obtain composite materials for different applications,
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such as adhesive resins [9,10], coatings [11,12], electromagnetic interference shielding mate-
rials [13], materials for sorption of oils and organic solvents [14], and conductive polymer
composites (CPCs) [15,16].

A conventional polymer is combined with a conductive filler to form CPC, combining
good mechanical properties with an easier processing of polymeric matrix and the excellent
electrical properties of the conducting fillers [17]. Nonetheless, the electrical conductivity
of CPCs is influenced by many factors, such as the preparation method (quantity and
distribution of conductive fillers in the host matrix), as well as the volume fraction and
electrical conductivity of the phase [18,19]. For instance, when the conductive phase
concentration is extremely small, a considerable distance exists between each conducting
filler, which results in a composite with a similar electrical conductivity as a polymer
matrix [20,21]. However, if the concentration of conducting fillers is high, an insulator-
to-conductor transition will occur, resulting in the formation of a continuous conducting
path. It is at this point that percolation threshold can be observed, and the composite’s
electrical conductivity is approximately equal to the conductive fillers [21,22]. There
are two main mechanisms that determine electrical conduction in CPCs: the percolation
model for tunneling and hopping conduction [23]. The model of hopping conduction
describes the charge carriers jumping between localized states in the conducting particles
or aggregates in contact with each other forming a three-dimensional structure in the bulk
of the composite [24]. In tunneling conduction, conductive particles and/or aggregates are
separated by insulating layers or barrier potentials [25].

In this sense, for the production of a CPC-based PUR, several conductive fillers can
be used, including carbon-based nanomaterials such as expandable graphite [26], multi-
wall carbon nanotubes (MWCNTs) [27,28], graphene oxide [29–31], and carbon black
(CB) [16,32]. For example, Dai et al., 2020 obtained a MWCNT/PUR nanocomposite using
a solvent-free method and showed that, owing to the interaction between the polymer
matrix and MWCNT, the tensile strength and thermal stability were improved for MWCNT
loadings up to 0.5 wt%. Kumar et al., 2022 evaluated the ameliorating properties of PUR-
based nanocomposites via a synergistic addition of graphene and cellulose nanofibers.
Consequently, these nanocomposites can be applied to protective coatings and automobile
parts [33]. Min et al., 2023 conducted a study in which a highly electrically conductive
composite film was fabricated by shearing the MWCNT/PDMS paste in two rolls. The
authors report that the electrical conductivity and activation energy of the composite
were 326.5 S/m and 8.0 meV, respectively, at 5.82 vol% of MWCNTs [34]. Another study
examined how structural factors affected the electrochemical performance of carbon com-
posites [35]. Carbonization of binary composites formed by graphene nanoplatelets and
melamine (GNP/MM), multi-walled carbon nanotubes and melamine (CNT/MM), and
trinary composites (GNP/CNT/MM) plays a crucial role in tailoring electrochemical prop-
erties of carbon hybrid materials, which are considered noble metal-free alternatives to
traditional electrodes [36]. In a study conducted by Rozhin et al., 2023, single-walled carbon
nanotubes (SWCNTs) were compared with double-walled carbon nanotubes (DWCNTs) as
nanostructured additives for tripeptide hydrogels. It has been found that carbon nanoma-
terials (CNMs) can enhance the viscoelastic properties of tripeptide hydrogels, but their
presence can also impair the self-assembling process [36].

Due to the excellent mechanical properties, lightness, and flexibility of polymer ma-
trices and the good electrical properties of carbon-based nanofillers, composite materials
obtained through this combination have the potential to be used as piezoresistive sensors.
Piezoresistivity can be defined as an electromechanical phenomenon in which the electrical
resistance of a material changes reversibly under a strain cycle [37]. In this sense, the
piezoresistivity consists of a change in the conductive composite structure with strain,
and it is a material property associated with a change in the structure and resistivity of
material [37]. Changes in the degree of electrical continuity in the conductive composite
are commonly associated with reversible microstructural changes. Many applications
require the detection of strain or stress on structures, such as structural vibration con-
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trol, traffic monitoring, weighing (including weighing in motion), and building facility
management [37].

Several studies used PUR as a matrix and second-phase carbon-based nanofiller, while
few studies investigated the electrical, dielectric, and piezoresistive properties of this type
of nanocomposite. Using two different carbon-based nanofillers (CB and MWCNT), this
project aims to obtain a castor oil-based polyurethane nanocomposite for use as a piezore-
sistive sensor. A simple and low-cost synthesis route was used to obtain the specimens
through the casting method. A comparative analysis was conducted between nanocom-
posites with different concentrations of conductive nanofiller in order to determine which
nanocomposites provide the best results in electrical, dielectric, and piezoresistive mea-
surements. Additionally, the results showed that thin, flexible films with low percolation
thresholds were obtained for the PUR/MWCNT and the PUR/CB nanocomposites, mak-
ing them suitable for applications as sensors, anti-static (electrically conducting), shape
memory alloys, and electromagnetic-wave shielding.

2. Materials and Methods
2.1. Materials

A bicomponent castor-oil-based polyurethane was purchased from Sinergia LTDA,
city of Araraquara, SP, Brazil. A mixture of prepolymer (component A) and polyol (compo-
nent B) was used to obtain a pure PUR film with a mass fraction B/A of 2/1.

Conducting CBs (Printex XE-2) were purchased from Degussa (Paulínia, Brazil). They
had a surface area of 1000 m2/g, average particle size of 35 nm, and bulk density of
0.1 g/cm3. MWCNTs were supplied by CTNANO, Federal University of Minas Gerais
(UFMG) in the city of Belo Horizonte, MG, Brazil. They had a surface area of 100 m2/g, bulk
density of 0.23 g/cm3, and average diameter and length of 20 nm and 5–30 µm, respectively.
Before use, both conductive fillers were milled.

2.2. Conducting Nanocomposite Preparation

A neat PUR was prepared by mixing components A and B in a mass proportion
of 1 g/2 g (isocyanate component/polyol) in 1 mL of chloroform (Dynamics Analytical
Reagents). PUR/CB and PUR/MWCNT nanocomposite samples were prepared at a
constant PUR mass fraction (3 g) while varying the mass concentrations of MWCNT and
CB nanoparticles. CB and MWCNT values used in the sample preparation can be found
in Table 1.

Table 1. Masses of MWCNT and CB to produce PUR/CB and PUR/MWCNT nanocomposites (in
3.0 g of PUR).

Samples MWCNT (g) CB (g)

PUR/MWCNT1 0.030 0
PUR/MWCNT2 0.061 0
PUR/MWCNT3 0.093 0
PUR/MWCNT4 0.125 0
PUR/MWCNT5 0.158 0

PUR/CB1 0 0.030
PUR/CB2 0 0.061
PUR/CB3 0 0.093
PUR/CB4 0 0.125
PUR/CB5 0 0.158

Figure 1 illustrates the preparation diagram for nanocomposites specimens. In 1.0 mL
of chloroform, polyol (2 g) was mixed with different concentrations (1–5 mass%) of the
conductive filler (MWCNT or CB). After 8 h of stirring, the prepolymer was added to
the polyol/conductive filler/chloroform dispersion and stirred for 10 min before it was
sonicated for 10 min. Flexible samples, with thicknesses of 100–200 µm, were obtained by
casting on glass slides and curing for 5 days at room temperature.
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Figure 1. Schematic representation of the preparation of conducting nanocomposite samples.

2.3. Characterization

The morphology of PUR/CB and PUR/MWCNT nanocomposite films were analyzed
by scanning electron microscopy (SEM) using an EVO LS15 Zeiss microscope. SEM analysis
was performed after cryo-fracturing samples with liquid nitrogen and drying them under
dynamic vacuum. Samples were coated with a thin layer of carbon (10 nm) using the
sputtering method.

A voltage/current source from Keithley Instruments model 247 (high-voltage supply)
was used to measure direct-current (DC). On both sides of the film, the electrodes were
painted with conductive paint for electrical contact. The DC electrical conductivity was
calculated by Equation (1):

σdc =
I
V

d
A

(1)

where A is the electrode area, d is the sample thickness, and V and I are the applied voltage
and measured current, respectively.

A Solartron SI 1260 impedance analyzer with a 1296 dielectric interface (0.05% basic
accuracy) was used to measure the alternating-current (AC) electrical and dielectric proper-
ties of the PUR/MWCNT and PUR/CB nanocomposite samples. An impedance analysis
of the nanocomposites was performed in a frequency range of 0.1–106 Hz, at a voltage of
1 V, at room temperature.

At room temperature, piezoresistive tests were conducted by measuring the electrical
resistances of the PUR/MWCNT and PUR/CB nanocomposite samples, using Keithley
237 high-voltage (0.3% basic accuracy) source-connected copper electrodes, during a uni-
axial mechanical deformation of the samples. This test was performed using a universal
testing machine from Instron (model 3639, 0.15% and 0.2% basic accuracy of set speed and
displacement) in accordance with the International Organization for Standardization (ISO)
37:2011 standard, with a 100-N load cell. The copper electrodes (10 mm × 5 mm × 0.2 mm)
were wrapped around both upper and lower ends of the samples and fixed using clamps on
the mechanical testing machine. Piezoresistive measurements were performed at an applied
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voltage of 10 V, deformation of 10%, and at a velocity of 100 mm/min. The samples were cut
in accordance with ISO 1286:2006. Piezoresistive tests were carried out on PUR/MWCNT
and PUR/CB nanocomposite samples containing 3, 4, and 5 mass% MWCNT and CB.

3. Results and Discussion
3.1. Morphological Analysis

Figure 2 shows SEM images of cryo-fractured surfaces of PUR/CB and PUR/MWCNT
nanocomposite samples with different concentrations of conductive nanofillers. As shown
in Figure 2A–D, the MWCNT fillers tended to cluster more than CB. The formation of
MWCNT agglomerates has been attributed to van der Waals interactions between the
fillers [15,38]. Nayak et al. observed a similar behavior when the CNT concentration was
greater than 3% in the polyamide matrix [38]. On the other hand, the CB nanoparticles ex-
hibited a more homogenous dispersion in the PUR matrix. Nevertheless, agglomeration of
CB was also observed. Compared to MWCNTs, CB nanoparticles display better dispersion,
and aggregates are easier to break due to their weak electrical interaction [39,40].

3.2. DC Electrical Conductivity

A CPC can be created by adding conductive particles to an insulating polymeric matrix.
Various factors contribute to the electrical properties of composites and the electrical
conduction process, including the preparation of CPC, electrical conductivity, and the
volumetric fraction of the phase, particle size, and aggregate size, as well as their dispersion
within polymeric matrixes [15,41]. Generally, nanoparticles homogeneously dispersed
within a matrix produce a CPC with a lower percolation threshold [41].

At extremely low conductive particle concentrations, the distances between the con-
ductive fillers or aggregates are considerable, and the CPC exhibits a similar electrical
conductivity to the polymeric host. When the concentration of conductive filler reaches a
critical level (or percolation threshold), an insulator–conductor transition occurs, resulting
in the formation of a percolation network or continuous conductor path through which
charge carriers move when an external electric field is applied.

Figure 3 illustrates this behavior for both PUR/MWCNT and PUR/CB nanocompos-
ites containing different amounts of conductive nanofillers (MWCNT or CB). PUR/CB
nanocomposite samples showed an insulator–metal transition at slightly lower filler concen-
trations than PUR/MWCNT nanocomposite samples, likely due to the fact that CB tends
to cluster less than MWCNTs, as shown in the SEM images. There is a distinct difference
between the dc electrical conductivity curve profiles of the two types of nanocompos-
ites. PUR/MWCNT nanocomposite reaches maximum conductivity at around 2 mass%
MWCNT in the PUR matrix, while PUR/CB reaches maximum conductivity at around
5 mass%. The reason for this behavior can be attributed to the morphology and dispersion
of the nanoparticles within the PUR matrix. In the PUR/CB and PUR/MWCNT nanocom-
posite samples, the percolation thresholds calculated were 1.56 and 1.50 mass% of MWCNT
or CB, respectively. For both types of nanocomposites, the maximum conductivity was
approximately 10−2 S/m, which is approximately 9-fold greater than the conductivity
of PUR.
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Figure 2. SEM microimages of (A,B) PUR/CB and (C,D) PUR/MWCNT nanocomposite samples
with 5 mass% of conductive nanofillers and (E) Neat PUR.
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Figure 3. σdc behavior in relation to the conductive nanofiller mass fractions for (A) PUR/MWCNT
and (B) PUR/CB nanocomposite. The Figure presents the double-logarithmic plot, based on Equa-
tion (2), for the PUR/MWCNT nanocomposite and for the PUR/CB nanocomposite.

The σdc behavior of PUR/MWCNT and PUR/CB nanocomposites, composed of both
insulating and conductive phases, can be described by power-type equations. When
the conductive fillers fraction reaches the critical volume fraction pc in the percolation
threshold region, geometric connectivity begins to form throughout the system, resulting
in uninterrupted and continuous conductive paths [20,42]. Thus, the σdc behavior of a
nanocomposite can be expressed by:

σdc = k(p− pc)
t (2)

where p is the concentration of the conductive phase, k is the preexponential constant, and
t is the critical conductivity exponent. For two-dimensional systems, its value is 1.3–1.5,
while, for three-dimensional systems, t is 1.6 to 2.0 [43]. Using the data of Figure 3A,B,
we generated the graph of log (σdc) as a function of log (p – pc), while the fitting was
performed using Equation (2). A linear fit was performed on the points of inside graphics
of Figure 3A,B to estimate the t and k values for the PUR/MWCNT and PUR/CB nanocom-
posite samples, in which the t values were 1.32 and 1.42, while the k values were 3.82 × 10−3

and 3.48 × 10−6, respectively.
The t values for the PUR/MWCNT and PUR/CB samples agree with the universal

percolation theory [44]. The electrical conduction process of charge carriers occurs through
the conductive two-dimensional network by geometric contact between the CB nanoparti-
cles in the PUR/CB nanocomposite samples. Similar behavior occurs for PUR/MWCNT
nanocomposite samples in which the conductive two-dimensional network is formed by
geometric contact of the MWCNTs [45,46].

Based on analytical micromechanical analysis, Mazaheri et al. predicted the electrical
conductivity and the percolation behavior of polymer nanocomposites containing spherical
carbon black nanoparticles as fillers. In the proposed model, quantum electron tunneling is
accounted for, as well as the thickness of the interphase region, the radius of the filler, the
conductivity of the filler, the conductivity of the interphase region, and the conductivity
of the matrix [47]. In addition to the geometrical and physical properties of the CB fillers,
polymer matrix, and interphase layer, the authors also validated the analytical formulation
of the model [47]. The model produces meaningful physical results by accounting for
electrical conductivity, potential barrier height, and tunneling distance within the interphase
region [47]. The model described the behavior of electrical conductivity in both insulating
and percolation transition regions, at very low volume fractions, accurately [47]. In a study
by Zare and Rhee, the electrical conductivity of CNT-filled samples was tuned using a
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mechanics model, assuming extended CNT. A study of the extended CNT was conducted
by considering the interphase and tunneling areas and estimating the conductivity of
prolonged CNT based on the resistances of conductive nanofiller, interphase, and tunneling
districts [48]. In nanocomposite systems, conductivity directly depends on the network size
and interphase depth, but electrical conductivity of CNT and interphase are ineffective [48].
In addition, the narrow and undersized tunnels benefit the nanocomposite’s conductivity
because of its low percolation onset and little tunneling resistance [48].

3.3. Impedance Spectroscopy (IS)

IS is a useful technique for examining the dielectric and electrical properties of various
types of materials. IS can be used to investigate the dependence between the electrical
properties of a material and frequency of the applied electric field for an extensive range
of frequencies (from 10−4 to 107 Hz) [49]. This technique is relatively easy to use, and
results can be related to polarization effects, dielectric properties, microstructure, defects,
and electrical conduction mechanisms [49]. It is possible to determine the electrical and
dielectric behaviors of a material from a set of values related to the complex impedance
formalism (Z*) expressed by:

Z∗ = Z′ + iZ′′ (3)

where Z′ and Z” are the real and imaginary parts of the complex impedance, respectively,
and i is the imaginary unit (

√−1). The sets of values obtained from Z* are the (a) complex
admittance (Y*), (b) complex dielectric permittivity (ε*), (c) complex electrical module (M*),
and (d) complex electrical conductivity (σ*) [49]. The Z* formalism is related to each other
by the interrelation factor µ = jωC0, where C0 is the vacuum capacitance, ω is the angular
frequency, and j (

√−1) is the imaginary factor.
Figure 4 shows the real parts (σ′(f )) of the complex electrical conductivity with respect

to the AC electrical field frequency for PUR/MWCNT and PUR/CB nanocomposites. It
should be noted that both nanocomposites exhibit σ′(f ) similar to disordered solids, i.e.,
frequency-dependent electrical conduction, primarily, at high frequencies [50–52]. This
behavior has been most evident in samples with nanofiller concentrations below 3 mass%.

Figure 4. Real part of complex electrical conductivity as a function of frequency for (A) PUR/MWCNT
and (B) PUR/CB with different mass fractions of the conductive nanofiller.

As illustrated in Figure 4A,B, the PUR/MWCNT and PUR/CB nanocomposite sam-
ples, with different quantities of conductive nanofillers, exhibited two well-defined regions
of the σ′(f ) curve, namely a frequency-independent region and a frequency-dependent re-
gion. According to Kilbride and Coleman, the frequency-independent behavior of σ′(f ) can
be attributed to the variation in the correlation length with the conductive nanofiller con-
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tent, which has been discussed in relation to a biased random walk in a three-dimensional
network [53]. In this case, the frequency-independent σ′(f ) behavior in the low-frequency
region reflects a large-distance transport of charge carriers via conducting percolative paths
inside the nanocomposite, which is improved by the electric-field concentration effect [54].

For the PUR/MWCNT and PUR/CB samples, a plateau is observed in the σ′(f ) curve at
low frequencies, which is approximately equal to σdc [1,54]. However, the transition (critical
frequency) from the frequency-independent to the frequency-dependent σ′(f ) shifted to
a higher frequency with the increase in the concentration of the conductive nanofiller
dispersed in the nanocomposite, which may be related to the formation of a conductive
two or three-dimensional network with increasing concentrations of both MWCNT and
CB nanoparticles.

The frequency-dependent behavior of PUR/MWCNT and PUR/CB nanocomposite
samples occurs when the critical frequency is reached. σ′(f ) increases with frequency due
to the hopping conduction of charge carriers between more closely located states with
lower energy barriers, as well as the effect of spatial charge polarization at the nanofiller–
PUR interface [53,55]. For samples containing concentrations above 2 mass% of MWCNT
and 3 mass% of CB, the critical frequency (which normally occurs at higher frequencies)
could not be obtained due to the conductive nature of the nanocomposites. This is due to
limitations of the equipment needed to study at higher frequencies.

The σ′(f ) behavior in Figure 4A,B, for both nanocomposites, can be described by the
Jonscher’s power law:

σ′( f ) = σdc + Aωn (4)

where σdc is the DC electrical conductivity (plateau or frequency-independent region), A is
the preexponential factor, related to the strength of polarizability, and n is the fractional
exponent that can vary between 0 and 1 [56]. The exponent n is related to the degree of
interaction between the charge carriers and the networks around them, suggesting that
electrical conduction may occur through hopping and/or interfacial polarization [57,58].

Table 2 presents the results of fitting log σ′(f ) versus log (frequency) curves (Figure 4A,B)
using Equation (4) for all nanocomposite samples. According to the results, the n values
ranged from 0.7 to 1.0, indicating that electrical conduction involves the hopping of charges
between localized states or spatial charges trapped at the interface between the PUR matrix
and the conductive nanofillers [56,57].

Table 2. Parameters obtained from fitting of the experimental data using the Jonscher’s equation for
PUR/MWCNT and PUR/CB nanocomposite samples and neat PUR.

Samples σdc (S/m) A n R2

Neat PUR 1.72 × 10−11 3.27 × 10−11 1.15 0.95
PUR/CB (99/1) 4.65 × 10−10 3.52 × 10−11 0.92 0.97
PUR/CB (98/2) 1.73 × 10−7 8.49 × 10−10 0.80 0.99
PUR/CB (97/3) 1.66 × 10−6 1.88 × 10−9 0.76 0.97
PUR/CB (96/4) 1.15 × 10−4 1.40 × 10−8 0.72 0.99
PUR/CB (95/5) 1.15 × 10−3 3.41 × 10−7 0.70 0.80
PUR/MWCNT (99/1) 7.01 × 10−9 5.38 × 10−9 0.86 0.96
PUR/MWCNT (98/2) 6.17 × 10−4 1.39 × 10−8 0.83 0.97
PUR/MWCNT (97/3) 6.65 × 10−3 4.06 × 10−8 0.79 0.95
PUR/MWCNT (96/4) 1.44 × 10−2 2.05 × 10−8 0.75 0.92
PUR/MWCNT (95/5) 1.21 × 10−2 1.08 × 10−8 077 0.90

The frequency-dependence of the real (ε′) and imaginary (ε′′ ) dielectric constants of
PUR/MWCNT and PUR/CB nanocomposite samples, measured at room temperature, is
shown in Figure 5. The ε′ represents the ability of a material to become polarized in the
presence of an electric field, whereas the ε′′ represents the dielectric losses incurred by a
material due to its increased conductivity. Figure 5A,C illustrates the behavior of ε′ as a
function of frequency for PUR/MWCNT and PUR/CB nanocomposites, respectively. At a
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higher concentration of conductive fillers, more charge carriers are trapped at the conduc-
tive filler–polymer matrix interfaces. In this regard, when the CPC is under the influence
of electric fields, electrons move to and accumulate at one end of the conductive cluster
(filler–matrix interface), while the other end is more positive, which generates a dipole
moment across the clusters [59]. On the other hand, when the electric field is overturned,
the reverse behavior occurs. However, as the frequency of the electric field increased, the
residence time of the trapped electrons at the interface decreased, resulting in a decrease in
the polarization of the system [15]. This behavior can be observed as a reduction in ε′ with
the increase in the frequency, particularly in the high-frequency range, for all nanocompos-
ite samples. This decrease is principally attributed to the Maxwell–Wagner–Sillars (MWS)
polarization and space charge polarization in the bulk nanocomposite samples [60,61].

Figure 5. Complex dielectric constant, as a function of frequency for (A,B) PUR/MWCNT and
(C,D) PUR/CB, with different mass fractions of the conductive nanofiller.

Figure 5B,D shows the frequency dependences of ε′′ for the PUR/MWCNT and
PUR/CB nanocomposite samples, respectively. In the range of low frequencies, a significant
increase in ε′′ can be observed due to the increasing conductivity of the nanocomposite
samples [62,63]. The dielectric loss comes from the fact that the charge carriers are no
longer participating in the sample polarization process and are starting to participate in
the conduction process through the percolative conductive network in the composite [15].
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Asandulesa et al., 2021 observed similar behavior for ε’ and ε” as a function of frequency
for PTB7:PC71BM photovoltaic polymer blend. According to the authors, a high dielectric
constant reduces the Coulomb attraction between electrons and holes in excitons and
donor–acceptor exciplexes, thereby increasing the power conversion efficiency (PCE) [64].

In Table 3, the values of ε′ and ε′′ are shown at frequencies of 1 kHz and 1 MHz for
both conductive nanocomposites. As seen, the values of ε′ and ε′′ were higher for samples
with concentrations higher than the percolation threshold, mainly for samples 96/4.0 and
95/5.0. As a result of (i) having a greater amount of charge carriers trapped in the polymer-
nanofiller interface, as well as (ii) the samples becoming more conductive as the nanofiller
amount increased, the samples became more conductive. Asandulesa et al., 2020 observed
similar behavior for ε′ and ε′′ as a function of frequency for the PTB7:PC71BM photovoltaic
polymer blend. According to the authors, a high dielectric constant reduces the Coulomb
attraction between electrons and localized states [65].

Table 3. Dielectric parameters ε′ and ε′′ for conductive nanocomposites samples at frequencies of
1 kHz and 1 MHz.

Samples ε’ (1 kHz) ε’ (1 MHz) ε” (1 kHz) ε” (1 MHz)

PUR 3.52 6.23 0.82 39.2
PUR/MWCNT1 2.87 2.16 0.32 0.26
PUR/MWCNT2 4.72 2.21 1.15 0.41
PUR/MWCNT3 3.45 2.11 0.36 0.27
PUR/MWCNT4 11.01 5.30 1.88 0.86
PUR/MWCNT5 29.44 8.94 21.95 2.01

PUR/CB1 2.56 1.88 0.27 0.24
PUR/CB2 17.80 5.04 10.66 1.08
PUR/CB3 24.31 5.19 41.01 1.17
PUR/CB4 65.21 10.16 2801.92 8.64
PUR/CB5 70.14 20.12 20,515.62 31.32

3.4. Piezoresistivity Analysis

In-situ piezoresistance measurements were performed while mechanically stretching
the PUR/MWCNT and PUR/CB nanocomposite films across the elastic region. In Figure 6,
a variation in electrical resistance is observed during the elastic regime for PUR/MWCNT
and PUR/CB nanocomposite samples containing 3, 4, and 5 mass% of MWCNT and CB,
over 16 cycles of loading and unloading. During each cycle, the deformation of the film
increased linearly with the applied strain. It was observed that the slope was similar during
unloading, as well, until it reached zero strain. The electrical resistance also exhibited a
delayed response to deformation, which may be attributed to the viscoelasticity of the
PUR matrix, which is related to the duration of the time needed for the polymer chains to
organize as opposed to the strain applied [66].

During all applied deformations, the piezoresistive behavior exhibited a good linearity
between the electrical resistivity variation and strain cycles. As the deformation of the
nanocomposite is increased by an external stimulus, the electrical resistance increases,
while, as the deformation decreases, the electrical resistance decreases. Consequently, the
initial increase in electrical resistivity of the PUR/MWCNT and PUR/CB nanocomposites
samples can be attributed to the breakdown of the conductive percolation network formed
by the MWCNT and CB, which leads to a decrease in the distribution of conduction paths.
As the strain decreases (to zero) and the sample deformation returns to its initial length,
the percolation paths are reconstructed and the electrical resistance decreases as well.
However, because of the viscoelasticity of the PUR matrix, this decrease in resistance did
not occur immediately upon removal of mechanical stress. For the different MWCNT and
CB fractions, maximum strength was reached at different times under constant strain, as the
alignment of MWCNT and CB particles occurred later for low concentrations of conductive
fillers. Figure 7 illustrates the piezoresistivity test in conductive nanocomposites specimens
during stress cycles, as well as the piezoresistive effect.
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Figure 6. Piezoresistive response of (A–C) PUR/CB and (D–F) PUR/MWCNT nanocomposite with
3, 4 and 5 mass% for 10% of strain and 16 cycles.
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Figure 7. A schematic representation of the piezoresistivity test in conductive nanocomposites during
stress cycles.

The same behavior was observed by Gonçalves et al. for a MWCNT/elastomer
styrene-ethylene/butylene-styrene (SEBS) composite and by Costa et al. for polymer blends
based on polyaniline (PANI) and SEBS [67,68]. Considering the outstanding piezoresistive
properties observed by both groups during experimental testing, the samples have a high
potential for advanced electromechanical sensor applications [67,68].

4. Conclusions

In this study, flexible films of PUR-based nanocomposites with nanoparticles of
MWCNT and CB were obtained by the casting method and simple synthesis route. The
SEM images showed that the MWCNT nanoparticles tended to agglomerate more than
the CB nanoparticles, owing to van der Waals forces. This behavior corroborated the DC
conductivity analysis, in which the PUR/CB nanocomposite exhibited a lower percola-
tion threshold than that of the PUR/MWCNT nanocomposite (1.5 and 1.57, respectively).
Both nanocomposites exhibited a nine-fold increase in σdc compared to the PUR above the
percolation threshold.

The σ′(f ) spectra, as a function of the frequency, indicated that the PUR/MWCNT and
PUR/CB nanocomposites with concentrations of the conductive phase above the percola-
tion threshold had two distinct regions, with one independent and the other dependent on
the frequency. The samples with concentrations below the percolation threshold exhibited
a frequency-dependent behavior, which is characteristic of disordered systems in which
charge carriers hop between localized states within conductive regions. Furthermore, the
adjustment performed using the Jonscher’s equation for σ′(f ) confirmed that the electric
transport in the PUR/MWCNT and PUR/CB nanocomposites occurred via a hopping
mechanism. The frequency-dependent behavior of ε′ for PUR/MWCNT and PUR/CB
could be attributed to the MWS polarization and space charge polarization in the bulk
nanocomposite samples.

The PUR/MWCNT and PUR/CB nanocomposites with contents of 3, 4, and 5 mass%
exhibited good piezoresistive properties up to a strain of 10%, which demonstrated their
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high stabilities and good electrical resistance responses. Thus, the PUR/MWCNT and
PUR/CB nanocomposites have potential for applications as piezoresistive sensors.
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Abstract: The composite-material laminate structure will inevitably encounter connection problems in
use. Among them, mechanical connections are widely used in aerospace, automotive and other fields
because of their high connection efficiency and reliable connection performance. Milling parameters
are important for the opening quality. In this paper, continuous-glass-fiber-reinforced-polypropylene
(GFRPP) laminates were chosen to investigate the effects of different cutters and process parameters
on the hole quality. The delamination factor and burr area were taken as the index to characterize
the opening quality. After determining the optimal milling tool, the process window was obtained
according to the appearance of the milling hole. In the selected process parameter, the maximum
temperature did not reach the PP melting temperature. The best hole quality was achieved when the
spindle speed was 18,000 r/min and the feed speed was 1500 mm/min with the corn milling cutter.

Keywords: continuous glass fiber; thermoplastic composite; milling; process parameter

1. Introduction

The composite-material laminate structure will inevitably encounter connection prob-
lems in use. Among them, mechanical connections are widely used in aerospace, automo-
tive and other fields because of their high connection efficiency and reliable connection
performance [1–3]. The drilling process is an indispensable process. During the processing,
there are defects such as fiber pullout, tearing, peeling, delamination and burrs, which
seriously affect the mechanical properties of the opening holes, further affecting the perfor-
mance of composite structures. Therefore, it is of great research value to find a method that
can reduce the occurrence of defects and improve the quality of holes [4].

Prasad and Chaitanya [5] used the Taguchi analysis method to study the delamination
factors of laminates and optimized the processing parameters. The experimental results
show that the peeling delamination is most affected by the thickness of the material,
followed by the feed speed and fiber orientation, and the delamination rate is most affected
by feed speed, followed by thickness, fiber orientation and spindle speed. Based on the
numerical analysis of drilling images, Hrechuk et al. [6] carried out the non-destructive
quantification of visible defects and proposed an overall parameter Q. The results of drilling
experiments show that the drilling quality Q, the number of drillings, and the tool wear are
linearly related. Liu et al. [7]. proposed a new delamination scheme in which delamination
caused by thrust exerted by the chisel and cutting edges is considered. Amaro et al. [8]
found that the presence of holes increased the energy absorbed by the damaged and
delaminated regions. The delamination distribution is also affected due to the change
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in the interlayer shear-stress distribution, which is the main reason for the delamination
between layers with different orientations. Tsao et al. [9] proposed a new method for the
equivalent delamination factor and compared it with the adjusted delamination factor and
the conventional delamination factor, which is suitable for characterizing delamination at
the hole exit after drilling composites. Sugita et al. [10] proposed the design of a drilling
tool that is shaped to suppress burrs and delamination during composite drilling. Loja
et al. [11] used four different types of tools to conduct drilling experiments on glass-fiber
laminates to analyze and evaluate the delamination effect and its maximum temperature.
The experiments showed that the higher the drilling speed, the higher the temperature
generated by friction, and the greater the damage to the aperture diameter. Velaga et al. [12]
used a double-flute twist drill with a diameter of 10 mm to conduct drilling experiments
on epoxy-resin/glass-fiber composites. The experimental results found that the rotation
speed of 700 rpm and the feed rate of 0.4 mm/rev were used for the optimum drilling
parameters of the selected tool. Guo [13] conducted cutting experiments on continuous-
glass-fiber-reinforced-polypropylene composites at different cutting angles to analyze the
characteristics of right-angle cutting and the causes of damage. The experiment found
that the fiber cutting angle has a significant impact on the cutting process: at 0◦ there is
groove damage; at 45◦ the cutting surface is the best; at 90◦ there is a slight burr; at 135◦

the resin interface cracks and many burrs are generated. Mustari et al. [14]. investigated
the effect of glass-fiber content in glass-fiber composites on the drilling process. The results
show that the drilling surface quality is closely related to the percentage of fiber content
in the sample. In terms of roundness deviation, delamination, fiber pull-out and taper
angle, the composite samples performed better when the glass-fiber content was lower.
Patel et al. [15] aimed to examine the effect of tool geometry, spindle speed and feed on
thrust and delamination in hybrid hemp-glass composites. Palanikumar et al. [16] studied
the parameters affecting the thrust of glass-fiber-reinforced polypropylene (GFRPP) in
boreholes and established an empirical relationship for determining the thrust of GFRTP
drilling. Srinivasan et al. [17] used the “Brad and Spur” drill bit to drill the GFRPP matrix
composites with the aim of testing the effect of drilling parameters on the roundness error,
using the Box-Behnken design (BBD) technique to determine the cutting parameters that
were evaluated and optimized. The results show that the model can be effectively used to
predict the response variable and thus control the roundness error. Palanikumar et al. [18]
studied the effect of various feed rates on thrust, spindle speed, and bit geometry using
Brad and straight plunger bits, and the experimental results showed that delamination is
entirely dependent on the feed rate.

In this paper, GFRPP laminates are taken as the research object to investigate the effects
of different cutters and process parameters on the hole quality. The delamination factor and
burr area were taken as the index to characterize the opening quality. After determining
the optimal milling tool, the process window was obtained according to the appearance of
the milling hole. Afterwards, the response surface method (RSM) was utilized to analyze
the influence of the process parameters on the opening quality.

2. Materials and Methods

This experimental sample was made of GFRPP prepreg in order to prepare compos-
ite material laminate, and glass-fiber-reinforced-polypropylene prepreg with a thickness
of 0.3 mm was fiber reinforced using [0/45/-45/90]s. Composite laminate, milled to
2.4 mm through holes using the hot press (Qingdao Huabo Machinery Technology Co.,
Ltd., Qingdao, China), according to the process parameters in [19]. Milling experiments
were conducted by a CNC (Computer Numerical Control) engraving machine (JingYan In-
struments & Technology CO., Ltd., Dongguan, China). As shown in Figure 1, milling tools
included a single-edge spiral milling cutter, double-edged spiral milling cutter, corn milling
cutter and PCB (Printed Circuit Board) alloy drill with the same size where L1 = 38 mm,
L2 = 12 mm, d = 3.175 mm. First, the comparison among milling tools was made under the
same spindle speed and feed speed of 6000 r/min and 800 mm/min, respectively. Five
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holes with a diameter of 8 mm were milled by each tool. The visual-inspection method was
used to choose the optimal mill tool based on the macroscopic appearance near the hole.

Figure 1. Schematic of cutting tools: (a) Single-edge milling cutter; (b) Double-edge milling cutter;
(c) Corn milling cutter; (d) PCB alloy drill.

In the milling process of traditional composite laminates, the local thermal shock [20]
caused by the presence of abrasives and fibers and the low thermal conductivity of com-
posite materials limit the temperature dissipation during hole opening, resulting in heat
accumulation at the hole exit and excessively high temperature, and even in the case of
improper heat dissipation treatment, the temperature will often be higher than the glass
transition temperature, resulting in a decrease in the performance of the resin matrix and a
significant reduction in the quality of openings [21]. In the milling experiment, the temper-
ature change is often mainly affected by the spindle speed and feed rate [22]. Due to the
wide selection of parameters in this experiment, the effect of temperature on the quality of
the opening cannot be excluded from the experimental results.

Therefore, a real-time temperature-observation platform was built, and special parameter-
processing points were selected to study the effect of temperature changes on the quality
of the opening during milling, as depicted in Figure 2. The infrared thermal imager was
supported and fixed to the main shaft of the cutting machine by a movable bracket and
was able to move on the same trajectory with the main shaft of the cutting machine. The
thermal-imaging camera directly captures the milling hole, and is connected to an external
receiving software device, which can display the milling temperature change on the screen
in real time. A Canon digital camera (EOS 200DII, Canon (CHINA) CO., Ltd., Beijing,
China) was used to take pictures of the openings, and ImageJ and Photoshop software
were used to process the pictures to calculate the delamination factor and burr area during
milling, as shown in Figure 3. The delamination factor Fd was defined as the actual diameter
divided by the designed diameter, referring to Equation (1). The delamination factor and
burr area were taken as the index to characterize the opening quality. After determining
the optimal milling tool, the process window was obtained according to the appearance of
the milling hole. Afterwards, the response surface method (RSM) was utilized to analyze
the influence of the process parameters on the opening quality.

Fd =
Dmax

D
(1)

where D is the designed diameter of the hole and Dmax is the actual diameter.
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Figure 2. Thermal-imaging setup.

Figure 3. Schematic diagram of evaluation parameters: (a) Delamination factor; (b) Burr area.

3. Results
3.1. Determining the Process Window

As seen in Figure 4, under the spindle speed of 6000 r/min and feed speed 800 mm/min,
the four milling tools had different defects. The single-edged milling cutters, double-edged
milling cutters, and PCB alloy drill had many burrs and serious fiber delamination. For
the corn milling cutter, no visual severe delamination was found and relatively less burrs
appeared compared with the other three tools. Loja et al. [11] used four drilling tools
to evaluate the delamination and maximum temperature caused by drilling in fiberglass
laminates. For milling cutters and twist drills, the higher the drilling speed, the higher
the temperature generated by friction, and the greater the damage to the aperture. The
experimental results and literature data have certain commonality. The quality of the
milling effect of the corn milling cutter was better than that of the spiral milling cutter and
twist drill. The subsequent experiment was conducted by the corn milling cutter.

Figure 4. Morphology of milling holes: (a) Single-edge milling cutter; (b) Double-edge milling cutter;
(c) Corn milling cutter; (d) PCB alloy drill.

In this step, spindle speed and feed speed were varied from 700 r/min to 24,000 r/min
and 300 mm/min to 1500 mm/min, respectively, as listed in Table 1. A total of 27 groups
of experiments were made and two holes were milled under each group of parameters to
ensure the results. The influence of the process parameters on milling property is shown
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in Figure 5, where three typical situations known as tool fracture, delamination and burr
were found. When the spindle speed was too low, 700 r/min, tool fracture appeared. When
the spindle speed was lower than 3000 r/min, the delamination of fibers near the hole was
found. On the contrary, the burr became dominant when the spindle speed was higher
than 6000 r/min. Between the range of 3000 r/min to 6000 r/min was the transition zone
where delamination and burr coexisted. From Figure 6, three combinations of processing
parameters named F1–S2, F3–S5, and F6–S9 were selected as the thermal-imaging objects.
It was shown in Figure 6 that with the increase in the spindle speed and feed speed, the
maximum temperature increases, but the maximum temperature was 49.3 ◦C below the
melting temperature of PP.

Table 1. Number of process parameters.

Feeding Speed
mm/min No. Spindle Speed

r/min No.

300 F1 700 S1
600 F2 1400 S2
900 F3 2000 S3

1200 F4 3000 S4
1500 F5 6000 S5
1800 F6 10,000 S6

12,000 S7
18,000 S8
24,000 S9

Figure 5. Influence of process parameters on milling property.

Figure 6. Thermal contour map of milling hole: (a) F1-S2; (b) F3-S5; (c) F6-S9.

3.2. Optimizing the Process Parameters

Based on the above process window, the process parameters were refined. Feed speed
was chosen as 1200 mm/min, 1500 mm/min, and 1800 mm/min, and the spindle speed
was chosen as 12,000 r/min, 18,000 r/min, and 24,000 r/min. The response-surface-method
analysis was carried out to determine the optimal process parameters. The factor-level
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design table is shown in Table 2 with two factors and three levels. The experimental
trials were design as in Table 3 with the corresponding characterization variables named
delamination factor and burr area. It can be seen that with the change in the processing
parameters, the delamination factor is the lowest at 1.0046 and the highest at 1.0374. Taking
the delamination factor as the dependent variable and the specific level of each factor as
the independent variable, the quadratic regression equation was established to obtain the
following results as Equation (2):

Fd = 0.003887A2 + 0.002667B2 − 0.005302AB − 0.009877A − 0.005397B + 1.02 (2)

Table 2. Factor-level design table of response surface method.

Level A: Feeding Speed
mm/min

B: Spindle Speed
r/min

−1 2000 300
0 10,000 900
1 18,000 1500

Table 3. Design and test results of response surface method.

No. A: Spindle Speed
mm/min

B: Feeding Speed
r/min

Delamination
Factor

Burr Area
mm2

1 2000 300 1.0352 15.17
2 18,000 300 1.0237 23.67
3 2000 1500 1.0374 25.07
4 18,000 1500 1.0046 8.94
5 2000 900 1.0322 30.94
6 18,000 900 1.0173 17.54
7 10,000 300 1.0313 20.67
8 10,000 1500 1.0158 12.99
9 10,000 900 1.0179 21.11
10 10,000 900 1.0179 24.49

The significance analysis of each item in the quadratic regression equation is shown in
Table 4. It shows that under the selected experimental interval, the F value of this model is
15.21628 and the probability of data error is 1.04%. The analysis of variance for the model
is shown in Table 5, showing that 95% of the experimental data can be explained by this
model. Adj R2 and Pred R2 had higher values and the difference was within 0.2, indicating
that the regression model can fully fit the test results. However, Table 6 shows that the
relationship between burr area and the model was not significant, although the burr area
decreased with the increase in the processing parameters.

Table 4. Significance analysis of delamination factor.

Source Sum of
Squares df

Mean
Square F-Value p-Value

Prob > F

Model 0.000934 5 0.000187 15.21628 0.0104 significant
A–Spindle

speed 0.000585 1 0.000585 47.66917 0.0023

B–Feeding
speed 0.000175 1 0.000175 14.23207 0.0196

AB 0.000112 1 0.000112 9.159819 0.0389
A2 3.53 × 10−5 1 3.53 × 10−5 2.871886 0.1654
B2 1.66 × 10−5 1 1.66 × 10−5 1.352159 0.3095

Residual 4.91 × 10−5 4 1.23 × 10−5

Lack of Fit 4.91 × 10−5 3 1.64 × 10−5
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Table 5. ANOVA results of delamination factor.

R2 Adj R2 Pred R2 Adeq Precisior

0.9501 0.8876 0.5152 11.254

Table 6. Significance analysis of burr area.

Source Sum of
Squares df

Mean
Square F-Value p-Value

Prob > F

Model 335.7867 5 67.15734 5.901067 0.0551 not significant
A–Spindle

speed 73.70933 1 73.70933 6.476785 0.0636

B–Feeding
speed 26.07555 1 26.07555 2.29124 0.2047

AB 151.5951 1 151.5951 13.32055 0.0218
A2 4.637278 1 4.637278 0.407474 0.5580
B2 84.00382 1 84.00382 7.381355 0.0532

Residual 45.52217 4 11.38054
Lack of Fit 39.81506 3 13.27169 2.325465 0.4412 not significant

From the above, it can be concluded that when the machining parameters were low,
the hole quality was not ideal. With the increase in the spindle speed and feed speed, the
hole quality was gradually improved. When the machining parameters were increased
to a certain range, the effect of improving the quality of the opening became weaker. The
results of the response surface method show that when the spindle speed was 18,000 r/min
and the feed speed was 1500 mm/min, the hole quality was the best, and the delamination
factor and the burr area were both the minimum.

4. Conclusions

In this paper, GFRPP laminates were taken as the research object to investigate the ef-
fects of different cutters and process parameters on the hole quality. The specific conclusions
are as follows:

(1) Different tools have a great influence on the hole quality, and the corn milling cutter
used for GFRPP laminates has the best opening quality.

(2) In the selected region, with the increase in spindle speed and feed speed, the change
in temperature distribution in the entry surface near the hole is not significant, and
the maximum temperature does not reach the resin-melting temperature.

(3) Using the delamination factor and burr area to represent the hole quality is feasible.
The quadratic regression model is significant for delamination factor while insignifi-
cant for burr area. The reason is because that the calculation of the burr area is greatly
affected by the experimental error.

(4) In the milling of presented GFRPP laminate, the best hole quality is achieved when
the spindle speed is 18,000 r/min and the feed speed is 1500 mm/min with the corn
milling cutter.
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Abstract: Polyethylene (PE) is the most widely used plastic, known for its high mechanical strength
and affordability, rendering it responsible for ~70% of packaging waste and contributing to mi-
croplastic pollution. The cleavage of the carbon chain can induce the conversion of PE wastes into
low-molecular-weight hydrocarbons, such as petroleum oils, waxes, and natural gases, but the
thermal degradation of PE is challenging and requires high temperatures exceeding 400 ◦C due to
its lack of specific chemical groups. Herein, we prepare metal/zeolite nanocatalysts by incorporat-
ing small-sized nickel nanoparticles into zeolite to lower the degradation temperature of PE. With
the use of nanocatalysts, the degradation temperature can be lowered to 350 ◦C under hydrogen
conditions, compared to the 400 ◦C required for non-catalytic pyrolysis. The metal components of
the catalysts facilitate hydrogen adsorption, while the zeolite components stabilize the intermediate
radicals or carbocations formed during the degradation process. The successful pyrolysis of PE at
low temperatures yields valuable low-molecular-weight oil products, offering a promising pathway
for the upcycling of PE into higher value-added products.

Keywords: nickel nanocatalyst; upcycling; hydrogen; polyethylene

1. Introduction

Polyethylene (PE) is the polymer produced in the largest quantity, with an annual
production of 100 million tons. PE is used in packaging materials such as plastic bags,
beverage caps, and straws due to its low cost and high chemical stability [1–6]. The usage
of PE as a disposable item results in a massive amount of PE waste, which accounts for
approximately 34% of total plastic waste [7], leading to significant environmental and social
issues [8]. Most PE waste is either landfilled or incinerated, resulting in problems such as
landfill capacity limitations, resource loss, and additional environmental pollution [6,9–11].
Mechanical recycling through melt reprocessing allows for the reutilization of about 16% of
plastics but suffers from property degradation [9,12–14]. To overcome these drawbacks,
chemical recycling methods, known as upcycling, have gained much attention [10,14–17].

Upcycling primarily involves the thermal degradation of PE, cracking the hydrocarbon
chains into low-molecular-weight products such as oil, naphtha, and gas, and thus creating
higher-value materials [8,18–20]. Since PE is composed of C-C bonds without specific
functional groups, the thermal degradation temperature is relatively high at around 400 ◦C,
necessitating a considerable energy input [21]. To mitigate the high energy consumption in
the degradation of PE, recent studies have aimed to lower the reaction temperature [8] by
using hydrogenation catalysts [6,22–25].
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The addition of hydrogen during the thermal degradation of PE facilitates C-C bond
cleavage, enhancing upcycling efficiency [12,25–27]. The hydrogenation catalysts with
a high efficiency can be selected by a volcano plot. The Sabatier principle posits that
the ideal catalyst ought to establish interactions of moderate affinity with both reactant
species and resultant products. The catalyst’s binding strength should be sufficiently robust
to engage with reactants effectively, yet suitably feeble to facilitate the dissociation and
subsequent formation of products. The volcano plot, rooted in this principle, delineates the
correlation between a catalyst’s catalytic activity and its binding affinity in a systematic
manner [28]. In the volcano plot, noble metals such as Pt, Rh, and Ru can be the most
effective catalysts for hydrogenation reactions [1,27,29–31]. However, considering the high
cost and limited reserves of these catalytic elements, the development of cost-effective
metal-based nanocatalysts is in high demand [27]. Nickel catalysts exhibit a good catalytic
activity among non-noble metals, with an abundant availability and low cost, making them
suitable for industrial-scale reactions [31]. Several groups have investigated nickel-based
thermal degradation catalysts for PE upcycling using supported nickel precursors via
impregnation or deposition methods. Dionisios and coworkers utilized Ni/SiO2 catalysts
for PE degradation, achieving diesel yields of 40–70%, which is comparable to the diesel
yield achieved when using Pt- and Ru-based catalysts [27]. Rui Cai and coworkers obtained
gas-phase hydrocarbon yields of up to 89.1% through C-C bond cleavage when using Ni-
and Ru-based catalysts [32]. Pioneering studies have shown the applicability of Ni-based
catalysts for PE upcycling but still require a high reaction temperature or produce a low
oil yield.

Herein, we synthesized uniform-sized nickel nanoparticles and incorporated the
particles into zeolite supports for PE-upcycling catalysts (Figure 1). The nanometer-sized
grain size of the Ni nanoparticles of the catalysts offers advantages in terms of a high
surface area to increase the catalytic efficiency [33]. Large-sized nanoparticles among a non-
uniform nanoparticle ensemble have a low surface atom ratio, and thus nanoparticle-based
catalysts with a broad size distribution usually show weak catalytic properties. Nickel
nanoparticles are supported on porous zeolites [30,34,35], which serve not only as a support
but also as a Lewis acid site to enhance C-C bond cleavage by initiating and stabilizing
radicals [1,29,36–38]. We conducted PE thermal degradation at a relatively low temperature
of 350 ◦C by adjusting the hydrogen pressure and catalyst quantity.
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2. Materials and Methods
2.1. Materials

Nickel(II) acetylacetonate (Ni(acac)2, 90%), Dioctyl ether (99%), trioctylphosphine
(90%), oleylamine (70%) and low-density polyethylene were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Zeolite HY (zeolite Y modified with hydrogen) was purchased from
Thermo Scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Synthesis of 10 nm Nickel Nanoparticles

The monodisperse Ni nanoparticles were synthesized by following a previous re-
port [39]. The synthetic procedure for the preparation of the nickel–oleylamine complex
was commenced with a reaction between 1.55 g of oleylamine and 0.257 g of Ni(acac)2 at
100 ◦C for a duration of 30 min under an inert atmosphere. Subsequently, 5 mL of dioctyl
ether was injected into the complex solution, which underwent degassing for 1 h at 100 ◦C
under vacuum conditions. Following this step, 0.3 mL of trioctylphosphine was carefully
added to the solution under an argon atmosphere. The temperature was gradually elevated
to 250 ◦C at a rate of 2 ◦C/min and maintained at this level for 30 min. The color of the
solution transitioned from bluish-green to black at approximately 200 ◦C, indicative of the
formation of nickel nanoparticles. Upon completion of the reaction, the product was swiftly
cooled to room temperature. Nanoparticles were then precipitated by adding a mixture of
toluene and excess ethanol in a 1:3 ratio. Finally, the obtained nanoparticles were dispersed
in hydrophobic solvents such as hexane or toluene for further analysis and applications.

2.2.2. Preparation of Polyethylene Degradation Catalyst

Synthesized nanoparticles were impregnated onto a zeolite support. Specifically,
nickel nanoparticles were synthesized and dispersed onto Y-zeolite, with a weight ratio of
1:10, where 0.5 g of nickel nanoparticles was impregnated onto 5 g of zeolite, which had an
approximate size of 1 µm. The nanoparticles, bearing phosphine ligands, were dispersed
in hexane, a non-polar solvent. The zeolite support was then immersed in the dispersion,
followed by sonication for 30 min and stirring at 1000 rpm. The sonication and vigorous
stirring were repeated several times to ensure uniform impregnation of the nanocatalyst
onto the zeolite surface. Subsequently, the solvent was removed using a rotary evaporator,
and the ligands attached to the particles were eliminated by calcination in air atmosphere
at 450 ◦C for 3 h using a muffle furnace.

2.2.3. Polyethylene Upcycling

PE upcycling was conducted using a batch reactor with mechanical stirring, wherein
the pressure and catalyst amount were controlled. To ensure the reaction took place under
inert condition, the reactor was purged with N2 gas for 10 min to remove oxygen from
the interior. Subsequently, H2 gas was introduced and evacuated up to 15 bar, repeating
this process five times to transition the interior to a hydrogen atmosphere. Pressure and
temperature were measured using pressure gauges and temperature sensors built into
the batch reactor. The reaction was carried out at 350 ◦C for 2 h under H2 atmosphere.
Pressure-related experiments were conducted by varying the H2 pressure to 1 bar, 10 bar,
and 20 bar. The catalytic efficiency was measured by varying the catalyst amount to 1%,
5%, and 10% by weight while fixing the H2 pressure at 10 bar and the amount of PE at 5 g.

2.2.4. Characterization of Materials

Transmission electron microscopy (TEM) and energy dispersive spectrometer (EDS)
analyses were conducted using a JEOL JEM-2100F instrument (Tokyo, Japan) operating
at an accelerating voltage of 200 kV. Fourier transform infrared spectroscopy (ATR FT-IR)
measurements were performed using a VERTEX 70 FT-IR spectrometer (Bruker, Ettlingen,
Germany). Gel Permeation Chromatography (GPC) was carried out using a Waters GPC
system with tetrahydrofuran (THF) as the solvent and a flow rate of 1.0 mL/min. Gas
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chromatography mass spectroscopy (GC-MS) analysis was performed using the Chro-
matec Crystal 9000 instrument from CHROMATEC (Yoshkar-Ola, Russia) with a VF-5MS
column. Thermogravimetry analysis (TGA) was performed using a Metler Toledo H8-
1430KR (Columbus, OH, USA), under N2 atmosphere with a heating rate of 10 ◦C/min.
Brunauer–Emmett–Teller analysis (BET) was performed using a Quantachrome Instruments
ASIQM00002200-7X (Boynton Beach, FL, USA). X-ray diffraction (XRD) was performed
using a Bruker D2 phase.

3. Results and Discussion
3.1. Analysis of Nanoparticles and Catalysts

The Ni nanoparticles were synthesized by thermal decomposition of Ni(acac)2–
oleylamine complexes in dioctyl ether solvent at 250 ◦C. Dioctyl ether used as a solvent
is degassed before reaction to remove moisture. The formation of Ni(acac)2–oleylamine
complexes enables the thermal decomposition of Ni precursors at a moderate tempera-
ture [39]. The color change from light green (for the Ni(acac)2) to bluish-green (for the
Ni(acac)2–oleylamine) may be attributed to the coordination number changes of Ni from 4
to 6 [40].

The synthesized uniform nickel nanoparticles have a size of 10 nm (10.3 nm ± 0.8 nm)
based on TEM analysis using ImageJ program (Figure 2a). TEM images of Ni nanoparticles
synthesized using trioctylphosphine as a surfactant are depicted in Figure 2a. The TEM
image and corresponding size distribution histogram reveal the high monodispersity of
the particles (Figure 2b).
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Figure 2. (a) TEM image of 10 nm nickel nanoparticles and (b) corresponding size distribution.

We mixed the nanoparticles with zeolite before conducting a 450 ◦C calcination process.
Since the surface of the nanoparticles is surrounded by long-chain hydrocarbon ligands,
which make it difficult for reactants and catalyst materials to gain access, we conducted a
calcination process to remove the ligands.

Scanning transmission electron microscopy (STEM) imaging and energy dispersive
analysis (EDS) of the calcined catalysts showed that the Ni nanoparticles were successfully
impregnated onto the zeolite support (Figure 3). The presence of nickel nanoparticles on the
zeolite surface was confirmed through EDS analysis. It is presumed that the relatively high
amount of phosphorus of the EDS data occurs because the phosphorus of trioctylphosphine
used as ligands for the nanoparticles remains after calcination. The size of the nickel
nanoparticles on the zeolite surface ranged from approximately 10 to 30 nm, indicating that
some slight agglomeration occurred during the calcination process, but they still exhibited
a smaller size distribution compared to conventional catalysts [41,42].

The X-ray diffraction (XRD) pattern exhibits a Y-zeolite crystal structure with small and
broad peaks at 43◦, presumably due to the fact that Ni nanoparticles have a polycrystalline
structure with a grain size of ~3 nm (Figure S2) [39]. The small and broad XRD peaks of Ni
nanoparticles resulting from the polycrystalline nature are enshrouded by the strong XRD
peaks from Y-zeolite with a grain size of about 1 µm.
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Figure 3. STEM image of Ni on Y-zeolite; weight ratio 1:10. (a) Ni on Y-zeolite. EDS data for each
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Through Brunauer–Emmett–Teller (BET) analysis, we measured the surface area of
the Y-zeolite before and after nanoparticle loading. The surface area of the pure Y-zeolite
was 1283 m2/g, and decreased to 976 m2/g after loading 10 nm Ni nanoparticles onto the
zeolites, blocking the pores with the incorporated nanoparticles (Figure S1). Both pure
Y-zeolite and Ni/zeolite catalysts show a similar average pore size diameter, 3.83 nm,
indicating that the structure of the zeolite remained intact even after calcination at 450 ◦C.

The dispersion (D) of catalysts is calculated by the following equation [43–45],

D =
6V

A × d
× 100(%)

where V is the atomic volume of a Ni atom, A is the surface density of a Ni atom on
the Ni(111) plane, and d is the average particle size. The dispersion of our Ni-based
nanocatalysts is 8.53%.

3.2. Analysis of PE Upcycling
3.2.1. Effect of Hydrogen Pressure on PE Upcycling

To investigate the impact of hydrogen pressure on the PE pyrolysis when using nickel
on Y-zeolite catalysts, we carried out the process with different hydrogen pressures of
1 bar, 10 bar, and 20 bar. The obtained products consisted of gas, liquid, and wax phases.
Under the 1 bar hydrogen pressure, PE catalytic pyrolysis resulted in 34% wax-phase, 5%
liquid-phase, and 61% gas-phase products. Upon increasing the hydrogen pressure to
10 bar, the percentage of gas-phase product increased to 43%, while that of wax-phase
product decreased to 50%. We achieved a 25% yield of liquid-phase oil product under the
condition of a hydrogen pressure of 20 bar (Figure 4a). The results suggest that increasing
pressure enhances the C-C bond cleavage reaction of PE. As hydrogen pressure increases,
the molecular weight of PE decreases, leading to a higher yield of liquid-phase and gas-
phase hydrocarbons.

FT-IR analysis has the capability of differentiating between PE polymers and py-
rolysis products with a low molecular weight. The C-H stretch peaks in the range of
2900–3000 cm−1 for hydrocarbons exhibit slightly different peak positions depending on
the surrounding environment. The C-H stretch peak for -CH2- in the middle of the hydro-
carbon chain appears at 2920 cm−1, while the peak for -CH3 at the chain end is located at
2950 cm−1 [46,47]. The difference originates from the weakening of the C-H bond strength
when increasing the number of electron-donating alkyl groups. By comparing the peaks at
2950 cm−1 and 2920 cm−1, it is possible to determine the qualitative ratio of carbons at end
sites of the hydrocarbon chain. In Figure 4b, the FT-IR spectra of PE polymers with a very
low number of chain ends show marginal peaks at 2950 cm−1 corresponding to -CH3. The
intensity of the -CH3 stretch peaks becomes more prominent for the PE upcycling product,
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indicating the degradation of long polymer chains and an increase in chain ends. Similarly,
the -CH3 bend peaks at 1376 cm−1 are more distinct in the products after hydrogenation
compared to PE, and the intensity of the peak increases at a higher hydrogen pressure.
The FT-IR analysis indicates that higher hydrogen concentrations lead to the production of
shorter hydrocarbons with lower molecular weights. FT-IR spectra also show the presence
of aromatic hydrocarbons.
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Figure 4. Effect of hydrogen pressure on the PE upcycling. (a) Percentage yield of each phase,
(b) FT-IR spectra, (c) GPC data, and (d) GC-MS carbon number data of PE upcycling product under
different hydrogen pressures of 1 bar, 10 bar, and 20 bar. The PE upcycling was conducted at 350 ◦C
for 2 h, and the catalyst loading amount, when compared to the polymer, was 10 wt%.

We also conducted gel permeation chromatography (GPC) of the obtained liquid and
solid products to identify the molecular weight range of the pyrolyzed product under
different hydrogen pressures. When the catalytic pyrolysis was conducted under 1 bar
hydrogen pressure, the resulting product showed a GPC peak starting at 22 min, which is
expected to contain molecules with a molecular weight ranging from 1000 Da to 5000 Da. In
contrast, when the degradation was carried out under 10 bar and 20 bar pressure, almost no
peak could be identified at the same range, suggesting that degradation occurred into even
lower molecular weight hydrocarbons at higher pressures. The system GPC peak at around
32 min for the pyrolysis product at the reaction condition of 20 bar hydrogen pressure
indicates the generation of a significant amount of low-molecular-weight hydrocarbons
(Figure 4c).

The obtained liquid products were analyzed using gas chromatography-mass spec-
trometry (GC-MS). The results of the analysis of the products obtained at 1 bar, 10 bar,
and 20 bar pressures are shown in Figure 4d. The liquid products contained hydrocarbons
ranging from C5 to C16, with a predominance of products closer to C9. Considering that
the hydrocarbons from C5 to C12 are utilized as gasoline, the liquid products obtained at
1 bar, 10 bar, and 20 bar pressures primarily consist of gasoline-range hydrocarbons with
percentages of 97.75%, 98.97%, and 99.69%, respectively [9,48]. The quantitative analysis
indicates that our catalyst exhibits a high selectivity for hydrocarbons in the gasoline range.
Additionally, the negligible amount of hydrocarbons with carbon numbers higher than C13
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suggests that the catalyst effectively breaks down long-chain PE into hydrocarbons within
the fuel range.

The FT-IR, GPC, and GC-MS analyses indicate that a higher degradation rate is
observed under the condition of a high hydrogen pressure, suggesting that the hydrogen-
involved process may play a key role in the pyrolysis mechanism. The PE degradation
mechanism occurs in accordance with Scheme 1. The degradation process of PE using
the nickel/zeolite catalysts involves the formation of radicals on the PE polymer chain
through Lewis-acidic Y-zeolite [49], the adsorption of hydrogen onto the nickel surfaces,
and the generation of short chains by reacting adsorbed hydrogen and radicals. When
inferring that more degradation occurs at a higher hydrogen pressure, one sees that the
adsorption of hydrogen or the reaction between adsorbed hydrogen and radicals may be the
rate-determining step. The hydrogen binding energy of nickel and platinum is 3.07 eV and
0.094 eV, respectively. The higher binding energy of nickel compared to platinum suggests
that the chemisorption process could contribute to differences in reaction rates [50,51].
The effect of hydrogen pressure varies with different catalyst systems, potentially due to
differences in adsorption and desorption energy. Further studies are required to gain a
deeper understanding of the catalytic mechanism [52].
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Scheme 1. Suggested PE degradation mechanism using zeolite and nickel nanoparticles. Symbols
highlighted in red indicate atoms or electrons involved in reactions.

3.2.2. Effect of Catalyst Amount on PE Upcycling

To investigate how the quantity of the catalysts affects the degradation of PE, PE
pyrolysis experiments were conducted by changing the Ni/Y-zeolite catalyst to PE ratio, as
follows: 0 wt%, 1 wt%, 5 wt%, and 10 wt%. The reactions were carried out at 350 ◦C and
10 bar hydrogen pressure for 2 h.

The pyrolysis experiment involving a control of the catalyst amount elucidated the
effect of catalysts on the pyrolysis temperature. Without catalyst, the pyrolysis tempera-
ture of 350 ◦C proves inadequate for breaking down the resilient C-C bond, as shown in
Figure 5a. After the reaction at 350 ◦C for 2 h, 93.4% of PE polymers remain in solid
form, with only 6.6% of polymer chains undergoing cleavage and converting to gas form.
Conversely, in the presence of catalysts under the same reaction conditions, most polymer
molecules are converted to gas, liquid, and wax forms. The high degradation temperature
of PE is confirmed by TGA (Figure S3). TGA data of PE polymers under N2 atmosphere
indicate that PE degradation initiates at 400 ◦C, which is 50 ◦C higher than the degrada-
tion temperature observed in the presence of the Ni/Y-zeolite catalysts. These findings
underscore the significant role of the Ni-based catalysts in reducing the activation energy
required for C-C bond cleavage.
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Figure 5. (a) Percentage yield of each phase, (b) FT-IR spectra, and (c) GPC data of PE upcycling
product at different catalyst wt%: 1 wt%, 5 wt%, and 10 wt%.

The portion of oily liquid-phase product among the products obtained after pyrolysis
of PE with 1 wt% of catalysts was only 2% (Figure 5a). This indicates that with low amounts
of catalysts, the C-C bond cleavage reaction does not occur sufficiently to produce oil. With
a higher catalyst loading of 10 wt%, the oil-phase liquid fraction escalated to 7% of the
products resulting from the pyrolysis reaction, alongside a noticeable increase in gas-phase
products, presumably due to the catalyst-induced end-cleavage reactions. Considering
that the oil-phase product is the most valuable out of the three phases, the nickel/Y-zeolite
catalyst impregnated with 10 wt% seems to offer economic benefits. Adjusting catalyst
quantities proves conducive to specific product outcomes: a large wt% of the catalyst favors
the natural gas production of PE, while a low wt% of the catalyst ratio would be preferable
for obtaining wax-phase products.

The extent of the hydrocarbon chain cleavage of PE was assessed via the IR spectrum
of the product. An increase in the proportion of carbon at end sites compared to pure PE
was confirmed through a comparison of peaks at 2950 cm−1 and 2930 cm−1 (Figure 5b).
Interestingly, a distinctive peak positioned at 1035 cm−1 was observed for the IR spectrum
of catalytically pyrolyzed product with a high wt% of the nickel/zeolite catalysts. The
catalytic pyrolysis of PE also yielded aromatic compounds, evident from the appearance of
the benzene ring, as indicated by the 1035 cm−1 peak in the IR spectra.

The degradation of PE to low-molecular-weight carbon is also confirmed by the solubil-
ity change and GPC analysis. While the reactants, high-molecular-weight PE, are insoluble
in any solvent, such as tetrahydrofuran (THF), the products, hydrocarbon molecules result-
ing after the catalytic pyrolysis reaction, are well dissolved in the THF solution, indicating
the cleavage of PE polymer chains. The GPC data of upcycled PE using 1 wt% nickel/zeolite
catalysts show a strong peak in the 1000 to 5000 Da range. The highest molecular weight of
pyrolyzed products is 5300 Da. Based on the GPC analysis, we conclude that a significant
portion of the PE polymer molecules has been cleaved into low-molecular-weight hydro-
carbons. Furthermore, the wax form of the solid product implies a significant reduction in
mechanical strength compared to the initial PE. The phenomenon is corroborated by the
GPC results, which show the low molecular weights of the product.

4. Conclusions

In this study, nickel-based catalysts for PE upcycling were prepared by loading nickel
nanoparticles onto zeolite supports. PE polymer chains were successfully decomposed
into gas, liquid, and wax phases at 350 ◦C by using the nickel/zeolite catalysts. As the
hydrogen pressure and catalyst amount increased, the proportion of gas- and liquid-phase
products increased. PE upcycling using the nickel/zeolite nanocatalysts enabled the con-
version of plastic waste into high-value liquid products at a relatively moderate pyrolysis
temperature. Overall, our research highlights the potential of nickel-nanoparticle-based
catalysts supported on zeolites to efficiently upcycle PE at lower temperatures, thereby
contributing to the advancement of sustainable strategies for plastic waste management.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma17081863/s1, Figure S1. Absorption (black)-desorption
(red) nitrogen isotherms of the (a) Pure Y-zeolite (surface area 1307.960 m2/g), (b) Nickel on Y-zeolite
(surface area 1079.580 m2/g). Figure S2. X-ray diffraction spectra of nickel on Y-zeolite (red) and
Y-zeolite (black). Due to nickel’s polycrystalline structure, its XRD peak appears smaller and less
prominent compared to that of zeolite, which forms a crystalline structure. Figure S3. Thermogravi-
metric curve of pure LDPE at a heating rate of 10 ◦C/min under N2 atmosphere.
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Abstract: Electrical properties and electro-thermal behavior were studied in composites with carbon
black (CB) or hybrid filler (CB and graphite) and a matrix of linear low-density polyethylene (LLDPE).
LLDPE, a (co)polymer with low crystallinity but with high structural regularity, was less studied
for Positive Temperature Coefficient (PTC) applications, but it would be of interest due to its higher
flexibility as compared to HDPE. Structural characterization by scanning electron microscopy (SEM)
confirmed a segregated structure resulted from preparation by solid state powder mixing followed
by hot molding. Direct current (DC) conductivity measurements resulted in a percolation threshold
of around 8% (w) for CB/LLDPE composites. Increased filler concentrations resulted in increased
alternating current (AC) conductivity, electrical permittivity and loss factor. Resistivity-temperature
curves indicate the dependence of the temperature at which the maximum of resistivity is reached
(Tmax(R)) on the filler concentration, as well as a differentiation in the Tmax(R) from the crystalline
transition temperatures determined by DSC. These results suggest that crystallinity is not the only
determining factor of the PTC mechanism in this case. This behavior is different from similar high-
crystallinity composites, and suggests a specific interaction between the conductive filler and the
polymeric matrix. A strong dependence of the PTC effect on filler concentration and an optimal
concentration range between 14 and 19% were also found. Graphite has a beneficial effect not
only on conductivity, but also on PTC behavior. Temperature vs. time experiments, revealed good
temperature self-regulation properties and current and voltage limitation, and irrespective of the
applied voltage and composite type, the equilibrium superficial temperature did not exceed 80 ◦C,
while the equilibrium current traversing the sample dropped from 22 mA at 35 V to 5 mA at 150 V,
proving the limitation capacities of these materials. The concentration effects revealed in this work
could open new perspectives for the compositional control of both the self-limiting and interrupting
properties for various low-temperature applications.

Keywords: LLDPE composite; PTC; conductivity; self-regulating temperature; carbon filler

1. Introduction

It is widely known that by introducing a quantity of a conductive material in the
form of powder (such as carbon black, graphite, carbon nanotubes, graphene, metallic
powders) into a polymeric matrix, the electrical conductivity of the composite material can
be approximately 10 orders of magnitude higher than that of the pure polymer [1–4]. While
retaining the valuable properties of polymers—mechanical strength, flexibility, chemical
inertness and easy processability—conductive polymer composites (CPCs) currently have
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numerous applications, with those related to electrical engineering arguably being the
most significant [5]. These applications include electrodes for fuel cells and electrochemical
sources [6], high-capacitance capacitors [2], high voltage power cable shields [1], screens
for the electromagnetic protection of electronic equipment and human beings [7,8], radar
wave absorption [2], electronic packaging, antistatic fabrics [2,6,9], temperature sensors,
current and voltage protection [10], heating elements, etc. [1,2,11–14].

As for the polymeric matrix used to obtain CPCs, a wide range of thermoplastic,
thermosetting, or elastomeric polymers, either singularly or in blends, is employed [11,15].
Among all polymers, polyethylene, which holds the largest share in synthetic polymer
production, and especially HDPE, is most frequently mentioned as the matrix for CPCs.
Various materials, metallic, oxide, or carbon-based, are mentioned as conductive fillers [16].
Among them, carbon materials are of greatest interest because they have a lower density
than metals or oxides and comparable electrical conductivity, are more stable to corrosion
than metals, and are less susceptible to initiating the oxidation of the polymer matrix.
Commonly used carbonaceous conductive fillers include carbon black (CB [10,14]), graphite
(Gr), carbon fibers (CF), and carbon nanotubes (CNT, MWCNT) [6]. Carbon black and
graphite are widely used to prepare conductive composites because they present high
electrical conductivity and chemical stability, are relatively inexpensive and have a good
commercial availability. Carbon black has a primary structure composed of spherical
nanoparticles of around 30 nm size and imparts easy processability to composites [11,17,18].
However, CB particles are often agglomerated into large aggregates due to strong van der
Waals forces, which, combined with the unfavorable influence of aspect ratio [19], result
in relatively high percolation threshold values (15–20% w/w). Nevertheless, considerably
lower values of the percolation threshold have been reported, even for CB, by creating
segregated structures (with conductive material particles unevenly distributed within the
polymer matrix), through the use of hybrid fillers or modified particles [20], as well as by
using of high-viscosity polymer matrices [11,21].

In general, fillers with high aspect ratio values, such as carbon fibers or CNTs, enable
the achievement of low percolation threshold values [19,20]. However, instances of non-
percolation are also known, typically caused by weak dispersion of the filler, as seen with
acid-treated MWCNTs/PMMA [19].

A more recent trend involves the use of hybrid fillers, consisting of mixtures of particles
with different characteristics, especially with different aspect ratio values. Essentially,
combining particles with high aspect ratios and other particles (conductive or not) with
low aspect ratios and microscopic dimensions creates so-called excluded volumes in the
polymeric matrix, with a favorable effect on increasing electrical conductivity and achieving
lower percolation thresholds [2]. Such structures are also considered segregated, meaning
that conductive particles are unevenly distributed on a microscopic scale around islands
of low aspect ratio particles, and electrical conduction can be described by combining
percolation theory and the Voronoi geometric model [2].

The methods for dispersing fillers In the polymeric matrix applicable to thermoplastic
matrices include melt mixing [19,21,22], solution mixing [9], dry mixing of components [23],
in situ polymerization [11] and others. Subsequently, items with the desired shape are
usually formed by hot press molding.

A distinct category of CPCs is composed of CPCs that present an increase in electrical
resistivity with increasing temperature, i.e., the PTC effect (positive temperature coefficient)
and, in particular, an important jump in resistivity (of several orders of magnitude), which
results in the transition of the material from a conductor to an insulator. If the temperature
exceeds the value corresponding to the maximum resistivity, a decrease in resistivity can be
observed (NTC effect). Beyond the temperature corresponding to the maximum resistivity,
a decrease in resistivity (Negative Temperature Coefficient—NTC effect) can be observed upon
further heating.

A plausible explanation of the PTC behavior of these materials is based on depercola-
tion near a structural transition point of the polymer matrix. This effect is very clear in the
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case of polymer matrices with high crystallinity, such as HDPE, for which the temperature
of reaching the maximum resistivity of the composite is very close to or coincides with the
peak temperature of the melting endotherm of the polymer [22]. For other systems, the
resistivity jump can be correlated with the glass transition, as for example in the case of
epoxy matrices, or with the activation of the motion of some polymer chain segments, as in
the case of amorphous matrix systems [22]. The amplitude of the resistivity jump depends
on the concentration and distribution of the filler material [11]. Such materials, especially
those with no or a low NTC effect, are interesting for applications where self-limiting
electrical power is involved, such as self-regulating heating elements, current limiters,
overcurrent protection, micro-switches, sensors, etc. [18,23].

Other CPCs often exhibit a monotonous decrease in resistivity with temperature. This
effect, called NTC (negative temperature coefficient) does not enable the use of materials in
self-limiting applications, but makes them useful for other applications, such as resistive
temperature sensors [24].

In the design of CPC and PTC materials, the study of the dependence of the electrical
conductivity on the concentration of the conductive charge is of particular importance, as it
allows the rational dosage of the components as well as the control of the properties of the
resulting composites. Typically, the graphical representation of the dependence of ρ as a
function of the conductive filler concentration φ (expressed as either volume or mass frac-
tion) is presented as a sigmoidal curve on which three important regions are distinguished
(see Figure S1 in the Supplementary Materials and [19] for typical conductivity or resistivity
vs. φ curves, respectively), namely: (i) an initial region, in which although the content of
conductive charge added to the polymer increases, the resistivity decreases very little, so
that the material practically remains an insulator; (ii) upon reaching a certain concentration,
called the critical concentration (φcr), the resistivity drops suddenly, by several orders of
magnitude, and the material becomes electrically conductive; and (iii) for φ > φcr, increasing
in conductive filler concentration results in a slow increase in conductivity. The specific
shape of the σ (or ρ) vs. φ curves may suggest the mechanism of electrical conduction in
the composites. Thus, it is considered that when electric percolation is reached, a suffi-
ciently large number of conductive paths are formed that ensure the passage of the electric
current through the sample. A theory [25] considers that all the particles of a conductive
path must be in direct physical contact to ensure the continuity of the path, while another
theory [26,27] admits that between any two consecutive particles of the conductive phase,
a gap (whose maximum width has been estimated at 2 nm) that electrons can traverse
through a tunneling effect could exist. In both theories, the conductor–insulator transition
specific to PTC materials is due to the appearance of, respectively, an increase in the gap
between the conductive particles that leads to the interruption of direct contact, or an in-
crease in the gap width over the tunelation limit. It was demonstrated that either one of the
mechanisms can dominate depending on the composition of the material: for high values
of the filler concentration φ > φcr, the electrical conductivity satisfies the law of electrical
conduction and it can be assumed that the conductive particles are in direct contact, while
for values of φ < φcr, electron tunneling predominates [28].

In this study, the influence of the composition on the DC and AC electrical conductivity
properties, the variation of electrical resistivity with temperature, and the electro-thermal
effect of a composite with a hybrid conductive filler (CB + Gr) and LLDPE matrix were
investigated. To our knowledge, LLDPE is less studied as a matrix for PTC materials,
although it could be of interest due to its low crystallinity, high structural regularity,
high flexibility and elevated melting temperature, close to that of HDPE [24,29]. We also
demonstrated the strong effects of filler concentration on both the PTC intensity and
transition temperature (from PTC to NTC) of these materials. The combination of CB and
graphite used to impart the electrical conductivity of these materials would be of practical
interest due to the economic effectiveness and wide availability of these materials.
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2. Materials and Methods
2.1. Materials

Linear low-density polyethylene (LLDPE) powder with density 0.935 g/cm3

and MFI 5.0 m/10 min at 190 ◦C/2.16 kg (producer data), type RX 806 Natural from
Resinex (Bucharest, Romania), was used, in the as-received state, as a polymer matrix.
Carbon black (Fast Extruder Furnace—FEF type) and natural graphite flakes (CR10)
were used as conductive fillers (see more details in [30]). Irganox 1010 (pentaerythritol
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl) propionate) was used in concentration of
0.05% (w/w) for matrix stabilization against oxidation.

The list of abbreviations used in this manuscript is presented in Table 1.

Table 1. List of abbreviations and symbols.

Abbreviation Full Name/Description

AC Alternating Current
CB Carbon Black
(CB, Gr)/LLD Composites with LLDPE matrix and CB and Gr
CF Carbon Fibers
CPC Conductive Polymer Composite
DC Direct Current
DSC Differential Scanning Calorimetry
∆H Transition enthalpy (from DSC)
ε′, ε′′ complex relative permitivities (AC)
FTIR Fourier Transform InfraRed spectroscopy

φ
Fraction (either mass or volume) of conductive filler within the
composite

φc Critical concentration of the filler
Gr Graphite
HDPE High Density Polyethylene
LDPE Low Density Polyethylene
LLDPE Linear Low-Density Polyethylene
NTC Negative Temperature Coefficient
PTC Positive Temperature Coefficient
R Electrical resistance
ρ Electrical resistivity
ρDC Direct current resistivity
ρV Volume resistivity

RMS voltage Root Mean Square voltage (effective voltage = 0.707 of peak
voltage, in AC measurements)

σ′, σ′′ complex conductivities (AC)
σdc Direct current conductivity
SEM Scanning Electron Microscopy
Tc, Tc(DSC) (see the footnote for Tm) peak temperature of crystallization endotherm (in DSC)

Teq
Equilibrium temperature (Teq denotes the practically constant
value of the surface temperature reached after few minutes of
sample exposure to electric field, in T vs. t, U measurements)

Tm; Tm(DSC) (The notation Tm(DSC) is used for better distinguish
between the maximum of temperatures in either DSC and R vs.
T measurements)

Peak temperature of crystallinity melting in DSC

Toffset Offset temperature in DSC or R vs. T-heating measurements
T′offset Offset temperature in R vs. T-cooling measurements
Tonset Onset temperature in DSC or R vs. T-heating measurements
UHMWPE Ultra-High Molecular Weight Polyethylene

2.2. Preparation of Composites and Samples for Measurements

Composites were obtained through hot pressing of physical mixtures of polymer
particles (LLDPE) and carbonaceous particles of carbon black and graphite, following a
previously described procedure [31]. The dispersion of conductive particles was initially
achieved through physical pre-mixing, followed by high-shear solid-state mixing applied
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to the pre-mixed system. Composite sample formation was conducted by hot pressing
(at 160 ◦C, 6.5 bar) in a rectangular mold (190 × 120 × 0.7 mm) using a hydraulic press.
Cooling was performed under pressure at a slow rate of approximately 1 ◦C/min until
reaching 60 ◦C, followed by pressure release and natural cooling to ambient temperature.

The code names of the prepared composite samples are shown in Table 2. The compo-
sition of these materials is also indicated within the table.

Table 2. Code names and composition of the studied samples.

Sample
Code

Polymeric Matrix Filler

Total C (%, w)LLDPE
(%, w)

Carbon Black
(%, w)

Graphite
(%, w)

LLD 0 100 (neat) 0 0 0
LLD 44 92 4 4 8
LLD 80 92 8 0 8
LLD 82 90 8 2 10
LLD 100 90 10 0 10
LLD 120 88 12 0 12
LLD 122 86 12 2 14
LLD 140 86 14 0 14
LLD 142 84 14 2 16
LLD 160 84 16 0 16
LLD 162 82 16 2 18
LLD 190 81 19 0 19
LLD 192 79 19 2 21

The measurement of electrical properties was conducted on plate-shaped samples
(with approximate dimensions of 100 × 100 × 0.7 mm) obtained from the plates resulting
from molding. The measurements of electro-thermal properties and the temperature depen-
dence of resistivity were performed on specimens with dimensions of 30 × 25 × 0.7 mm,
obtained from plates similar to those used for electrical property measurements. Prior to
measurements, the extremities of each sample were covered on both faces by conductive silver
paste. The width of these conductive traces was 5 mm. Finally, a copper foil was tightly fixed
on the silver conductive traces, forming the electrodes of each measured specimen.

2.3. Sample Conditioning

Before the electrical measurements, all samples were thermally preconditioned in an
oven for 72 h at a temperature of 50 ◦C. After preconditioning, the thickness of each sample
was measured at 5 points (in the center and in the 4 corners). The average value of the
thickness of the samples was 0.713 ± 0.028 mm.

A similar pre-conditioning treatment, i.e., 72 h at 30 ± 1 ◦C, 50 ± 5% r.h., was applied
before other measurements described below (namely FTIR, DSC, R vs. T and T vs. t, U).

3. Instruments and Methods
3.1. Scanning Electron Microscopy

The microstructural and morphological analyses of specimens were performed on
secondary electron images (ETD detector—Everhart Thornley Detector, FEI Company,
Hillsboro, OR, USA) by scanning electron microscopy using a FEI F50 Inspect instrument.
The analysis was performed on the specimen’s cross-section under the following conditions:
acceleration voltage 10 kV, acquisition time 50 s, spot size 3 nm and working distance
6.0–6.9 mm.

3.2. Differential Scanning Calorimetry

DSC thermograms of the blank LLDPE sample and (CB-Gr)/LLDPE composites were
recorded using a Setaram 131 evo instrument (Setaram, Caluire-et-Cuire, France), employ-
ing 30 µL aluminum crucibles with pierced lids. The mass of each sample was 4.5 ± 0.1 mg,
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except for the pure LLDPE, which were 3.6± 0.1 mg. The samples were heated at a constant
rate (10 ◦C/min) from 35 ◦C to 200 ◦C under a nitrogen flow (50 mL/min), after maintain-
ing 5 min at 200 ◦C, the sample was cooled back under nitrogen at a rate of 10 ◦C/min till
35 ◦C. Two such cycles were applied for each sample, and measurements were conducted
in duplicate.

On the heating curve the onset temperature (Tonset), peak maximum temperature
(Tm), and offset temperature (Toffset) of the endothermic peak were determined, along
with the melting enthalpy (∆Hm). Similarly, on the cooling curve, the parameters of the
solidification endotherm were determined, namely the onset temperature (T’onset), peak
maximum temperature (Tc), offset temperature (T’offset) and the crystallization enthalpy of
(∆Hc). Throughout the work, especially when comparing R vs. T data, the terms Tm(DSC)
and Tc(DSC) were used instead of Tm and Tc, respectively, in order to emphasize the DSC
origin of these data.

The degree of crystallinity (Cr (%)) was calculated using a simple formula [32]:

Cr (%) =100·∆Hcor/∆H100% (1)

where ∆Hcor is the latent heat of fusion ∆H corrected with the polymer percentage (p) in
the composite.

∆Hcor = ∆H·p/100 (2)

The ∆H100% = 279 (J/g) represents the melting enthalpy of 100% crystalline polyethy-
lene [32]. The data processing procedure for DSC was described in more detail in previous
works [30,31,33].

3.3. FTIR Spectroscopy

The infrared spectra were recorded in ATR for both composites and the LLDPE base
polymer. The spectral range was 4000–400 cm−1, resolution 2 cm−1. For each measurement,
48 scans were performed. For the carbon-containing samples, a baseline correction before
the main peaks was necessary.

The calculation on the spectra, including peak wavelength, peak absorbance and
spectra comparison were performed by specific applications Spectra Manager (Jasco, Tokyo,
Japan) and Essential FTIR (Biorad, Tokyo, Japan).

3.4. DC Measurements

To determine the direct current (DC) conductivity, an apparatus described earlier [34]
was employed. The setup comprised a Keithley model 6517 B electrometer (Keithley
Instruments Inc., Cleveland, OH, USA), a Keithley 8009 measurement cell and a PC, supple-
mented with a Trade Raypa oven with forced air circulation (and adjustable temperature
between 30 and 250 ◦C) in which the measurement cell was placed for measurements at
different temperatures.

The values of the absorption currents (Ia) were measured for 600 s, for two different
applied voltage values (U0), namely 1 V and 100 V. The DC electrical conductivity was
calculated with the following equation:

σDC =
Ia

U0
× g

A
(3)

where: g is the thickness of the planar sample and A = πD2/4 is the area of the upper
cylindrical electrode with diameter D.

3.5. AC Measurements

The experimental determinations of the components of the complex relative permit-
tivites (εr

′ and εr
′′), complex conductivities (σ′ and σ′′) and the loss factor (tgδ) were

performed with an Alpha-A Novocontrol impedance analyzer from Novocontrol Technolo-
gies GmbH & Co. KG, Montabaur, Germany. The real part of the complex conductivity (σca)
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was determined for all samples at the RMS voltage value URMS = U = 1 V and frequencies
ranging from 1 Hz to 500 MHz.

The study of temperature dependence (T) of the electrical resistivity (ρ) was conducted
by measuring the electrical resistance of the specimens (R) at varying temperatures, using
the experimental setup already presented [32], on specimens removed from the plate, with
a 20 mm space between electrodes. Since, in this case, the electrodes were applied across
the whole surface at the ends of the specimen, the experimentally measured value was
volume resistance. As ρV = RA/g, where A is the specimen surface and g its thickness, the
curves ρV vs. T and R vs. T are identical. Hence, below, the curves R vs. T will be analyzed.

For obtaining the R vs. T curves, the specimens were placed in a Memmert oven,
and the temperature was programmed to increase at a heating rate of 1 ◦C/min. The
electrical resistance was measured using a multimeter positioned outside the oven and
connected to the specimen through conductors. For high resistivity specimens, an insulation
tester of type UNI-T UT512 (Uni-trend Technology Co., Ltd., Dongguan, China) was used.
Parameters characterizing the variation of resistivity during the heating of the samples are
shown in Figure 1.
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3.6. Measurement of the Electro-Thermal Effect

The measurement of the dependence of the temperature at the surface of the sample
on time and applied voltage (either AC or DC), the so called electro-thermal effect, was
carried out using a setup similar to the one described earlier [31]. The current temperature
(T), the equilibrium temperature (Teq), the intensity of the electric current flowing through
the sample (I), as well as the intensity upon reaching the temperature equilibrium (Ieq),
were determined.

4. Results and Discussion
4.1. Structural Characterization
4.1.1. SEM (Scanning Electron Microscopy)

The morphology of the composites under study is depicted in Figure 2a,b, representing
the LLD 190 and LLD 192 composites, respectively. These images can be qualitatively
analyzed on the basis of particle shape, dimensions and gray nuance intensities. First of all,
the materials show a pronounced micro-heterogeneous character in which the presence of
shiny filamentous particles, with dimensions in the order of microns, as well as spheroidal
particles with dimensions of 30–100 nm, are observed. The filamentous particles can be
assigned to the insulating polymer, while the small spheroidal particles are primary carbon
black particles (30 nm) or associations of primary particles (30–100 nm), resulting from
the breakdown of the initial aggregates (see a typical image of CB used within this work
in reference [30]). If these CB particles are part of a conductive path that allows electrical
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charges to flow, they appear darker (see for example [35]). Note that during measurement,
the sample heats up, so a significant part of the conductive paths could break, resulting
in the increased brightness of the CB particles. The graphite particles are not visible in
this image, but their presence can be easily observed in lower magnification images (for
example, see Figure 2c,d), with dimensions in the order of ten microns, typical for graphite
flakes (see a typical SEM image of these particles in reference [30]). Hence, the darker areas in
the vicinity of the filiform polymer particles as well as the spheroidal particles are related to
conductive or potentially conductive areas belonging to conductive paths within the material.
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Figure 2. SEM images of some studied composites in a fresh state (unconditioned samples) at different
magnifications: (a) LLD 190 (50,000×); (b) LLD 192 (50,000×); (c) LLD 192 (5000×); (d) LLD 122
(20,000×).

4.1.2. Differential Scanning Calorimetry

The blank polymer sample (LLD 0) presents an endotherm with a peak at 125.8 ◦C in
the heating curves at the first cycle and 125.0 ◦C at the second cycle, with the difference
possibly arising from the sample’s history (mainly due to different solidification condi-
tions during molding and cooling in the DSC instrument, respectively). Similarly, the
composites show slightly higher values of Tm, ∆Hcor, and crystallinity during the first
scan as compared to the second. Besides the previously mentioned cooling conditions,
slow crystallization at room temperature within the time span between sample preparation
and DSC measurement is also possible. With the second scan, the differences between the
parameters of different samples are small, as indicated by the curves shown in Figure 3 and
the data in Table S1 from the Supplementary Materials. Thus, the Tm values of the com-
posites have an average of 125.5 ◦C, with a standard deviation of 0.17. A slight decreasing
trend with carbon content can be observed (Figure 4), with lower values for composites
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with CB as compared to CB + Gr composites. Compared to unmodified LLDPE, all Tm
values are slightly higher, suggesting that carbon particles may, to some extent, favor the
crystallization of LLDPE, possibly by improving the heat transfer, but increasing carbon
content may negatively affect the crystallization process. A similar increase in the crys-
tallinity of LLDPE-based composites was previously reported for different fillers [36–38]
and was assigned to a possible nucleation effect of the filler [38].
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Figure 4. Tm decrease with total carbon content: (1) composites with CB; (2) composites with CB and Gr.

The cooling curves (Figure 5, Table S2) lead to similar conclusions, indicating that
the crystallization temperature of the composites is higher than that of the pure polymer.
Additionally, the CB and graphite-containing samples present slightly higher crystallization
temperatures than those containing CB only. In all cases, the variation of Tc with the
concentration of conductive filler was very small (the standard deviation of Tc values was
0.42 for CB samples, and 0.58 for CB and graphite-containing samples.

The vertical lines indicate the melting temperature of LLDPE (125.0 ◦C) and the
average melting temperature of the studied CB and CB, Gr composites.
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4.1.3. FTIR

The spectrum of the blank LLDPE sample is shown in Figure 6. It is typical for
polyethylenes, showing two main bands at 2915 cm−1 and 2848 cm−1.

Materials 2024, 17, x FOR PEER REVIEW 10 of 24 
 

 

Figure 4. Tm decrease with total carbon content: (1) composites with CB; (2) composites with CB and 

Gr. 

 

Figure 5. DSC cooling curves of LLDPE (blank) and three different (CB, Gr)/LLDPE composites. 

The vertical lines indicate the melting temperature of LLDPE (125.0 °C) and the 

average melting temperature of the studied CB and CB, Gr composites. 

4.1.3. FTIR 

The spectrum of the blank LLDPE sample is shown in Figure 6. It is typical for 

polyethylenes, showing two main bands at 2915 cm−1 and 2848 cm−1. 

 

Figure 6. FTIR spectra of polymer matrix and different composites: 1—LLD 0; 2—LLD 120; 3—LLD 

190; 4—LLD 122; 5—LLD 192. 

As mentioned by Nikishida and Coates [39] regarding the differentiation between 

low-density polyethylene (LDPE) and linear low-density polyethylene (LLDPE), the 

bands at 890 cm−1 (vinylidene groups) and 910 cm−1 (terminal vinyl groups) present very 

weak intensities in LLDPE, while for LDPE, the band at 890 cm−1 is dominant [40]. Indeed, 

the intensity of these bands in the blank sample is very weak, confirming the LLDPE 

nature of the polymer. Another band, attributed to CH3, specifically occurring at 1378 cm−1 

(proportional to the number of branches), is also weak in intensity in our case. 

The incorporation of CB within the polymer matrix increased optical absorption in 

the range 3500–3000 cm−1, in the form of a broad band with a maximum at ca. 3300 cm−1. 

This wide band shows an increasing trend with the CB content of the samples and is 

attributed to the -OH groups on the CB surface (oxidized -COOH and -OH groups as well 

as adsorbed water molecules [41–44]). The weak band at 2962 cm−1 is attributed to C-H 

groups of the raw material residues from CB synthesis [41], while the bands at 1796, 1740 

Figure 6. FTIR spectra of polymer matrix and different composites: 1—LLD 0; 2—LLD 120;
3—LLD 190; 4—LLD 122; 5—LLD 192.

As mentioned by Nikishida and Coates [39] regarding the differentiation between
low-density polyethylene (LDPE) and linear low-density polyethylene (LLDPE), the bands
at 890 cm−1 (vinylidene groups) and 910 cm−1 (terminal vinyl groups) present very weak
intensities in LLDPE, while for LDPE, the band at 890 cm−1 is dominant [40]. Indeed, the
intensity of these bands in the blank sample is very weak, confirming the LLDPE nature
of the polymer. Another band, attributed to CH3, specifically occurring at 1378 cm−1

(proportional to the number of branches), is also weak in intensity in our case.
The incorporation of CB within the polymer matrix increased optical absorption in the

range 3500–3000 cm−1, in the form of a broad band with a maximum at ca. 3300 cm−1. This
wide band shows an increasing trend with the CB content of the samples and is attributed
to the -OH groups on the CB surface (oxidized -COOH and -OH groups as well as adsorbed
water molecules [41–44]). The weak band at 2962 cm−1 is attributed to C-H groups of the
raw material residues from CB synthesis [41], while the bands at 1796, 1740 cm−1 (also weak
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and absent from the matrix spectrum), to oxidized groups on the CB surface. The broad
band between 1700 and 1470 cm−1 corresponds to different absorptions of the structural
elements of CB, as well as to the oxygenated groups occurring on its surface, such as C=C
(1640 cm−1–graphitization, 1600 cm−1), C=O (1680 cm−1), C=O chelated with phenolic
hydroxyls (1600 cm−1), etc. [41,45]). The spectral range between 1420 and 760 cm−1 also
contains bands that can be assigned to oxygenated groups on the CB surface, such as
1225 cm−1 and 1074 cm−1 (C-O-C in highly stable cyclic ethers [43,46]) or 1398 cm−1 (C=O
in carbonyl and carboxylic compounds [44,45]). The addition of graphite in CB composites
did not lead to rise of new bands, the most important effect appearing to be a partial
splitting of the band between 1700 cm−1 and 1420 cm−1, an effect that is more clearly
observed in samples with a higher CB content.

4.2. Electrical Properties
4.2.1. DC Conductivity

It was observed that the DC conductivity (σDC) values depend on both the values
and durations of the voltage application (Figure 7). In addition, the σDC values depend on
filler concentration (see Figure 8 for CB) and temperature (see Figure S2). The influence
of another important factor, namely the molding pressure, will be the subject of a future
paper. This paper refers only to the results at 6 bars, a value experimentally found as the
minimum required to impart adequate conduction and PTC properties.
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In Figure 8, which illustrates the influence of the CB content (φCB) on the DC conductiv-
ity of CB/LLD composites, three regions can be observed, namely: (i) for low concentrations
between 0 and 8%, when σdc increases slowly with φCB, (ii) between 8 and 10%, σdc in-
creases sharply with a slight change in φCB, and (iii) the relatively slow growth domain
of σdc after the jump. The critical concentration, i.e., the minimum concentration at which
the composite becomes a conductor (φc), corresponds to the jump (ii) and is, in our case,
approximately 8%.

The partial substitution of CB with graphite, or the addition of Gr to a certain com-
position, resulted in the increased conductivity of the composites. Therefore, considering
samples LLD 44 and LLD 80, both having a same total content of carbon materials, i.e., 8%
(w), the conductivity of the sample with Gr was 68% higher than that of the sample with CB,
when is measured at 1 min from the application of the voltage (1 V), and 35% higher when is
measured at 10 min. The higher σDC values observed with the samples containing graphite
are related to the considerably higher electrical conductivity of graphite as compared to
CB [33], as well as to the morphological characteristics of Gr (high aspect ratio values),
which make the transport of charge carriers through the sample easier.

A slight influence of temperature on conductivity was also observed in the range of 30–
50 ◦C. In essence, both the blank sample and the composites with low filler content (i.e., with
low values of conductivity) showed a slight decrease in conductivity with time and temper-
ature, which could be due to the extinction of charge carriers generated within the materials
during their processing. The materials with higher carbon filler content showed a slight
increase in conductivity over time and with temperature (see Figure S2, Table S3), possibly
due to a thermally and/or electrically activated local alignment of conductive particles,
which could result in a slight increase in the number of conductive paths. Such effects
could prevail at some point over the matrix dilatation effect, leading to fluctuations in
the monotonous increase in resistivity with temperature, especially at lower temperatures
(close to r.t.) and at moderate filler concentrations. The intensity of matrix dilatation effects
tends to increase with both the temperature and the conductivity of the sample, as indicated
by the R vs. T curves, which become smoother as the resistivity of the material decreases.
The fluctuation trend in resistance values with increasing temperature is particularly visible
with the LLD 100 and LLD 120 samples.

4.2.2. AC Conductivity

Similarly, to DC conductivity, AC conductivity increases with the content of conductive
filler φ. This increase is mainly attributed to the growth in the number and dimensions of
conductive paths.

As depicted in Figure 9, for all samples, the values of σca rise with the increase in the
frequency of the measuring voltage. A similar behavior was reported for other polymer
(nano)composites [34,47]. For example, an increase in frequency from 50 Hz to 1 kHz leads
to a 29.5-fold increase in σca for the LLD 80 sample and a 7.5-fold increase for LLD 122. In
the case of the LLD 120 samples, which had the highest CB content among the analyzed
samples, σca practically did not vary with the frequency (Figure 9, curve 5). The increase
in AC conductivity with frequency can be assigned to charge carrier hopping within the
symmetric hopping model in solids with microscopic disorder [34].

The measurement of complex relative permittivity (εr
′) as a function of frequency

revealed (Figure 10) that, in the presence of a conductive filler, the values of εr
′ are higher

compared to the unfilled sample (neat), a result consistent with previous reports for other
polymers [28]. More significant differences between the filled and the neat samples were
observed in the 1 Hz–1 kHz range, while at frequencies close to 10 MHz, these differences
become less pronounced. This increase in εr

′ is primarily attributed to the new interfaces
created by the filler particles, leading to the emergence of inhomogeneity polarization.
This phenomenon, in turn, intensifies orientation, electronic and ionic polarizations in
the polymeric matrix, resulting in an increase in εr

′ values. On the other hand, a high
filler content also increases the number of clusters and reduces the number of individual

83



Materials 2024, 17, 1224

carbon black particles dispersed in the polymeric matrix. Consequently, for φ values
greater than 10%, the matrix/filler interface areas decrease, leading to a reduction in εr

′

values [1,34]. This phenomenon may explain the position of the LLD122 curve on the
diagram in Figure 10.
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Figure 10. Variation with frequency of the real part of the relative complex permittivity for different
composites with an LLDPE matrix (U = 1 V).

The values of the loss tangent (tan δ) depended on frequency, as shown in Figure 11,
exhibiting a trend to increase with the rise in the content of conductive particles, driven by
losses due to inhomogeneity polarization.
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4.3. Resistivity (Resistance) vs. Temperature (PTC Behavior)

The R vs. T curves of samples with carbon contents higher than the critical concen-
tration of 8% (as resulted from the DC conductivity measurements, see above), are similar
regardless of the carbon material concentration. These curves present the three typical
regions described in the literature (see for example [16]) for PTC composites, namely: (i) a
slow increase in resistivity at the beginning of heating from room temperature; (ii) sudden
increase of resistivity at elevated temperatures near the polymer melting temperature and
reaching a maximum in the proximity of the crystallinity melting temperature (Tm) of the
polymer; and (iii) a gradual decrease in resistivity after reaching the resistivity maximum
(NTC effect in the molten state). The interpretation of the phenomena involved in processes
(i) and (ii) is usually based on the concept of the thermal expansion of the polymer matrix,
which results in increased space between the conductive particles and a gradual disruption
of the conductive paths (depercolation). Near a crystalline transition point, the thermally
induced volume expansion abruptly increases, causing a resistivity jump, an effect that
enables various practical applications, as mentioned above. The decrease in resistivity after
reaching the resistivity maximum (NTC effect) is attributed to the formation of conductive
aggregates that enable charge carriers to move through the molten polymer [19].

Although the shape of the R vs. T curves of (CB, Gr)/LLDPE composites follows the
general pattern described above, a strong influence of the conductive filler content on the
parameters of these curves has been observed (Figure 12). Thus, the onset temperatures
(Tonset) and those of reaching the resistivity maximum (Tmax) decreased as the conductive
filler content decreased. Also, the Rmax values increased as the filler content decreased
(see Table S4).

This strong dependence of the R vs. T curves on filler concentration is different
from that observed with similar composites with an HDPE-based matrix and seems to
be determined by the low crystallinity content of LLDPE. Hence, only for the samples
with high conductive filler content, the Tmax values are close to those corresponding to
the melting of the crystalline phase of LLDPE (Tm) as measured by DSC. Unlike Tmax(R),
Tm(DSC) varies very little with the conductive filler concentration, as already mentioned
(see Figures 3 and 4 and Table S1). This effect of resistivity on filler concentration was not
observed or was insignificant in the case of (CB, Gr)/(LLDPE + HDPE) composites [31].
However, Zhang P et al. [18] reported a dependence of the ρ vs. T curves on the filler
concentration for the Gr/(LLDPE + HDPE) system, for filler concentrations of 35–50%
(mass), but the ρ vs. T curves of these materials approach the ideal curve from the literature

85



Materials 2024, 17, 1224

only for high graphite contents ≥ 40% (for HDPE: LLDPE 1:1) or for LLDPE: HDPE
ratios ≥ 60:40. Furthermore, the variation of Tmax(R) with the filler concentration seems
to be rather small. The large difference observed between the values of Tmax(DSC) and
Tmax(R) was explained by the complex contribution of the total crystallinity of the polymer
matrix and the specific volume dilatation [14]. However, the PTC intensity seems to be
rather low, with the highest values of the log10(ρ max/ρ0) ratio being slightly below 3,
despite the large graphite concentrations used. The study presented by Zhang R. et al. [12]
concerning the influence of carbon fiber (CF) concentration on the ρDC vs. T curves of
CF/(UHMWPE+LDPE) composites revealed a behavior similar to that highlighted by
us: the onset temperature of the PTC effect decreased considerably (50–123 ◦C) with the
filler content (2.5–10% vol), showing an optimal value (maximum PTC) for 5% CF (vol).
The peak temperature of the melting endotherm practically did not change with the CF
concentration, but the SEM morphological information suggests rather a homogeneous
structure of the matrix and a homogeneous dispersion of CF between the two polymers.
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2—LLD 190; 3—LLD 162; 4—LLD 160; 5—LLD 142; 6—LLD 140; 7—LLD 122; 8—LLD 82;
9—LLD 120; 10—LLD 100. The vertical red line correspond to the average Tm(DSC) of the composites
(125.5 ◦C).

The optimal values of the concentration of conductive fillers, for which the highest
intensities of the PTC effect were obtained (Table S4), correspond to samples LLD 140–LLD
190, i.e., those for which the Tmax values approach the value of the crystallinity melting
temperature determined by DSC (Tm(DSC)). However, it should be noted that all conductive
samples showed significant jumps in resistivity with increasing temperature. The samples
with high r.t resistivity (LLD 100, LLD 122 and LLD 82) exhibit broad peaks of resistivity,
which occur at considerably lower temperatures than the melting temperature of the
polymer. Combining the experimental observations and the data from the literature, it
can be concluded that the behavior of the studied composites in R vs. T measurements
could be described more properly by the Ohe and Natio model [34,35], based on tunneling
through the interparticle gaps, rather than the model based on sudden expansion at the
melting temperature. Thus, for samples with a lower filler content, depercolation occurs as
a result of tunneling interruption due to the thermally induced modification of the space
gap distribution between the conductive particles (a contribution of molecular movements
or the melting of pseudo-crystalline domains is to be also considered). On the other hand,
at high concentrations of the conductive filler, a more significant volumetric expansion is
necessary (like what is produced near the crystallinity melting temperature), to sufficiently
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increase the distances between conductive particles; hence, a mechanism based on thermal
expansion predominates in such a case.

If we compare the values of Tm(DSC) and Tmax(R) for a same sample, it can be observed
that excluding the samples with a high carbon contents (LLD 192, LLD 190, LLD 162
and LLD 160), the reaching of the Rmax value and the subsequent decrease upon heating
occur in the “solid” phase, at lower temperatures than Tm(DSC). This fact suggests that the
aggregates of conductive particles, considered responsible for the decrease in resistivity
after Rmax, are formed even before complete polymer melting and that the mobility of these
aggregates within the polymer matrix is sufficiently high to ensure electrical conduction.
Therefore, the enhancement of electrical conduction at Tmax(DSC) > T > Tmax(R) could be
provided by a thermally activated mechanism of jumping/tunneling between neighboring
conductive (fibrous) aggregates, which could result from the coagulation (re-arrangement)
of the neighboring conductive particles. Note that the viscosity of the medium at elevated
temperatures (below the melting point) is high enough to enable only the limited movement
of the conductive particles around their equilibrium positions in the conductive paths. This
could also explain the observed broadening of the resistivity peak (which equals to a
decrease in the intensity of the NTC effect) with decreasing conductive filler concentrations.

If we compare the values of Tm(DSC) and Tmax(R) for the same sample, it can be observed
that excluding the samples with high carbon contents (LLD 192, LLD 190, LLD 162 and
LLD 160), the Rmax value is reached well before the matrix melts and the subsequent
decrease occurs in the “solid” phase until a temperature equal to Tm(DSC) is attained. This
fact suggests that aggregates of the conductive particles, considered to be responsible for
the decrease in resistivity after Rmax, are formed well before complete polymer melting, and
that the mobility of these aggregates within the polymer matrix is sufficiently high to ensure
electrical conduction. Therefore, the decrease in electrical resistivity at Tm(DSC) > T > Tmax(R)
could be provided by a thermally activated mechanism of jumping/tunneling between
neighboring conductive (fibrous) aggregates, which may result from the coagulation (re-
arrangement) of the neighboring conductive particles. Note that the viscosity of the medium
at elevated temperatures (below the melting point) is high enough to enable only limited
movement of the conductive particles around their equilibrium positions in the conductive
paths. This fact could also explain the observed broadening of the resistivity peak (which
equals to a decrease in the intensity of the NTC effect) with decreasing conductive filler
concentrations.

Additionally, it is observed from the comparison of R vs. T and DSC data
(Figures 12–14) that even for samples with a high carbon content, there is no perfect
correspondence between the Tmax(R) and Tmax(DSC) values. For some of the samples
mentioned above as having a high carbon content, the Tmax(R) values are slightly higher
than the Tm(DSC), although the heating rates in the R vs. T measurements were lower. This
behavior suggests that the same distribution of particles that exists in the solid state persists
in the highly viscous fluid material that resulted from the crystallinity melting. On the
other hand, the attainment of Rmax before the crystallinity melting for the samples with a
lower carbon content suggests that the smaller volume expansion of the amorphous phase
at T < Tm(DSC) would be large enough to increase the interparticle distances interrupting so
the conductive paths in those samples.

The decrease in resistivity after Tmax(R) could be explained by the formation of aggre-
gates in the amorphous zone of the not yet melted polymer, through a continuous process
apparently unaffected by the melting of the polymer (the shape of the R vs. T curves did
not change dramatically in the proximity of Tm(DSC)). In understanding the behavior of
the composites below Tm(DSC), we should take into account that the conductive material
is distributed in the amorphous region of the polymer (see, e.g., Zhang P et al. [19]) and
that the composite preparation method provides a certain degree of inhomogeneity in the
conductive particles distribution. Hence it seems that it can be expected that the changes
in volume and viscosity in either the amorphous or pseudo-crystalline phases and/or the
activation of some thermally induced molecular movements [19] influence the electrical
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conductivity of the material more than the melting crystallinity, which is present in a
relatively small proportion, according to the DSC data (see the Supplementary Materials).
In particular, in the case of LLDPE, which exhibits a complicated behavior during melting
and solidification [48], such processes can influence the distribution of conductive particles
and, consequently, the resistivity of the material during heating.
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Figure 13. R0/Rf (•) and PTC intensity (#) of different composites (see numbers on the ab-
scise): 1—LLD 192; 2—LLD 190; 3—LLD 162; 4—LLD 160; 5—LLD 142; 6—LLD 140; 7—LLD 122;
8—LLD 120; 9—LLD 82; 10—LLD 100. In the inset, decreasing R0/Rf values for CB/LLDPE compos-
ites as CB content decreases.
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Figure 14. Tmax(R) and Tmax(DSC) vs. carbon content of composites (see numbers on the abscise):
1—LLD 0; 2—LLD 100; 3—LLD 82; 4—LLD 120; 5—LLD 122; 6—LLD 140; 7—LLD 142; 8—LLD 160;
9—LLD 162; 10—LLD 190; 11—LLD 192.

The analysis of the data in Tables S1 and S4 and in Figures 13 and 14 suggests a
relatively complex influence of the carbon content on the R-T behavior: according to the
Tmax(R) values, the composites can be divided into two groups, namely (i) samples with
a high total carbon content (≥14% w/w) which present Tmax(R) values close to Tm(DSC)
and (ii) samples with a low total carbon content (≤12% w/w), for which the difference

88



Materials 2024, 17, 1224

in TmDSC − Tmax(R) increases as the carbon content decreases. The intensities of the PTC
effect have high values in the first group and decrease as the carbon content of the sample
decreases. The presence of graphite generally improved the parameters of the R-T curves
parameters, but the most noticeable effect was observed at low total carbon concentrations,
as seen in the case of sample LLD 82, which exhibits comparable parameters to sample
LLD 122, despite having a lower carbon content. Additionally, the differences in behavior
induced by the presence of graphite are clear if we compare samples LLD 122 vs. LLD 120,
or LLD 82 vs. LLD 100. In addition, it shall be remarked that these results are in good
agreement with the AC and DC conductivity data presented above.

In the case of cooling curves (Figure 15), similar trends were observed, but the values
of R’max are higher than the corresponding Rmax values from the heating curves (excluding
sample LLD 192), suggesting a slower reformation of conductive paths upon solidification.
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Figure 15. R vs. T curves from (CB, Gr)/LLDPE composites at first cooling cycle: 1—LLD 192;
2—LLD 190; 3—LLD 162; 4—LLD 160; 5—LLD 142; 6—LLD 140; 7—LLD 122; 8—LLD 82; 9—LLD 120.
In inset, LLD 100 sample (note the max. of y scale is 800,000 kΩ). The vertical red line corresponds to
average Tc of the composites (112.8 ◦C).

Overall, all samples showed higher resistivity values at room temperature after a
heating–cooling cycle, indicating that some of the conductive pathways do not reform.
Considering a proportional relationship between the number of conductive pathways and
conductivity (inverse of resistivity), Figure 13 shows that the fraction of channels that
do not reform (described by R0/Rf ratio) is smaller in samples with a high carbonaceous
conductive filler content (>14 w/w) and increases with the decreasing carbon content of
the samples. The scattering of the R0/Rf values seems to be influenced by the graphite-
containing samples, where the variation trend is weaker than for the samples containing
CB only (see Figure 13 inset).

The conductive samples with lower filler concentrations (at the end of the conductive
range, i.e., LLD 82–LLD 192) exhibit a different behavior during cooling as compared to
other samples in the mentioned range. Thus, the LLD 120 and LLD 100 samples, with
a relatively low concentration of carbon black and no graphite, return to high resistance
values after cooling, in the order of MΩ and hundreds of MΩ, respectively, categorizing
them as insulators; hence, the R0/Rf values are low. The behavior of the LLD 192 sample,
which contains a high concentration of fillers, is remarkable too: the cooling curves (see
Figure 15 and Table S5) show a slow increase in melt resistivity between 133 and 123 ◦C,
after which the resistivity suddenly increases until ~120 ◦C (T′max(R)). This value is far from
Tc(DSC) (see Figure 15 and Table S2). However, the maximum value (R’max) is considerably
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lower than the corresponding value from the heating curves, representing a different
behavior not only compared to the rest of the studied composites, but also in comparison
to the (Gr, CB)/HDPE and (Gr, CB)/(HDPE + LLDPE) composites reported earlier [31].
This behavior indicates that the material conserves relatively high conductivity at the
crystallization temperature, i.e., a significant number of the conductive pathways remain
functional at T′max(R).

In general, it is observed (Figure 15 and Tables S2 and S5) that all samples with high
carbon content (LLD 140–LLD 192) have T′max(R) values higher than Tc(DSC), with little
dependence on filler concentration, while the samples with lower conductive filler content
present lower T′max(R) values (and are strongly dependent on the filler concentration) than
Tc(DSC).

4.4. Electrothermal Behavior

For all samples with a higher carbon content than the critical concentration, regardless
of the carbon content and applied voltage, the temperature–time variation (T vs. t) curves
on the sample surface exhibit a typical self-limiting behavior of temperature and current, en-
abling the use of these materials in self-regulating thermal applications (Figures 16 and 17).
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No significant differences were observed between the T vs. t curves resulting from the
DC and AC measurements for the same applied voltages (effective voltage in AC), as can
be observed in Figure 18 for the LLD 192 sample at applied voltages of 20 V.
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Figure 18. The T vs. t curves for LLD 192 at 20 V: (#) DC; (•) AC.

The voltage-limiting effect is illustrated in Figure 19 for the LLD 190 sample. In the low
voltage range, up to 50 V in this case, the temperature increased with increasing voltage,
reaching a maximum. Subsequently, the equilibrium temperature values decreased with
increasing voltage. This trend was accentuated as the applied voltage increased. Such a
behavior is of particular practical importance because it describes overvoltage protection.

Materials 2024, 17, x FOR PEER REVIEW 20 of 24 
 

 

Figure 16. The T vs. t curves for different applied voltages (AC) on the same composite sample LLD 

192 (s10): (●) 3 V; (○) 5 V; (+) 8 V; (■) 10 V; (☐) 12 V; (×) 15 V; (▲) 20 V; (∆) 25 V; (♦) 35 V Levelling 

of temperature increase at 20 and 25 V can be clearly observed. 

 

Figure 17. The T vs. t and I vs. t curves for LLD 192 sample (U = 50 V). 

 

Figure 18. The T vs. t curves for LLD 192 at 20 V: (○) DC; (●) AC. 

 

Figure 19. Teq vs. applied voltage for LLD 190 sample. 

The dependency of the thermal–voltage effect described above, observed in all of the 

studied samples, differs significantly from the behavior of an ohmic resistor and is 

determined by the self-limiting characteristics of the material. If the self-limiting effect did 

not occur, then the current intensity would increase proportionally with the applied 

voltage, following Ohm’s law (U = RI, with R practically constant). However, in our case, 

it is clearly observed (see Figure 19) that the equilibrium current intensity through the 

sample decreases with the applied voltage. This effect directly affects the temperature on 
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It is noteworthy that the Teq value decreased with the decreasing of the conductive
filler concentration (or, for achieving the same temperature, the necessary voltage was
higher as the concentration of the conductive filler was lower).

Also, for any of the sample combinations (filler concentration)—the applied voltage,
the maximum value of Teq was far enough from Tm(DSC), meaning that the temperature
limitation occurs at considerably lower Teq values. This fact is also of practical importance
for the operational safety of the material as a heater, preventing its destruction by melting
during use. Additionally, because the Teq values differ significantly from the Tm(DSC)
values, our previous observations concerning the limited involvement of the crystalline–
amorphous transition in the PTC effect mechanism in the case of this type of polymer
matrix are confirmed (see R vs. T curves).
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The dependency of the thermal–voltage effect described above, observed in all of
the studied samples, differs significantly from the behavior of an ohmic resistor and is
determined by the self-limiting characteristics of the material. If the self-limiting effect
did not occur, then the current intensity would increase proportionally with the applied
voltage, following Ohm’s law (U = RI, with R practically constant). However, in our case, it
is clearly observed (see Figure 19) that the equilibrium current intensity through the sample
decreases with the applied voltage. This effect directly affects the temperature on the
surface of the sample, which remains unchanged over time for a given voltage (Figure 17)
and changes very little over a wide range of voltages (Figure 19). At the same time, the
decrease in Ieq with applied voltage suggests that as the voltage tends toward infinity, the
material would tend to become an insulator (Figure 19) due to the self-limitation of the
current passing through the sample.

It was also observed, especially for samples exposed to high AC voltages (>150 ◦C),
that a slight increase in r.t. resistivity (measured as resistance) occurred after conducting
long term tests. Although, after exposure to moderate voltages (25–50 V), the resistivity
tends to decrease slightly, suggesting the reversibility of the process, and the possible aging
of the polymeric material (or the matrix–filler assembly) at elevated temperatures and
high voltages cannot be excluded. Hence, the extension of the work in the direction of
degradation diagnosis is considered.

5. Conclusions

This study reaffirms the significant influence of filler content (φ) on the electrical
properties of polyethylene/carbon black/graphite composites. A notable increase in DC
conductivity was observed between 8–10% filler content due to percolation. Higher φ
values also increased AC conductivity, permittivity and the loss factor, leading to enhanced
dielectric losses and subsequent heating in electric fields.

The use of an LLDPE matrix with its low crystallinity offers greater flexibility compared
to HDPE. A strong dependence of the PTC effect on carbon content was demonstrated,
particularly on the temperature at which maximum resistivity occurs (Tmax(R)). This effect
is underexplored in the literature and highlights a unique aspect of this study.

The results revealed how the composition of a composite significantly impacts self-limiting
properties and the PTC effect. Above the critical percolation concentration, there exists an
optimal range where the PTC effect’s intensity and stability hold practical value for (CB-
Gr)/LLDPE composites. Unlike highly crystalline matrices (HDPE or HDPE/LLDPE), Tmax(R)
and the DSC-determined melting temperature (Tm(DSC)) differ significantly. This indicates that
factors beyond crystallinity melting influence the PTC mechanism. Further studies are needed
to explore the specific interaction between the conductive filler and the LLDPE matrix.

The distinct behavior of LLDPE-matrix composites allows for the tailored con-
trol of self-limiting and interrupting properties, potentially leading to innovative
low-temperature applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17051224/s1, Figure S1: Theoretical curve of DC conductivity
vs. conductive filler concentration; Figure S2: Electrical conductivity (σDC) vs. time for LLD 122
sample, at different temperatures: (1) 30 ◦C; (2) 40 ◦C; (3) 50 ◦C. The measurement voltage, U0 = 1V;
Table S1: Kinetic parameters of melting process studied by DSC (ramp experiment, heating rate,
10 ◦C/min., N2 flow, 50 ml/min); Table S2: Kinetic parameters of crystallization process studied
by DSC (ramp experiment, cooling rate, 10 ◦C/min., N2 flow, 50 ml/min); Table S3: σDC values
measured at different temperatures (T) after 1 min. (σdc1) and 10 min. (σdc10) from voltage (U0)
application; Table S4: Kinetic parameters of the R vs. T heating curves of the studied composites;
Table S5: Kinetic parameters of the R vs. T cooling curves of the studied composites.
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Abstract: In this study, organosilicon compounds were used as modifiers of filaments constituting
building materials for 3D printing technology. Polymethylhydrosiloxane underwent a hydrosilylation
reaction with styrene, octadecene, and vinyltrimethoxysilane to produce new di- or tri-functional
derivatives with varying ratios of olefins. These compounds were then mixed with silica and incor-
porated into the ABS matrix using standard processing methods. The resulting systems exhibited
changes in their physicochemical and mechanical characteristics. Several of the obtained compos-
ites (e.g., modified with VT:6STYR) had an increase in the contact angle of over 20◦ resulting in a
hydrophobic surface. The addition of modifiers also prevented a decrease in rheological parameters
regardless of the amount of filler added. In addition, comprehensive tests of the thermal decomposi-
tion of the obtained composites were performed and an attempt was made to precisely characterize
the decomposition of ABS using FT-IR and optical microscopy, which allowed us to determine the
impact of individual groups on the thermal stability of the system.

Keywords: ABS; FDM; polysiloxane; silica; 3D printing

1. Introduction

Additive technologies, commonly known as 3D printing, are an intensively developing
field that involves the use of a three-dimensional virtual model to create a real object layer-
by-layer. During printing, materials such as polymers, ceramics, or metal can be bonded
together permanently when exposed to a desired temperature or a laser beam. The rapid
development of additive technologies began in 2009 when most of the patents for 3D
printing devices expired, which made it possible to use the technology on a wider scale [1].

Three-dimensional printing currently offers a wide spectrum of applications. It is used
in the construction [2,3], automotive [4,5], medical [6–8], decoration, machinery, dental,
and textile industries. Among the most important advantages of additive technologies
is the ability to produce models with complex geometry without the need for multiple
manufacturing tools. Disadvantages include limited dimensional accuracy, the problem
of printing skewed surfaces, and the frequent need for additional surface treatments.
Compared with conventional methods (i.e., milling and turning), additive techniques are
a relatively young and rapidly growing discipline. Therefore, their disadvantages are
gradually being eliminated through the introduction of design improvements and the
development of a new range of materials suitable for 3D printing [9].

FDM (Fused Deposition Modeling) is one of the most commonly used incremental
techniques. It creates three-dimensional objects by adding successive layers of molten
material. The printout is based on the generated digital 3D object and provides us with the
ability to manipulate the geometry of an object. The possibility of obtaining models with a
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complex geometry combined with a shorter design time and lower production costs make
this technique very popular [10,11].

Thermoplastics are attractive materials for use in FDM as is the older technology of in-
jection molding. Polymers such as acrylonitrile butadiene styrene (ABS), polylactide (PLA),
and polyamide are among the best ones available [12]. ABS has been used in the electronics
sector (e.g., for use in the bodies of electrical devices), sports, the automotive [4,5,13],
household appliances (e.g., for use in the bodies of TV sets and radio receivers), and
toys [14–16]. This material is characterized by its hardness and good mechanical strength,
which have also been observed at low temperatures. In addition, ABS does not conduct
electricity, has high impact resistance, and is resistant to high temperatures [17]. It owes
its chemical resistance and thermal stability to the presence of acrylonitrile units in the
polymer chain. Aromatic groups affects the stiffness and processability of the material. The
butadiene phase, on the other hand, is responsible for improved impact strength and hard-
ness [18]. One of the main disadvantages of using this material is its low adhesion to the
surface during printing, and deformations occurring during its shape formation are another
disadvantage [19]. Numerous publications have aimed to mitigate these effects through
material modifications through the addition of different fillers while simultaneously en-
hancing mechanical or processing characteristics [20–24]. In our work, we presented the
preparation of ABS composites with a modified silica nanofiller. There are well-known
applications of nanofillers in the literature; Kim, I.-J. et al. [25] in their work described
ABS nanocomposites with silica nanoparticles obtained through emulsion polymerization
techniques and compress molding in their research. The composites produced through this
method exhibited a noteworthy boost in impact strength, with an approximate enhancement
of 30%.

In work [26] the influence of nanoparticles, i.e., montmorillonite, CaCO3, silica, and
multiwalled carbon nanotubes, on the mechanical properties of ABS composites produced
using the FDM technique was examined. It was found that the addition of fillers im-
proved the mechanical strength and thermal stability of the samples. Moreover, some of
the obtained composites were characterized by increased bending strength and reduced
mechanical anisotropy.

In the work of Bai Huang et al. [27], silica-based modifiers were also produced to
modify ABS for 3D printing using FDM technology. They optimized the efficiency of 3D
printing acrylonitrile–butadiene–styrene composites through cellulose nanocrystal/silica
nanohybrids (CSNs), resulting in composites with increased adhesion between layers.
CSNs obtained through the TEOS sol–gel method have uniformly distributed nanosilica
on their surfaces, and nanohybrids demonstrated both an excellent efficiency and well-
reinforcement effect in FDM. In our previous work, we thoroughly discussed the impact
of functionalized organosilicon additives in the context of other thermoplastics such as
polyethylene (PE) and polylactide acid (PLA) [28,29].

This paper presents the surface modification of silica using organosilicon compounds
(polysiloxane derivatives) and then introduces the filler into the polymer matrix. The
obtained composites were tested for processing properties (through the mass flow index)
and physicochemical properties (through surface analysis and mechanical properties). Mi-
croscopic images (through an optical microscope) were taken to determine the morphology
and dispersion of the filler in the matrix. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TG) were also performed to determine thermal properties. The
investigation conducted here facilitates the assessment of the impact of modified nanosilica
on the resultant composites and also enables the evaluation of the potential applications of
the material obtained.
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2. Materials and Methods
2.1. Materials

ABS type TR558 was purchased from LG Chem (Seul, South Korea), Fumed silica filler
AEROSIL® 200 (Aero) with a specific surface area of 200 m2/g was purchased from Evonik
(Essen, Germany)

The chemicals were purchased from the following sources:

Polymethylhydrosiloxane, trimethylsilyl-terminated, 15–25 cSt from Gelest (Morrisville,
PA, USA); styrene (STYR), octadecene (OD), toluene, chloroform-d, Karstedt’s catalyst
xylene solution from Merck KGaA (Darmstadt, Germany); vinyltrimethoxysilane (VT) from
BRB; and P2O5 from Avantor Performance Materials Poland S.A. (Gliwice, Poland)
Toluene was degassed and dried by distilling it from P2O5 under an argon atmosphere.

2.2. Analyses

Fourier transform-infrared (FT-IR) spectra were recorded on a Nicolet iS 50 Fourier
transform spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) equipped
with a diamond ATR unit with a resolution of 0.09 cm−1.

1H, 13C, and 29Si nuclear magnetic resonance (NMR) spectra were recorded at 25 ◦C on
Bruker Ascend 400 and Ultra Shield 300 spectrometers using CDCl3 as a solvent. Chemical
shifts were reported in ppm concerning the residual solvent (CHCl3) peaks for 1H and 13C.

The melt flow rate (MFR) was measured using the Instron CEAST MF20 melt flow
tester according to the standard [30] at 220 ◦C for the load of 5 kg, and the time of cutting
off the polymer stream was 30 s.

Water contact angle (WCA) analysis were performed through the sessile drop tech-
nique at room temperature and atmospheric pressure using a Krüss DSA100 goniometer.
Three independent measurements were taken for each sample, each with a 5 µL water drop,
and the obtained results were averaged.

Light microscopy images of the surface and fractures of the composites were taken us-
ing a KEYENCE VHX-7000 digital microscope (Keyence International, Mechelen, Belgium,
NV/SA) with a 100–1000 VH-Z100T zoom lens. All images were recorded using a VHX
7020 camera.

Tensile and flexural strength tests were performed using the universal testing machine
INSTRON 5969 with a maximum measuring capability of 50 kN. Seven samples were
selected from each system, placed in the testing machine, and subjected to tensile and
flexural tests. For each modifier, seven values of stress, modulus of elasticity, and elongation
were obtained, which were then averaged. The traverse speed for the tensile strength
measurements was set at 2 mm/min.

A Charpy impact test (with no notch) was performed on an Instron Ceast 9050 impact
machine according to the [31] standard. For all the series, 6 measurements were performed
for each material.

Hardness of the composite samples was tested through the Shore method using a
durometer from Bareiss Prüfgerätebau GmbH (Oberdischingen, Germany).

Thermogravimetry (TGA) was performed using a NETZSCH 209 F1 Libra gravimetric
analyzer (Selb, Germany). Samples of 9 ± 0.5 mg were cut from each granulate and
placed in Al2O3 crucibles. Measurements were conducted under nitrogen and air (flow of
20 mL/min) within various temperature ranges, i.e., from 30 ◦C to 390 ◦C, from 30 ◦C to
400 ◦C, from 30 ◦C to 455 ◦C, or from 30 ◦C to 500 ◦C and a 10 ◦C/min heating rate.

Differential scanning calorimetry (DSC) was performed using a NETZSCH204 F1
Phoenix calorimeter. Samples of 6 ± 0.2 mg were placed in an aluminum crucible with a
punctured lid. The measurements were performed under nitrogen within a temperature
range of −20 ◦C to 310 ◦C and at a 10 ◦C/min heating rate.

2.3. The Procedure for Synthesis of Polysiloxane Derivatives

In a typical procedure, a 500 mL three-neck round bottom flask was charged with 30 g
of polymethylhydrosiloxane, 250 mL of toluene, and calculated amounts of olefins (Table 1).
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The reaction mixture was set at 70 ◦C and, before reaching boiling point, Karstedt’s catalyst
(10−5 eq Pt/mol SiH) solution was added, which resulted in a quick increase in temperature
and the system starting to reflux. The reaction mixture was kept at reflux and samples
were taken for FT-IR control until full Si–H group disappearance was observed. Then, the
solvent was evaporated to dryness under a vacuum to obtain a pure analytical sample.

Table 1. Amounts of olefins used in the reactions.

Code Amount of VT/g Amount of STYR/g Amount of OD/g

VT:6STYR 11.0 46.5 -
VT:4STYR:2OD 11.0 31.0 37.6
VT:3STYR:3OD 11.0 23.2 56.4
VT:2STYR:4OD 11.0 15.5 75.1

VT:6OD 11.0 - 112.6

2.4. The Procedure of Mixing Nanosilicate with a Modifier

A total of 30 g of Aerosil200 and 30 g of an organosilicon modifier were weighed in a
ceramic vessel with alumina balls. In the next step, the system was placed on rollers and
mixing was continued for 24 h. The ABS copolymer, after pre-drying in an oven for 2 h
at 70 ◦C, was loaded into a V-mixer, and then a pre-weighed silica modifier mixture (5%
Aerosil 200, 5% modifier, 90% ABS) was added. Each of the systems was mixed in a mixer
for 20 min. Microscopic images for all Aerosil + modifier mixtures looked analogous and
are presented in Figure 1.
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Figure 1. Optical microscopic images of (a) Aerosil and (b) Aerosil with modifier.

2.5. Injection Molding

The samples were homogenized through the injection molding process. An Engel
E-victory 170/80 tie-bar-less injection molding machine produced the test samples. The
parameters of the injection process are presented in Table 2. Standardized type 1A fittings
were obtained according to the [32] standard (Figure 2) for further testing.

Table 2. The parameters of the injection process.

Properties Parameters

Maximum dispensing time 15.0 s
Dispensing volume 31.00 cm3

Holding time 7 s
Cooling time 35.00 s

Holding pressure 500.0–1100.0 bar
Mold temperature 70 ◦C
Dosing efficiency 0.71 cm3/s
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Figure 2. A 1A fitting with dimensions as follows: total length, l = 150 mm; thickness, h = 4 ± 0.2 mm;
width of the measuring part, b = 10.0 ± 0.2 mm [33].

2.6. Preparation of Filament

The injection samples were milled. The obtained granulate was homogenized during
the extrusion of the stream with the HAAKE Rheomex OS.

The filament obtained in the previous stage was ground and extruded into a filament
for 3D printing. Appropriate amounts of granules containing 5% modifier and ABS were
weighed on a laboratory balance, and each system was diluted into six concentrations as
follows: 0.1%, 0.25%, 0.5%, 1%, 1.5%, and 2.5%. The filament was extruded on a Filabot
EX6 single-screw extruder with four heating zones (Table 3), an L/D 24 screw, and a nozzle
with a diameter of 1.75 mm.

Table 3. The parameters of the filament extrusion.

Properties Parameters

Zone 1 temperature 215 ◦C
Zone 2 temperature 240 ◦C
Zone 3 temperature 230 ◦C

Filling zone temperature 90 ◦C
Voltage 20–25 V
Current 1–1.5 A

2.7. 3D Printing (FDM)

An extruded filament was used for FDM printing. The samples were printed on a
Flashforge Guider IIs with a closed working chamber, a heated bed, and an extruder heating
up to a maximum temperature of 300 ◦C. Parameters of printing are collected together
and shown in Table 4. Bars for impact and bending tests were printed (Figure 3) as were
paddles for stretching tests (Figure 4).

Table 4. The parameters used for 3D printing.

Properties Parameters

Nozzle diameter 0.4 mm
Extruder temperature 225 ◦C

Bed temperature 105 ◦C
Layer height 0.2 mm

Bottom and top layer style linear
Fill style linear

Infill density 100%
Printing speed 60 mm/s
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Figure 4. Dimensions of samples used for stretching test: total length l = 75 mm, thickness h ≥ 2 mm,
the width of the measuring part, b = 5.0 ± 0.2 mm [33].

3. Results and Discussion
3.1. Chemical Characterization of Modifiers

The hydrosilylation process was carried out until the disappearance of the signal from
the Si–H group (the strong band from stretching vibrations at 2140 cm−1 and the bending
vibrations at the wavelength of 888 cm−1), which indicates the complete conversion of
polysiloxane. All compounds were obtained at a high yield (>94%) (Figures 5–9). To
validate compound structure, purity, and conversion, NMR analysis (1H, 13C, 29Si) was
performed. The following signals were assigned:

VT:6STYR
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1H NMR (400 MHz, CDCl3): σ(ppm) = 7.44–7.16 (m, Ph), 6.78, 6.75, 6.74, 6.71, 5.80, 5.75,
5.28, 5.25, 3.55 (s, -Si(OCH3)3), 2.71 (m, Ph-CH2CH2-Si-), 2.62, 2.38 (solvent), 2.18, 1.52, 1.41, 1.15,
0.94 (m, Ph-CH2-CH2-Si), 0.86, 0.64 (m, -SiCH2CH2Si-), 0.57, 0.15, 0.07 (-Si(CH3)3, -SiCH3)

13C NMR (101 MHz, CDCl3): σ(ppm) = 144.61, 144.33, 144.15, 137.98, 137.69, 137.01, 129.17
(solvent), 128.63–124.88 (m, Ph), 113.90, 50.63, 30.86, 30.72, 29.27, 29.15, 29.02, 21.59, 19.73, 19.52
(-CH2-Ph), 15.76, 15.01 (-Si-CH2), 14.80, 8.50, 2.05, −0.17, −1.97 (m, -Si(CH3)3, -SiCH3)

29Si NMR (79.5 MHz, CDCl3): σ(ppm) = −22.68–(−23.01) (SiMe, SiMe3), −41.96 (SiOMe3)

VT:4STYR:2OD
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1H NMR (400 MHz, CDCl3): σ(ppm) = 7.19, 7.13 (m, Ph), 3.53 (s, -Si(OCH3)3), 2.67 (m,
Ph-CH2CH2-Si-), 2.36 (solvent), 1.55–1.26 (Si-CH2(CH2)16CH3), 0.88 (t, -CH2-CH3), 0.52
(-SiCH2(CH2)16CH3), 0.08 (-Si(CH3)3, -SiCH3)

13C NMR (101 MHz, CDCl3): σ(ppm) = 129.18 (solvent), 128.37–127.81 (m, Ph), 32.09,
29.89, 29.53 (-CH2-), 22.85 (-CH3), 14.27 (-Si-CH2), 0.12 (-Si(CH3)3, -SiCH3)

29Si NMR (79.5 MHz, CDCl3): σ(ppm) = −22.08–(−23.53) (SiMe, SiMe3), −41.92 (SiOMe3)

VT:3STYR:3OD
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1H NMR (400 MHz, CDCl3): σ(ppm) = 7.14 (m, Ph), 3.53 (s, -Si(OCH3)3), 2.66 (m,
Ph-CH2CH2-Si-), 2.36 (solvent), 1.54–1.25 (Si-CH2(CH2)16CH3), 0.88 (t, -CH2-CH3), 0.51
(-SiCH2(CH2)16CH3), 0.08–0.07 (-Si(CH3)3, -SiCH3)

13C NMR (101 MHz, CDCl3): σ(ppm) = 129.18 (solvent), 128.37–127.81 (m, Ph), 32.09,
29.90, 29.53 (-CH2-), 22.85 (-CH3), 14.27 (-Si-CH2)

29Si NMR (79.5 MHz, CDCl3): σ(ppm) = −22.53–(−24.08) (SiMe, SiMe3), −41.78 (SiOMe3)
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vent), 1.54, 1.25 (m, Si-CH2(CH2)16CH3), 0.88–0.86 (t, -CH2-CH3), 0.51 (m, -SiCH2CH2Si-),
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1H NMR (400 MHz, CDCl3): σ(ppm) = 7.18 (solvent) 3.55 (s, -Si(OCH3)3), 2.36 (sol-
vent), 1.55, 1.26 (m, Si-CH2(CH2)16CH3), 0.88 (t, -CH2-CH3), 0.50 (m, -SiCH2CH2Si-), 0.04
(m, -Si(CH3)3, -SiCH3)

13C NMR (101 MHz, CDCl3): σ(ppm) = 129.18 (solvent), 32.11, 29.93, 29.86, 29.56
(-CH2-), 22.86 (-CH3), 14.27 (-Si-CH2)

29Si NMR (79.5 MHz, CDCl3): σ(ppm) = −22.06–(−23.01) (SiMe, SiMe3), −41.78 (SiOMe3)

3.2. Thermal Analysis (TGA and DSC)

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
performed for both reference and ABS with unmodified SiO2 as well as ABS/SiO2/
organosilicon modifier composites.

3.2.1. Thermogravimetric Analysis (TGA)

The determined parameters, including temperatures of 1% and 5% mass loss, the
temperature of the start of degradation, and the temperature of the maximum rate of mass
loss, are summarized in Tables 5 and 6. The process of the thermal decomposition of the
samples was carried out in air and nitrogen atmospheres (Figure 10).

Table 5. Thermogravimetric analysis results in an air atmosphere.

Code 1% of Weight Loss/◦C 5% of Weight Loss/◦C Onset Temperature/◦C
Temperature at the
Maximum Rate of

Mass Loss/◦C

neat ABS 235.7 346.6 363.7 392.6
ABS + 0.1%Aero 205.5 342.8 364.0 396.3

ABS + 0.1%
VT:6STYR/Aero 191.9 341.2 365.6 397.1

ABS + 0.1%
VT:4STYR:2OD/Aero 217.2 342.1 363.9 395.0

ABS + 0.1%
VT:3STYR:3OD/Aero 207.8 341.0 366.9 399.7

ABS + 0.1%
VT:2STYR:4OD/Aero 187.3 340.7 365.3 397.1

ABS + 0.1%
VT:6OD/Aero 187.1 340.6 364.5 396.3

The study of thermal stability in an air atmosphere shows that the temperature of the
onset of degradation is highest for the system that has the same molar ratio of styrene and
octadecyl substituents (ABS + VT:3STYR:3OD/Aero); an excess within any of these groups
causes a decrease in this temperature.
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Table 6. Thermogravimetric analysis results in a nitrogen atmosphere.

Code 1% of Weight Loss/◦C 5% of Weight Loss/◦C Onset Temperature/◦C
Temperature at the
Maximum Rate of

Mass Loss/◦C

neat ABS 212.9 350.2 361.9 384.3
ABS + 0.1%Aero 200.6 349.7 367.9 393.2

ABS + 0.1%
VT:6STYR/Aero 209.6 351.3 365.1 389.7

ABS + 0.1%
VT:4STYR:2OD/Aero 196.3 350.1 365.4 390.0

ABS + 0.1%
VT:3STYR:3OD/Aero 191.3 349.1 370.3 400.1

ABS + 0.1%
VT:2STYR:4OD/Aero 200.2 352.5 366.7 391.5

ABS + 0.1%
VT:6OD/Aero 205.8 353.8 368.5 393.2
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The thermal stability study in an inert gas atmosphere proved that the degradation
onset temperature is utmost for the system that has the same molar ratio of styrene and
octadecyl substituents (ABS + VT:3STYR:3OD/Aero); an excess of any of these groups
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causes a decrease in onset temperature. The temperature of the onset of degradation
in the nitrogen atmosphere is the lowest for the reference sample of neat ABS, and the
modification further increases the thermal stability by 8.4 ◦C. The highest temperature at
the maximum rate of mass loss occurs for the ABS + VT:3STYR:3OD/Aero composite. The
difference between ABS + VT:3STYR:3OD/Aero and neat ABS is 15.8 ◦C. A loss of 1% of
mass occurs latest (at the highest temperature) for a neat ABS sample. On the other hand,
the temperature at 5% mass loss oscillates around 350 ◦C for both the reference samples
and the modified ABS.

The temperature at the maximum weight loss is higher for modified ABS (in nitrogen
and air) due to the higher Si−O bond energy (488 kJ/mol) in silica and the modifier than
that of the C−C bonds (348 kJ/mol) and the C−H bonds (415 kJ/mol) in ABS copolymer.

3.2.2. Differential Scanning Calorimetry (DSC)

DSC analysis was performed to determine the effect of additives on phase transition
temperatures such as the glass transition temperature (Tg) of the ABS samples. Figure 11
shows the thermograms of pure ABS and ABS with the addition of 0.1% by weight of Aerosil
200 as well as with the addition of 0.1% of both silica and the organosilicon modifier.
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Figure 11. Results of the DSC analysis of neat ABS and itscomposites.

The transition at a temperature of about 106 ◦C, which is visible in the thermographs,
corresponds to the glass transition temperature (Tg) that belongs to the second-order
transformations. It is interpreted as a transition from a glassy state to a liquid state and is
associated with the transition from the glassy phase to the rubber phase in this case. The
addition of nanosilica and organosilicon modifiers does not significantly affect the change
of the glass transition temperature of pure ABS (105.8 ◦C). The highest glass transition
temperature is observed for ABS + 0.1% VT:2STYR:4OD/Aero (106.2 ◦C). The elevated
Tg value following the introduction of the filler into the matrix is associated with the
constrained thermal mobility of acrylonitrile butadiene styrene (ABS) chain segments. This
phenomenon significantly influences the polymer’s processability by inducing a rise in
system viscosity (see Section 3.4) [26]. ABS is an amorphous polymer, so no visible melting
point is observed for the thermogram.
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3.3. Testing the Composition of the Sample during Temperature Decomposition

Thermogravimetric tests were carried out both in nitrogen and in the air for the
ABS + VT:4STYR:2OD/Aero samples, which were carried out within various temperature
ranges, i.e., from 30 ◦C to 390 ◦C, from 30 ◦C to 400 ◦C, from 30 ◦C to 455 ◦C, and from
30 ◦C to 500 ◦C (Figures 12 and 13). The percentage of residual mass is summarized in
Table 7.
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Table 7. Results of thermogravimetric analysis of the ABS + VT:4STYR:2OD/Aero sample at
different temperatures.

Residual Mass/◦C

Conditions N2 Air
390 ◦C 92.75 88.86
400 ◦C 86.40 84.35
455 ◦C 21.27 18.60
500 ◦C 5.14 17.46

The images of the samples after the TGA test were made using an optical micro-
scope at 100 and 200 times magnification, and the results are shown in Figures 13 and 14.
Transmission measurements were carried out for samples subjected to thermogravimetric
analysis within various temperature ranges. Sample weights alongside KBr were ground
in an agate mortar, and then pellets were made using a hydraulic press. The spectra of the
samples, together with their microscopic images, are shown in Figure 14 (TGA in the air)
and Figure 15 (TGA in nitrogen).
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Figure 15. Results of FT-IR analysis with optical microscopic images of samples after TGA testing in
a nitrogen atmosphere.

The broad peak near the value of 3440 cm−1 corresponds to the O−H stretching
vibrations found in silica. As the degradation temperature increases, Si-O-Si stretching
(about 1100 cm−1 and 800 cm−1) and the bending (460/470 cm−1) vibrations of nanosilica
increase in intensity. This means that the mass percentage of Aerosil increases with the loss
of volatile decomposition observed among products of the sample at the given temperatures.
As the temperature increases, signals from vibrations in the aromatic ring, mainly that
from C-H stretching vibrations near 3025 cm−1 originating in styrene, disappear in both
ABS and the modifier. For a peak near 2235 cm−1 coming from the stretching vibrations of
the carbon–nitrogen triple bond present in the polymer chain, complete disappearance is
observed at 500 ◦C in a nitrogen atmosphere. Peak 1730 cm−1 corresponds to the stretching
vibrations of the C−O double bond present in the decomposition products.
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3.4. Rheology

Neat ABS’s melt flow rate (MFR) at 220 ◦C is 8.664 g/10 min. The addition of small
amounts of modifiers does not significantly change the MFR value (Figure 16). The high-
est value of the MFR index is characterized by samples containing VT:3Styr:3OD/Aero
with a concentration of 0.1%. The styryl groups are responsible for interactions with the
ABS matrix through weak π-stacking interactions, while the octadecyl group causes a
better plasticization effect of the system; therefore, they slightly improve the melt flow
ratio. The addition of modifiers also prevents a decrease in the rheological parameters
regardless of the amount of filler (Aero) added, which is important from the perspective of
plastic processing.
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3.5. Microscopy
3.5.1. Optical Microscopy

Figures 17 and 18 illustrate the structure of the injected and printed samples, re-
spectively. In the case of samples obtained through injection molding, thanks to their
transparency inside the polymer matrix, it is possible to observe the agglomerated particles
of nanosilica in the photos.

The microscopic image of the reference sample (Figure 17a) shows nanosilica agglom-
erates present in the composite after the first homogenization step. Imaging was performed
to pre-evaluate the dispersion of additives in the matrix prior to the extruder blending
process. The addition of the modifier changed the degree of silica dispersion in the polymer
matrix. The largest silica agglomerates are shown in image (Figure 17c), which presents
a system containing the VT:4STYR:OD modifier. As the content of the OD groups in the
modifier increases in subsequent samples (Figure 17d–f), there is improved dispersion of
the additive in the polymer matrix.

Figure 18 shows the fractures of FDM-printed samples after being subjected to Charpy
impact testing. At a higher concentration, more protrusions are visible between and
within the layers. Neat ABS fractures exhibit a highly compact structure, with a significant
interlayer contact area and minimal free spaces (Figure 18a).
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caused by a lower concentration of nanosilica. The inclusion of modified silica lessens the 
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tem (Figure 18f,g) features a less compact structure and numerous voids for both concen-
trations. It was discovered that the additive did not disperse well in the polymer matrix, 
as evidenced by the lack of homogeneity after the initial step of mixing (Figure 18c). 

With the increase in the content of the OD groups in the modifier, cohesion between 
the layers is higher, and smaller free spaces are observed due to the additional OD groups 
having a plasticizing effect (Figure 18h–m). ABS + VT:6OD/Aero samples have the most 
solid structures, a relatively large contact area between the material layers, and small free 
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Figure 17. Optical microscopic images of injected ABS samples containing 5% by mass of (a) Aero,
(b) VT:6STYR/Aero, (c) VT:4STYR:2OD/Aero, (d) VT:3STYR:3OD/Aero, (e) VT:2STYR:4OD/Aero,
and (f) VT:6OD/Aero.

The fracture of samples with a concentration of 0.1% additives has a more compact
structure and more homogeneity than samples with a concentration of 0.5%, which is
caused by a lower concentration of nanosilica. The inclusion of modified silica lessens the
adhesive force between the layers of the substance. The ABS + VT:4STYR:2OD/Aero system
(Figure 18f,g) features a less compact structure and numerous voids for both concentrations.
It was discovered that the additive did not disperse well in the polymer matrix, as evidenced
by the lack of homogeneity after the initial step of mixing (Figure 18c).

With the increase in the content of the OD groups in the modifier, cohesion between
the layers is higher, and smaller free spaces are observed due to the additional OD groups
having a plasticizing effect (Figure 18h–m). ABS + VT:6OD/Aero samples have the most
solid structures, a relatively large contact area between the material layers, and small free
spaces (Figure 18l,m).
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Figure 18. Optical microscopic images of the cross-sections of printed ABS samples after impact 
testing of (a) neat ABS and two selected concentrations as follows: (b,c) ABS/Aero, (d,e) 
VT:6STYR/Aero, (f,g) VT:4STYR:2OD/Aero, (h,i) VT:3STYR:3OD/Aero, (j,k) VT:2STYR:4OD/Aero, 
(l,m) VT:6OD/Aero.

3.5.2. SEM-EDS 
SEM-EDS microscopy was used to examine dispersion of filler in the matrix, and 

identify any agglomerates present. Figure 19. shows the mapping of silicon atoms in com-
posites. Mapping was performed both for ABS with the addition of only nanosilica and 
for systems containing the following modifiers: VT:6STYR/Aero, VT:4STYR:2OD/Aero,
VT:3STYR:3OD/Aero, VT:2STYR:4OD/Aero, and VT:6OD/Aero. Microscopic images were 
taken from the section of the injection-molded bar. All the systems are characterized by
the presence of larger agglomerates, both for the reference sample without the addition of
the modifier and for the modified samples. The SEM-EDS photos validate the observations
made through optical microscopy. Specifically, these observations highlight that a higher 
content of alkyl groups, coupled with a lower content of styryl groups in the organosilicon 
modifiers, results in better filler dispersion.

Figure 18. Optical microscopic images of the cross-sections of printed ABS samples after
impact testing of (a) neat ABS and two selected concentrations as follows: (b,c) ABS/Aero,
(d,e) VT:6STYR/Aero, (f,g) VT:4STYR:2OD/Aero, (h,i) VT:3STYR:3OD/Aero, (j,k) VT:2STYR:4OD/
Aero, (l,m) VT:6OD/Aero.

3.5.2. SEM-EDS

SEM-EDS microscopy was used to examine dispersion of filler in the matrix, and
identify any agglomerates present. Figure 19. shows the mapping of silicon atoms in
composites. Mapping was performed both for ABS with the addition of only nanosilica and
for systems containing the following modifiers: VT:6STYR/Aero, VT:4STYR:2OD/Aero,
VT:3STYR:3OD/Aero, VT:2STYR:4OD/Aero, and VT:6OD/Aero. Microscopic images were
taken from the section of the injection-molded bar. All the systems are characterized by the
presence of larger agglomerates, both for the reference sample without the addition of the
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modifier and for the modified samples. The SEM-EDS photos validate the observations
made through optical microscopy. Specifically, these observations highlight that a higher
content of alkyl groups, coupled with a lower content of styryl groups in the organosilicon
modifiers, results in better filler dispersion.
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3.6. Contact Angle Measurements

Measurements of the water contact angle (WCA) were performed for the modi-
fier/Aero/ABS composites obtained through the FDM method (Figure 20). Additionally,
measurements were also carried out for the reference samples, i.e., those of neat ABS
and ABS with unmodified silica. The contact angle of neat ABS was 70.9◦, indicating
the hydrophilic nature of the copolymer surface. The addition of silica changed the mi-
crostructure (increased roughness) of the composite, which resulted in achieving higher
values of the contact angle. The contact angle analysis allows for the evaluation of the
potential functional characteristics of novel materials with regard to their hydrophilic–
hydrophobic properties.
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(f) ABS + 2.5% (VT:2STYR:4OD/Aero), and (g) ABS + 2.5% (VT:6OD/Aero).

For ABS samples modified by VT:6STYR/Aero, a significant increase in the contact
angle is observed. For 2.5% of the modifier concentration, the contact angle reached a value
above 90◦, which proves the hydrophobic properties of the material. High contact angle
values were also achieved for VT:4STYR:2OD (92.9◦ for 2.5% concentration). VT:6STYR
and VT:4STYR:2OD modifiers have phenylethylene groups in their structure, which are
compatible with the polymer matrix. Additionally, OD consists of long alkyl chains that
are responsible for hydrophobic properties.

Adding other organosilicon modifiers to ABS + Aero systems results in forming a
hydrophilic surface for most systems (Table 8).
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Table 8. Water contact angle.

Code Contact Angle/◦

Concentration of Additives/%
- 0.1 0.25 0.5 1 1.5 2.5

neat ABS 70.9 ± 3.2 - - - - - -
ABS + Aero - 86.2 ± 1.3 89.6 ±1.4 93.9 ± 2.0 89.8 ± 3.5 81.2 ± 0.9 91.7 ± 2.4

ABS +
VT:6STYR/Aero - 76.5 ± 0.5 76.6 ±0.6 74.9 ± 2.0 79.2 ± 0.5 86.4 ± 3.1 92.9 ± 2.0

ABS +
VT:4STYR:2OD/Aero - 90.5 ± 0.5 86.8 ± 1.2 87.4 ± 3.7 84.8 ± 3.9 85.0 ± 0.5 92.9 ± 1.9

ABS +
VT:3STYR:3OD/Aero - 86.6 ± 2.5 84.1 ± 2.1 88.6 ± 2.6 82.1 ± 0.8 73.0 ± 1.6 71.7 ± 1.2

ABS +
VT:2STYR:4OD/Aero - 85.3 ± 0.8 85.5 ± 3.2 83.2 ± 1.2 82.8 ± 1.4 72.1 ± 2.6 79.1 ± 3.3

ABS +
VT:6OD/Aero - 74.9 ±0.5 77.4 ± 1.8 76.6 ± 1.1 79.5 ± 2.6 77.2 ± 0.4 79.1 ± 2.6

Based on the analysis of microscopic images and contact angle values, a correlation
can be observed. Neat ABS exhibits hydrophilic properties and has a compact and uniform
internal structure (as shown in Figure 18). This results in a relatively flat surface when
printed. However, the addition of Aerosil causes the surface to become more irregular
with the formation of cracks and large protrusions. The degree of irregularity is higher at
0.5% compared with 0.1%, resulting in a more hydrophobic surface with a larger water
contact angle. ABS + VT:6OD/Aero displays the most homogeneous cross-section and
a hydrophilic surface. For the other systems, the impact of the modification on surface
properties is minimal, which is likely due to the formation of modified silica agglomerates.

3.7. Mechanical Properties

A summary of the results of mechanical tests carried out on modified samples obtained
through both 3D printing and traditional injection molding will be discussed.

3.7.1. Tensile Strength

Printed samples with a concentration of between 0.1% and 0.5% additives as well
as injected samples with a concentration of 5% additives were subjected to a tensile
strength test.

The tensile strength values for neat ABS were 36.4 ± 1.1 MPa for samples obtained
through FDM printing and 42.0 ± 0.3 MPa for samples obtained through injection molding
(Figure 21). The higher value of tensile strength of a neat ABS sample obtained by injection
molding than that by FDM method results from the specificity of a given process and the
related more compact structure of the injected samples. Similar results were obtained by
Dawoud et al. in their earlier research [34]. The tensile stress values of injected samples are
highest for Aero/ABS and VT:6Styr/Aero/ABS; the addition of other modifiers reduces
the stress value.

The tensile stress values of 3D printed samples are highest for systems containing
organosilicon modifiers. In addition, at a lower modifier concentration of 0.1%, these values
exceed the values of neat ABS samples obtained through injection. Even a small amount
of the additive improves the mechanical properties of composites, which are beneficial in
economic terms.

The highest tensile strength values among printed composites are observed among
systems with a concentration of 0.1% as follows: VT:6STYR/Aero, VT:3STYR:3OD/Aero,
and VT:6OD/Aero. Due to the compatibility of the phenylethylene groups of the modifier
(VT:6STYR/Aero) with the ABS chain, the strength of the material is higher. The increase
in the tensile strength parameters of the composite containing the largest number of the
OD groups is due to the increased plasticizing effect that resulted in a greater level of
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homogeneity within the internal structure of the sample. The VT:3STYR:3OD/Aero
composite has an indirect influence on both groups and, hence, also has high
strength values.
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Figure 21. Tensile strength of ABS/modifier/Aero in 3D printing and injection molding.

At higher concentrations, due to a higher proportion of silica, as shown in microscopic
images of cross-sections, it causes greater heterogeneity in the structure of composites,
which results in a decrease in their tensile strength.

3.7.2. Elongation

According to Figure 22, elongation at the maximum load for neat ABS samples is
3.39% and 4.21% for 3D printed and injection molded samples, respectively. The injection
molded samples with silica show lower elongation values due to increased brittleness and
silica agglomeration in the material matrix. Silica is added to plastics in order to increase
the strength and hardness of materials because it acts as a filler that increases resistance
to abrasion and mechanical damage. Values of tensile strength (See Section 3.7.1) and
hardness (See Section 3.7.4) are higher for composites compared with neat ABS, which is
associated with lower flexibility. However, the effect of silica in printed samples is limited,
and the modifier has a greater influence on elongation values that are around the reference
sample value. In samples VT:2STYR:4OD and VT:6OD with a concentration of 0.5%, the
elongation value is higher due to the plasticizing effect of the OD groups, resulting in
increased flexibility.
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3.7.3. Young’s Modulus

The addition of modifiers or filler has no significant impact on Young’s modulus. The
modulus of linear deformation (Figure 23) reaches the highest values for samples obtained
through injection molding. The addition of modifiers slightly reduces the module value. In
the case of samples obtained through the FDM technique, a slight increase in the modulus
value is observed at the lowest concentration of 0.1%.
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Figure 23. Tensile modulus of ABS samples in 3D printing and injection molding.

3.7.4. Impact Test and Hardness

The impact strength of 3D printed neat ABS is 27.1 ± 1.3 [kJ/m2]. However, during
testing, most systems showed a lower level of fracture toughness compared with the neat
ABS reference sample (Figure 24). This can be attributed to the lower homogeneity and
cohesion of the printed samples containing nanosilica, as seen in the cross-sectional images
(Figure 18).
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Figure 24. Impact strength of ABS samples in 3D printing and injection molding.

The presence of silica as a filler increases the hardness and stiffness of plastics, re-
sulting in a loss of flexibility and lower impact strength. However, the addition of mod-
ifiers containing 6OD and 2STYR:4OD improves the impact strength of samples with
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Aerosil. The lowest concentration of 0.1% VT:6OD/Aero even shows values above the neat
ABS range.

The impact strength of neat ABS obtained through injection molding is 48.4 ± 6.6 [kJ/m2].
The addition of nanosilica to ABS samples results in a deterioration in fracture toughness.
This is due to the formation of agglomerates in systems above 3 wt%, as shown in the
optical microscopic images (Figure 17).

Shore hardness tests were conducted to confirm the reinforcing effect of silica. The
Shore D hardness (Table 9) of printed neat ABS is 59. The obtained composites have
higher hardness compared with neat ABS, as expected. Silica has a high hardness, which
reinforces the plastic to which it is added. The ABS + VT:3STYR:3OD/Aero system has the
highest values.

Table 9. Hardness in Shore D scale.

Code Shore Hardness

Concentration of Additives/%
- 0.1 0.25 0.5 1 1.5 2.5

neat ABS 59 - - - - - -
ABS + Aero - 71 66 71 71 66 63

ABS + VT:6STYR/Aero - 68 66 72 73 66 68
ABS + VT:4STYR:2OD/Aero - 72 74 79 74 73 74
ABS + VT:3STYR:3OD/Aero - 75 77 79 78 77 79
ABS + VT:2STYR:4OD/Aero - 76 69 75 76 72 78

ABS + VT:6OD/Aero - 78 68 76 77 78 77

4. Conclusions

The obtained results confirm the effect of the addition of modified silica with organosil-
icon compounds on the improvement of the mechanical properties of printed composites
based on the ABS matrix. This is important in the case of FDM technology because 3D
printed objects usually have much lower levels of resistance than injected ones do, which
are related to different specificities used in the operation of both methods.

To the best of our knowledge, an endeavor has been undertaken to delineate the
thermal decomposition process of ABS composites in this study for the first time. The
mechanism of the thermal decomposition of the tested systems was determined using
additional techniques (FT-IR, optical microscope). The presented results constitute an
important contribution to research on the thermal stability of ABS.

Microscopic examination (digital microscope and SEM-EDS) has proven the positive
effect of the addition of octadecyl groups on the increased dispersion of silica in composites.
The best results were obtained with the lowest concentration of additives (0.1%). The
properties of the composites can be notably influenced by the addition of a minimal
quantity of additives, thus presenting economic advantages.

The compatibility of the introduced phenylethylene groups and the plasticizing ef-
fect of the OD groups affected both the tensile strength and the surface character of the
composites. Silica in the composite increases the contact angle of the surface, making it
hydrophobic due to structural irregularities. The modifier altered the contact angle value
by smoothing the composite surface, thereby making it hydrophilic.

The obtained results indicate the potential benefits of using silica that is functional-
ized with organosilicon compounds as a modifier in 3D printing, introducing significant
changes in both the surface, strength, and thermal properties of ABS composites. These
findings may be used in further work on improving 3D printing technology and modifying
composite materials.
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Abstract: Extensive research has been dedicated to the solution-processable white organic light-
emitting diodes (WOLEDs), which can potentially influence future solid-state lighting and full-color
flat-panel displays. The proposed strategy based on WOLEDs involves blending two or more
emitting polymers or copolymerizing two or more emitting chromophores with different doping
concentrations to produce white light emission from a single layer. Toward this direction, the
development of blends was conducted using commercial blue poly(9,9-di-n-octylfluorenyl2,7-diyl)
(PFO), green poly(9,9-dioctylfluorenealt-benzothiadiazole) (F8BT), and red spiro-copolymer (SPR)
light-emitting materials, whereas the synthesized copolymers were based on different chromophores,
namely distyryllanthracene, distyrylcarbazole, and distyrylbenzothiadiazole, as yellow, blue, and
orange–red emitters, respectively. A comparative study between the two approaches was carried out
to examine the main challenge for these doping systems, which is ensuring the proper balance of
emissions from all the units to span the entire visible range. The emission characteristics of fabricated
WOLEDs will be explored in terms of controlling the emission from each emitter, which depends on
two possible mechanisms: energy transfer and carrier trapping. The aim of this work is to achieve
pure white emission through the color mixing from different emitters based on different doping
concentrations, as well as color stability during the device operation. According to these aspects, the
WOLED devices based on the copolymers of two chromophores exhibit the most encouraging results
regarding white color emission coordinates (0.28, 0.31) with a CRI value of 82.

Keywords: WOLEDs; single-layer; blend polymers; copolymers; energy transfer

1. Introduction

White organic light-emitting diodes (WOLEDs), produced through a solution deposi-
tion process, offer a formidable opportunity for low-cost, environmentally friendly, and
flexible light sources capable of meeting the spectral, functional, and budgetary needs of
emerging application fields. These fields include next-generation full-color displays and
solid-state lighting [1–7]. Until now, the reported high-efficiency WOLEDs with multilayer
device structures have been mostly fabricated through vacuum evaporation [8]. Although
such complex device structures can achieve high efficiency, the complicated process and
high economic cost are not suitable for further industrial application. In this context, a
device processing procedure based on solutions, such as spin-coating, slot die coating, etc.,
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provides numerous advantages compared to a vacuum deposition process. Aside from
the low cost and mass production, solution-processed OLEDs hold an edge over other
techniques, since they can also be designed in many different shapes and designs, opening
an enormous array of design possibilities [9].

The most straightforward way to obtain white light is to integrate luminophores
of different wavelengths in the same device or even in a single emitting layer [10–12].
Especially, the widely adopted methods for fabricating white OLEDs are either stacking
multiple emitting layers or mixing different colors in one emitting layer (EML). Among
these strategies, multilayer polymer LED fabrication is more laborious, as their fabrication
is more difficult and there is a risk that the solvent may destroy the underlayers. On the
other hand, the alternative strategy based on single-emissive layer WOLEDs has shown
to be a more reliable option in scientific and industrial communities because of the low
fabrication costs, simple structure, and easy solution processing [4,13,14].

More specifically, the output spectral range of an OLED must span the entire visible
range (400–800 nm) in order to be considered a preferred and optimal white light source.
Therefore, a combination of two or three emissive materials is usually required for efficient
and easy color tuning to achieve white EL emission, because only one emissive material
cannot cover a sufficient spectral range. According to this demand, the white light emission
could be generated by mixing three primary colors (blue, green, and red) or complementary
colors (red or yellow and blue) to cover the entire visible region. There have been several
proposed luminescent material systems, which have been devised resulting in the exciton
regulation to emit white light in a balanced manner. Regarding this issue, two of the
proposed strategies involve either the blend of two or more light-emitting polymers [15,16]
or the use of multicolor-emitting copolymers bearing different chromophores [4,14]. It is
worth noting that for producing environmentally friendly and practical WOLEDs, fluores-
cent materials are superior to phosphorescent materials, as the former do not contain any
heavy metals [17]. In addition, compared to small molecules, the emitting polymers are
deemed more suitable for low-cost and large-area wet methods [18].

More specifically, in the case of blended materials, some well-studied binary blends,
based on blue and red emitters, are the combination of poly [9,9-dioctylfluorenyl-2,7-diyl]
(PFO) with poly(2-methoxy-5(2-ethylhexyl)-1,4-phenylenevinylene (MEH-PPV) [19] or poly
[2-methoxy-5-(3,7-dimethyl-octyloxy)-1,4-phenylenevinylene] capped with dimethylphenyl
(MDMO-PPV-DMP) [20]. More specifically, Prakash et al. suggested, as an emissive layer,
the binary blended PFO-MEH-PPV for WOLED and exhibiting Commission Internationale
de l’Enclairage (CIE) coordinates of (0.30, 0.38) and luminance value reaching 1234 cd/m2

at 8.5 V [19]. The ternary blended materials are based on PFO, MEH-PPV, and incorporation
into a green emitter, such as poly 9,9-dioctylfluorene-altbenzothiadiazole (F8BT) [21] or
2-butyl-6-(butylamino)benzo(de)isoquinoline-1,3-dione (F7GA) [22]. Al-Asbahi studied
the latter case PFO-F7GA-MEH-PPV and obtained CIE coordinates of (0.31, 0.24) and the
luminance value of 2295 cd/m2 [22]. For the synthesized materials, Kim et al. present, as an
emissive layer, the copolymer, which consists of polyfluorene (PFO) and polytriarylamine
(PTAA) with a benzothiadiazole (BZ) moiety and exhibiting CIE coordinates of (0.34, 0.41)
and a luminance value of 320 cd/m2 [23]. However, for all studied cases, there is still a
need to optimize the emission and operating characteristics of WOLEDs.

Both the scenarios of blended and copolymers as emitting layers mentioned above are
founded on a host–guest system. An ideal host–guest system should emit a continuous
spectrum of different colors spanning the entire visible range. The efficient control and
tuning of emission colors are crucial. The diffusion of excitons is a vital factor in the
operation of OLEDs, particularly WOLEDs, and their control is influenced by the doping
concentration. More specifically, for the efficient WOLED, excitons need to be distributed
to various emitters. It is well established that the white emission can be realized through
the Förster resonance energy transfer (FRET) from a wide-band-gap host molecule to
a low-band-gap dopant molecule. The requirements for efficient energy transfer are as
follows: (i) the donor should possess a high photoluminescence quantum yield (PLQY), (ii)
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the acceptor species should be located in close proximity to the donor species, and most
importantly, (iii) it should satisfy the fundamental criterion of excellent spectral overlap in
between the emission of the donor and absorption of the acceptor [22,24,25]. Part of the
energy is transferred to the guest emitter, allowing for color mixing with its self-emission.
However, the efficient energy transfer from the host to the dopant material often requires
precise control of the guest doping concentration, thus increasing the challenge of device
preparation. Hence, the key challenge lies in discovering a host emission and dopants most
fitting while considering the doping concentration, which is an equally critical aspect to
attain emission in the whole visible range. Accomplishing pure white light emission that
offers commendable CRI values and CIE coordinates proximate to the ideal white point of
(0.33, 0.33) remains the ultimate objective.

With the aim of advancing solution-processable WOLEDs toward their full potential,
herein, we investigate light-emitting blended polymers or multicolor copolymers, bearing
different chromophores, as a route to achieve the emission in the whole visible range for
lighting applications. In particular, commercial blue poly(9,9-di-n-octylfluorenyl2,7-diyl)
(PFO), green poly(9,9-dioctylfluorenealt-benzothiadiazole) (F8BT), and red spiro-copolymer
(SPR) light-emitting materials are used to develop blends, and distyrylanthracene, distyryl-
carbazole, and distyrylbenzothiadiazole chromophores as yellow, blue, and orange–red
emitters, respectively, are used to synthesize novel copolymers. Since the host and dopant
molecules emit at different visible-spectrum wavelengths, adjusting the concentration ratio
could facilitate white light emission. The proper tuning of this ratio holds significant poten-
tial for generating white light. The optical and photophysical properties of the emitting
films are thoroughly investigated through Spectroscopic Ellipsometry and Photolumines-
cence. Following this, these materials are applied as emitting layers in solution-processable
single-layer OLEDS, via the spin coating method, and the device architecture is the simplest
and most commonly used. We assess the WOLEDs produced based on their electrolumi-
nescence properties, including their luminance, CIE coordinates, CRI, and CCT values.
This study aims to compare various emitting systems with different doping concentrations
to investigate the photo- and electroluminescence characteristics. Subsequently, the most
suitable emitting system will be evaluated based on its most promising results toward the
attainment of pure white light emission.

2. Materials and Methods
2.1. Ink Formulation

Poly-3,4-ethylene dioxythiophene:poly-styrene sulfonate (PEDOT:PSS, purchased
from Clevios Heraus, Hanau, Germany) AI 4083, mixed with ethanol in the ratio of 2:1,
was prepared and used as the hole transport layer (HTL) in produced OLEDs. For the
blend emitting polymers, the blue emitting poly(9,9-di-n-octylfluorenyl-2,7-diyl) PFO
(Mw = 114,050) and the green emitting poly(9,9-dioctylfluorene-alt-benzothiadiazole) F8BT
(Mw = 237,460) were purchased from Ossila (Sheffield, UK), and the red emitting spiro-
copolymer-001 SPR (Mw = 720,000) was purchased from Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany. All materials were dissolved in a toluene solvent. SPR and PFO
solutions with different weight ratios, stirred under heating at 50 ◦C for 24 h, were used
to prepare the homogeneous binary blends. In the same manner, SPR, F8BT, and PFO
solutions were used to prepare the ternary blends. Analytically, the ratios used are listed
in Table 1, where the codes of studied samples and the blend type are included. For all
solutions, the final concentration was fixed at 1% w/w.

Table 1. Blend weight ratios and code-names.

Blend Type
Blend Code

Binary#1 Binary#2 Binary#3 Ternary#1 Ternary#2 Ternary#3

PFO:SPR 95:5 97.5:2.5 99:1
PFO:F8BT:SPR 97:2.5:0.5 98:1.5:0.5 99:0.5:0.5
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In the case of the synthesized copolymers Cz:BTZ with ratios 90:10, 99:1, and 99.5:0.5,
the molecular weights of the copolymers were estimated at Mn = 49,800, 45,100, and
34,900, respectively. More details on the synthetic processes are given in refs. [4,14,26]. The
molecular weights for terpolymers with ratios 98.5:1.0:0.5 and 99:0.5:0.5 were estimated
at 9540 and 8800. The chemical structures of copolymers and terpolymers are shown in
Scehmes 1 and 2, respectively. The copolymers were dissolved in N, N-dimethylformamide,
DMF, with a resulting concentration of 1% wt, and the terpolymers were dissolved in
o-DCB:CHCl3 (9:1) with a resulting concentration of 1% wt [4,26]. The ratios for the
copolymers and terpolymers are summarized in Table 2, where the codes of studied
samples and the copolymer type are included.
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Table 2. The co-monomer ratios of the copolymers and code-names.

Copolymer
Type

Copolymer Code

Copolymer#1 Copolymer#2 Copolymer#3 Terpolymer#1 Terpolymer#2

Cz:BTZ 90:10 99:1 99.5:0.5
Cz:Anth:BTZ 98.5:1.0:0.5 99:0.5:0.5

2.2. OLED Fabrication

The solution-processed WOLED structure is shown in Scheme 3. Initially, the glass
substrates (provided by Ossila, Sheffield, UK) precoated with indium tin oxide (ITO) layers
were cleaned in an ultrasonic bath by sequentially immersing them in deionized water,
acetone, and ethanol for 10 min each. The substrates were then dried with ultrapure
nitrogen gas and subsequently underwent oxygen plasma treatment at 40 W for 3 min.
Afterward, the PEDOT:PSS ink was filtered (using PTFE filters with a 0.45 µm pore size)
and spin-coated on the substrates at 4500 rpm for 60 s. The samples were then annealed on
a hot plate glass/ITO/PEDOT:PSS at 120 ◦C for 5 min. The photoactive layer solution was
then spin-coated at 2000 rpm for 25 s onto the samples without further annealing. Finally,
by using a shadow mask, a 6 nm-thick Ca layer and a 125 nm-thick Ag layer were deposited
via vacuum thermal evaporation (VTE) to form the bilayer cathode.
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2.3. Thin Film and Device Characterization

The emissive thin films based on blended emitting polymers or the copolymers were
characterized in terms of their optical, electronic, and photophysical properties using Spec-
troscopic Ellipsometry (SE) and Photoluminescence (PL). In addition, in order to examine
the possible energy transfer mechanism between the different units of both blends and
copolymers, absorbance measurements were conducted for dopants and PL for the hosts.
Then, the emissive layers were inserted in the produced OLEDs and were investigated
through Electroluminescence (EL) Spectroscopy.

The SE measurements were conducted using a phase-modulated ellipsometer (Horiba
Jobin Yvon, UVISEL, Europe Research Center—Palaiseau, France) from the near IR to far
UV spectral region 1.5–6.5 eV with a step of 20 meV at a 70◦ angle of incidence. The SE
experimental data were fitted to model-generated data using the Levenberg–Marquardt
algorithm taking into consideration all the fitting parameters of the applied model.

The absorbance measurements were conducted using the set-up of Theta Metrisis
(model FR UV/VIS) (Theta Metrisis S.A., Athens, Greece). Combining deuterium and
halogen light sources, all measurements were performed in the 300–700 nm spectral range.

The PL and EL measurements of the active layers and the final OLED devices, respec-
tively, were measured using the Hamamatsu Absolute PL Quantum Yield measurement
system (C9920-02) and the External Quantum Efficiency (EQE) system (C9920-12) (Joko-cho,
Higashi-ku, Hamamatsu City, Japan) which measures the luminance and light distribution
of the devices. The PL spectra are recorded upon the excitation wavelength of 380 nm.

3. Results and Discussion
3.1. Spectroscopic Ellipsometry

The Spectroscopic Ellipsometry technique is a well-established characterization tool
for determining optical constants. It is a non-destructive method that is free from the
limitations associated with other methods that require physical contact with the film. In
this study, the optical properties of the emissive materials were examined using the Vis-fUV
SE method in the spectral region 1.5–6.5 eV. The Tauc-Lorentz model was used to derive
the optical properties of each emitting phase, which was used and incorporated into either
the copolymers or blended materials [27–29]. In addition, we can also obtain valuable
information through the SE analysis, such as the thickness values of emissive films.

After the fitting process, the absorption coefficient versus wavelength was calculated
for each emissive polymer contained in the blended two-phase and three-phase systems
and for each monomer–chromophore incorporated in both copolymers and terpolymers,
as shown in Figure 1a,b, respectively. Thus, Figure 1a,b depict the resulting spectra of the
absorption coefficient used for the calculation of the spectral overlap integral J(λ), which
are presented as follows.
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Figure 1. The absorption coefficient of each phase, which was incorporated in the (a) two and three
blended systems and (b) copolymers and terpolymers.

3.2. Förster Resonance Energy Transfer (FRET)

Control in the Förster resonance energy transfer mechanism between emitters is
regarded as the most important factor for achieving white light emission. It is well known
that in the host–guest system, the absorbed energy in fluorescent organic molecules excites
electrons from the ground state to a higher excited state, but a part of the energy can be
released to lower excited states throughout the internal conversion of the electron before
relaxation and light emission. The spectral overlap between the host’s PL emission and the
absorbance of the dopants in all studied emitting films is investigated further to find out if
the energy transfer mechanism can possibly take place between the host and the dopants.

Figure 2a displays the absorption and PL emission profiles of the dopants, F8BT and
SPR, accompanied by the PL emission of PFO. It is obvious that the absorption spectra
of the F8BT and SPR overlap strongly with the emission spectrum of the PFO, whereas a
lower spectral overlap is observed in the case of SPR absorption and F8BT PL. The degree
of overlap between the absorption and PL emission peaks of the emissive materials is used
to predict the energy transfer efficiency. It is possible to quantify the amount of energy
transferred between the hosts and dopants by calculating the relative area of the overlap
E overlap between the residual absorption of each dopant within the wavelength range of
each host’s respective PL emission in UV-Vis absorption spectra and the total area of the
PL emission of the hosts E emission [29]. Finally, the calculated percentage is given using the
following equation:

E =
E overlap

E emission × 100% (1)

Figure 2b–d show the spectral overlap between the PL emission of PFO and absorption
of F8BT, the PL emission of PFO and absorption of SPR, and the PL emission of F8BT and
absorption of SPR, respectively. As shown in Figure 2b, the emission spectrum of PFO
overlaps very well with the absorption band of F8BT in the region between 400 and 525 nm,
and this is confirmed by the calculation of a 62% percentage. In the case of PFO-SPR, a
smaller spectral overlap within the range of 400–600 nm is observed, and the percentage
is calculated as 33%. Therefore, the energy-transfer mechanism is feasible, and this fact is
significant for both approaches, either two- or three-phase blend polymers. Finally, the
frustrated overlap of F8BT-SPR is observed, and it is much lower than that of PFO-SPR and
PFO-F8BT, as indicated by the 6% calculated percentage.

For the synthesized emitting copolymers, we follow the same methodology in order
to study if it is possible for the energy transfer between the host and dopants to occur.
Figure 3a depicts the absorption and PL spectra of Anthracene (Anth) and Benzothiadiazole
(BTZ) together with the PL emission of Carbazole (Cz). It is evident that spectral overlaps
are observed between the Cz and Anth and BTZ but also between Anth and BTZ.
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Figure 2. The overall correlation between (a) the absorbance of the SPR and F8BT units with the PL
emissions of PFO, F8BT, and SPR. The examined spectral overlap between (b) PFO and F8BT, (c) PFO
and SPR, and (d) F8BT and SPR.

To be clearer, Figure 3b–d show the spectral overlaps between the PL emission of Cz
and absorbance of Anth, the PL emission of Cz and absorbance of BTZ, and the PL emission
of Anth and absorbance of BTZ, respectively. The overlap between Cz and Anth covers
the spectra range 400–550 nm, and the degree is calculated at 24%, indicating sufficient
energy transfer from the Cz to the Anthracene. The spectral overlap between Cz and BTZ
is significantly broader at the spectral range 400–750 nm. The calculated percentage for this
case is equal to 58%, and this confirms that it is possible for more efficient energy transfer to
take place. At this point, it is noteworthy that this huge spectral overlap manifests as a large
fraction of energy being transferred from the Cz to the BTZ, and this fact is favorable for
both cases of the copolymers based on two and three chromophores. The last combination
of Anth–BTZ proves the lower spectral overlap within the range 470–750 nm, and this is
also verified from the respective percentage value, which is calculated at 19%. According
to these results, we assume that the sequential energy transfer happens from the Cz to
Anthracene and BTZ, but also that there is a possibility that the energy transfer occurs
from the Anthracene to BTZ. All the after mentioned results concerning the calculation of
E values for all the possible combinations of host and dopants are written in Table 3.

A second approach is to estimate the overlap degree between the absorption spectrum
of the acceptor with the emission spectrum of the donor, by calculating the overlap integral
between them. More specifically, the overlap integral, J, is the integral of the spectral overlap
between the donor emission and the acceptor absorption, which is given by the following:

J(λ) ∼
∫ ∞

0
εA(λ)FD(λ)λ

4dλ (2)

where FD(λ) is the donor emission spectrum normalized to its area, and εA (λ) is the molar
extinction coefficient of the acceptor, measured in M−1·cm−1 [20,25,30]. The calculated
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values J(λ) are listed in Table 3. According to the results, the Förster type of energy transfer
between the PFO monomers and each monomer of SPR and F8BT, as well as between SPR
and F8BT, is confirmed. The calculated values J(λ) of copolymers also validate the Förster
energy transfer between the Cz unit and each unit of Anth and BTZ, as well as between
Anth and BTZ.
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Figure 3. The overall correlation between (a) the absorbance of the Anth and SPR units with the PL
emissions of Cz, Anth, and BTZ. The examined spectral overlap between (b) Cz and Anth, (c) Cz and
BTZ, and (d) Anth and BTZ.

Table 3. Calculated values of the parameter E and overlap integral J(λ).

Material E
(%)

J(λ)
(M−1·cm−1·nm4)

PFO-F8BT 62 2.164 × 1010

PFO-SPR 33 9.451 × 109

F8BT-SPR 6 6.176 × 108

Cz-Anth 24 2.001 × 1010

Cz-BTZ 58 1.426 × 1012

Anth-BTZ 19 2.017 × 1012

3.3. Photoluminescence

Figure 4 shows the emission spectra of the produced (a) binary and (b) ternary blends
with different doping concentrations, respectively. In all cases, the characteristic emission of
the PFO (400–500 nm) exhibits a strong influence on the doping concentration. In particular,
in binary blends (PFO-SPR), a gradual decrease in the PFO emission intensity with the
addition of SPR is obtained, and at the same time, the intensity of the SPR unit (550–800 nm)
is strengthened. The quenching mechanism is due to the partial energy transfer from PFO
to SPR. On the other hand, in ternary blends (PFO-F8BT-SPR), a significant quenching of
the PFO fluorescence intensity by increasing the total doping concentration of F8BT-SPR
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is observed (Figure 4b). This indicates an almost complete energy transfer from PFO
to dopants.
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Figure 4. Emission spectra of PFO in the absence and the presence of (a) SPR and (b) F8BT-SPR
and PFO PL peak intensity versus dopant concentration for the blended systems (c) PFO-SPR and
(d) PFO-F8BT-SPR.

Figure 4 also shows the PFO PL peak intensity versus dopant concentration for the
respective examined (c) binary and (d) ternary systems. In the case of a binary system,
the PL intensity peak decreases gradually as the dopant concentration increases. On the
other hand, in the ternary system, the PL peak intensity is reduced significantly, when
the total doping concentration of F8BT-SPR is increased. This fact may be attributed to
the energy transfer mechanism that quenches the fluorescence intensity of the PFO and
reduces its excited-state lifetime while increasing the emission intensity of the acceptors
F8BT-SPR [20,25,30,31].

The same analysis was conducted for copolymer and terpolymer emissive layers.
Figure 5 shows the emission spectra of the produced (a) copolymers and (b) terpolymers in
different concentrations, respectively. Firstly, the general result is that the maximum emis-
sion intensities of the copolymers (Cz-BTZ) decrease with a decreasing acceptor concentra-
tion. The possible reason for this phenomenon is radiative migration due to self-absorption.
When the concentration of BTZ reaches 10% w/v, the emission of Cz is almost completely
quenched and the emission of BTZ is enhanced and is the dominant one. The damping of
Cz is attributed to the complete energy transfer from Cz to the BTZ unit. Similarly, in the
case of terpolymers (Cz-Anth-BTZ), the emission intensity of Cz decreases in the presence
of Anth-BTZ. Increasing the total concentration of Anth-BTZ results in the decrease in the
PL intensity of Cz and in the enhancement of the combined PL intensity of Anth-BTZ.
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Figure 5. Emission spectra of Cz in the absence and the presence of (a) BTZ, and (b) Anth-BTZ and
Cz PL peak intensity versus the dopant concentration for the copolymers (c) Cz-BTZ and (d) Cz-
Anth-BTZ.

Further analysis, regarding the correlation of the Cz maximum PL intensity values
with the dopant concentration, is illustrated in Figure 5 for the (c) copolymers and (d)
terpolymers. In both cases, it is obvious that the intensity of the PL peak originating from
the Cz emission decreases significantly with an increasing doping concentration. Thus,
relying on these results, it is confirmed that the reduction in the PL intensity peak, which is
assigned to the host unit, occurs due to the efficient energy transfer between the host and
the dopants.

The potential use of the studied films in achieving broad emission in the visible spectral
region is determined by the controllable FRET mechanisms between the host and dopants.
The emission tuning based on two different emitters, the blue and red color, enables the
definition of white light emission. Figure 6a shows the normalized PL emission spectra
of the binary blended polymers in comparison with the PL emission of copolymers. It is
obvious that the emission profile of both binary blended polymers and copolymers covers
the whole visible range from 400 to 800 nm. We further analyzed the PL spectra using
the deconvolution method using the required number of Gauss oscillators. The extracted
results for λmax and full width half maximum (FWHM) of each oscillator are summarized
in Table 4. The respective thicknesses of the studied films, derived by SE analysis, are also
included in Table 4.
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Figure 6. Comparison of normalized PL spectra between the (a) binary PFO-SPR with Cz-BTZ
copolymers and (b) ternary PFO-F8BT-SPR with terpolymers Cz-Anth-BTZ.

Table 4. The obtained thickness values, based on the SE analysis, parameters of the deconvolution
analysis of PL spectra, and the values of PL CIE coordinates.

Material
Ratio
(%)

Thickness
(nm)

λmax
PL

(nm)
FWHM

(nm)

CIE Coordinates

x y

PFO-SPR

95:5 48.3 424, 444, 510, 615, 651 12, 30, 70, 59, 119 0.3621 0.2877

97.5:2.5 42.8 424, 444, 510, 615, 651 11, 28, 81, 49, 118 0.3156 0.2473

99:1 40.4 424, 444, 510, 615, 651 12, 25, 74, 22, 131 0.2762 0.209

Cz-BTZ

90:10 21.0 445, 567, 634 35, 68, 113 0.4097 0.4378

99:1 32.0 454, 560, 638 41, 84, 168 0.3473 0.3946

99.5:0.5 9.9 459, 537, 616 51, 83, 89 0.3282 0.3826

PFO-F8BT-SPR

97:2.5:0.5 42.6 438, 525, 555, 602 30, 29, 54, 111 0.3737 0.5471

98:1.5:0.5 43.5 439, 524, 554, 602 32, 29, 55, 112 0.3688 0.54

99:0.5:0.5 40.4 439, 523, 551, 586 33, 28, 54, 129 0.3422 0.4832

Cz-Anth-BTZ
98.5:1.0:0.5 53.7 467, 570, 619 43, 66, 114 0.4607 0.5081

99:0.5:0.5 60.5 467, 574, 622 44, 66, 110 0.4607 0.4888

According to our results, in the binary blended polymers PFO-SPR, the main emission
peak attributed to the PFO unit is observed, and a weaker emission peak can be also de-
tected, which is assigned to SPR. Here, it is notable that the characteristic emission intensity
(λmax = 615 nm) of SPR was gradually enhanced by increasing the SPR concentration. The
highest doping concentration of SPR led to two characteristic emission peaks covering
the entire visible range, but in the region between 490 and 570 nm, the intensity peak
remains low. The PL peak (λmax = 510 nm) can be attributed to the PFO defects, as it is well
established that polyfluorene-based materials often exhibit a long-range emission around
2.2–2.3 eV [32]. On the contrary, in the copolymers Cz-BTZ, the dominant PL peak is located
at approximately 560 nm, which is associated with the red chromophore BTZ. This means
that in copolymers Cz-BTZ, the energy transfer mechanism plays a significant role in the
PL emission profile, as the lower intensity peak comes from the blue chromophore. It is
also remarkable to refer that in the case of the copolymer with the lowest concentration
of BTZ, two main peaks are distinguished to span the entire visible range. The emission
intensities of the blue and red chromophores are evenly balanced. This suggests that the
energy-transfer mechanism between the two chromophores is optimized, which efficiently
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contributes to the mixing of blue and orange–red emission. Therefore, it is evident that the
PL spectra can be tuned based on the ratios both in the binary blends and copolymers.

Figure 6b displays the normalized PL spectra of the ternary blended polymers (PFO-
F8BT-SPR) and the terpolymers bearing three chromophores (Cz-Anth-BTZ), to facilitate
a comparison. One can see that the PL emission spectra based on three emitters present
a dominant peak, which originates from the dopant’s units. This fact can be interpreted
based on the assumption that the final intensity of the emission spectrum is a sum of the
total energy transfer from the host to the dopants. More specifically, for the ternary blended
polymers, the PL intensity of PFO is lower compared to the other two emitters F8BT and
SPR due to the efficient energy transfer. In the case of the highest concentration of PFO in
ternary blends, the contribution from the PFO emission was much more evident. However,
the PFO intensity is weak, so there is no balanced tuning between the emitters. For the
other approach based on terpolymers, the PL profiles reveal that the main peak appearing
in all cases is attributed to the dopant emission. The emission intensity of Cz is attenuated
when the doping concentration is increased. Thus, the quenching of the Cz emission can be
supported by the efficient energy transfer mechanism from Cz to Anthracene and BTZ.

Note that in the case of both the binary blend and copolymer, the dopant concentration
significantly affected the peak intensities in the PL spectra, which were attributed to the
two emitters (blue-red). More specifically, in the case of the binary, the different doping
concentrations influence the PL intensity peak of the red emitter, whereas, in copolymers,
the different doping concentrations influence the PL intensity peak of the blue emitter.
Therefore, efficient energy transfer from the wide-gap homopolymer to the narrow band-
gap unit may happen due to a strong interchain interaction. This difference between the
two emitting systems may be assigned to the rate of energy transfer. This rate is highly
dependent on many factors, such as the spectral overlap, the relative orientation of the
transition dipoles, and, most importantly, the distance between the donor and acceptor
molecules. Regarding the three emitters, the different doping concentrations did not
effectively contribute to the tuning of the emission of each emitter to span the entire visible
range. Thus, adjusting the doping concentration in two emitters leads to easier tuning and
results in a balanced two-color emission compared to three emitters.

As a means of elucidating which combination of emitting systems will generate
white light, CIE (Commission Internationale de l’Éclairage) coordinates were calculated
through the respective PL emission spectra. The CIE color system is the most widely
used colorimetric standard so far. The CIE-1931 coordinates describe how the human eye
perceives the color emission from any light source using Cartesian coordinates. The CIE
specifies that the coordinates for the point of white light are (0.33, 0.33) [33,34].

Figure 7 shows the CIE diagram of coordinates corresponding to the PL spectra. As
can be seen, by increasing concentrations of the red-emitting polymer SPR (denoted by
arrows) in the binary blends, the CIE coordinates tend to approach the white region. On the
other hand, the opposite occurs in the case of copolymers Cz-BTZ, in which by reducing
the concentration of the red dopant, BTZ (the arrow denotes the increase of BTZ), the CIE
coordinates approach the ideal white light emission. Furthermore, concerning the CIE
coordinates of both ternary blends and terpolymers, they are quite far from the white light
emission. Here, it is also observed that in both cases, the reduced doping concentration
shifts the coordinates toward the white region.

3.4. Electroluminescence

The blended and synthesized polymers were applied as emitting layers in single-
layer OLEDs, having the device structure of ITO/PEDOT:PSS/emitting layer/Ca/Ag. The
electro-optical properties and the performance of the fabricated devices were investigated.
Figure 8 shows the comparison of the respective normalized EL spectra between the (a)
binary blended system and copolymers and (b) ternary blended system and terpolymers.
Concerning the analysis of EL spectra using the deconvolution method, the calculated
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values of λmax and FWHM are summarized in Table 5. It is obvious that for all studied
cases, the EL emission spectra covered the spectral region from 400 to 800 nm.
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Figure 7. CIE diagram of PL emissions of the studied materials. The arrows denote the increase in
the percentage of the dopant.
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Figure 8. Comparison of normalized EL spectra between (a) binary PFO-SPR with Cz-BTZ copolymers
and (b) ternary PFO-F8BT-SPR with terpolymers Cz-Anth-BTZ.

For a better evaluation of the EL characteristics, Figure 9 shows, comparatively, the
EL (lines) and PL (lines with symbol) spectra of emitting layers based on the (a) binary,
(b) copolymers, (c) ternary, and (d) terpolymers, respectively. In all studied emitting layers,
a blue shift of the EL spectra is observed, when comparing to that of PL. If FRET was the
only mechanism controlling the emission of WOLED devices, the relative intensities of
host and dopant emissions would be equivalent in the corresponding PL and EL spectra.
However, this is not valid in all cases examined in our studies, and the relative intensities
are substantially different between the PL and EL spectra. In the case of PL emission, it has
been proven that the energy-transfer process plays a significant role. Particularly, for all
cases, energy transfer can possibly occur, as found based on the evaluation of the spectral
overlap between the PL emission of each host and the absorbance of each dopant. On the
other hand, it is well established that the EL emission depends not only on the energy
transfer mechanism but also on the charge trapping.
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Table 5. The obtained parameters of deconvolution analysis of EL spectra and electrical-operational
characteristics of the produced OLED.

Material Ratio
(%)

λmax
EL

(nm)
FWHM

(nm)

EL CIE
Coordinares

(x, y)

Luminance
(cd/m2) CRI CCT (K) * Von

(V)

PFO-SPR

95:5 438,517,613,642 36,47,61,142 (0.47, 0.44) 1033 94 2515 4.1

97.5:2.5 442, 517,612,651 43,44,72,145 (0.46, 0.42) 1038 94 2663 6.5

99:1 441,519,613,654 43,41,73,150 (0.48, 0.42) 561 95 2620 4.5

Cz-BTZ

90:10 443,555,613 60,64,104 (0.43, 0.50) 37 60 4063 7.1

99:1 448,551,614 41,91,138 (0.33, 0.38) 91 70 5498 6.1

99.5:0.5 447, 520,580 17,40,75 (0.28, 0.31) 10 82 8000 5.1

PFO-F8BT-SPR

97:2.5:0.5 421,440,526,572 14,16,47,94 (0.34, 0.56) 7474 44 5264 4

98:1.5:0.5 423,441,525,573 13,17,47,98 (0.34, 0.56) 9838 49 5697 3.1

99:0.5:0.5 424,448,522,562 16,27,56,168 (0.31, 0.47) 3321 74 7698 5.1

Cz-Anth-BTZ
98.5:1.0:0.5 481,569,614 60,83,142 (0.44, 0.48) 107 60 2787 7

99:0.5:0.5 477,561,607 56,115,132 (0.34, 0.42) 134 74 2974 9

* Von: Turn-on Voltage at 1 cd/m2
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Figure 9. Normalized EL spectra (lines) of OLEDs based on the emitting layers (a) binary, (b) copoly-
mer, (c) ternary, and (d) terpolymer, respectively; for a better evaluation of the EL characteristics, the
corresponding PL spectra are also incorporated (lines with symbols).

As depicted in Figure 9a, in the case of binary PFO-SPR, a comparison between the
PL and EL profiles clearly shows substantial differences. The EL emission profiles of all
binary blends present a dominant peak at approximately 610 nm, which is attributed to the
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SPR moiety, and this peak is independent of the doping concentration. Furthermore, the
emission of PFO is completely quenched compared to the PL emission profile. Therefore,
we can assume that the EL emission originated from other exciton species than those
responsible for the PL. This fact can account for the charge trapping in the SPR moiety,
apart from energy transfer from the PFO to SPR. In Figure 9b, one can see that significant
differences between the PL and EL spectra are also observed in the studied copolymers
Cz-BTZ. More specifically, in all copolymers, the EL emission spectra exhibit the main peak
at 560 nm, which is associated with the BTZ moiety. It is also important to mention that the
relative intensity of Cz is reinforced strongly compared to the PL emission when the doping
concentration of BTZ decreased. These EL spectra reveal that the dual emission is a result
of the combination of the energy-transfer mechanism and the charge trapping in the Cz
unit. It was found that when the concentration of BTZ is generally low (e.g., <1%) apparent
dual emissions are displayed at 450 and 560 nm, respectively, which are strong enough to
render color balance between blue and red–orange emission to achieve white light.

In all ternary blends (Figure 9c), the tendency of the EL emission band presents
similarities with the PL. However, upon decreasing the doping concentrations of both F8BT
and SPR, the relative intensity of the PFO peak is more pronounced in the EL spectrum
compared to the PL spectrum, and this means that the charge trapping into the PFO unit is
more efficient. Finally, the EL emission of terpolymers (Figure 9d) is broader and featureless
compared to that of PL. The increase in the Cz concentration enhances the broadening, as
well as the blue-shifting, of the emission.

In conclusion, the EL emission of the host is decreased, mainly for the cases of binary
and ternary blends, which may be due to the cascade mechanism for the charge injection
that favors the exciton formation in the emitter with the lower band gap. On the contrary,
in the EL emission profile of copolymers and the ternary blend with the ratio 99:0.5:0.5,
the intensity of the host is enhanced, and here, the possible reason is the partial energy
transfer from the host to the dopants due to the charge trapping in the host. Finally,
in the terpolymers, a featureless and broad EL emission is derived covering the visible
spectral range.

Another important feature to evaluate is the color characteristics, including CIE color
coordinates (x, y), of the fabricated OLEDs. To better explore this aspect, Figure 10 depicts
the CIE coordinates of the studied materials derived from the EL spectra. The CIE coor-
dinates of binary blends is measured representatively at (0.46, 0.42), which are not close
to the white region due to the stronger emission of SPR in relation to PFO. On the other
hand, the CIE coordinates of copolymers tend to be the values of the ideal white emission
(0.33, 0.33). By adjusting the ratio between the two units, Cz and BTZ, and with a dopant
ratio <1%, a balanced blue and red emission achieved, and the CIE coordinates are located
very close to the pure white-light point with values (0.28, 0.31). These values indicate that
this emitting system can be used to generate white-light emission that is well-suited for
lighting applications.

As can be seen, the CIE coordinates of ternary blends approach the white region, by
increasing the relative ratio of PFO. The perceived emission color of the mixed emitters can
be adjusted from green to nearly white, and the obtained CIE coordinates are calculated
(0.31, 0.47). Concerning the CIE coordinates of terpolymers, it has been observed that
elevating the concentration of Cz leads to the white region being approached, and the
obtained coordinates values are equal to (0.34, 0.42).

3.5. Performance of OLED Devices

Figure 11 shows the logarithmic plot of (a) Current density–Voltage (J–V) character-
istic curves and (b) Luminance–Voltage of the fabricated WOLEDs in order to provide
additional insights for the operational-electrical characteristics of the devices. The blended
materials exhibit higher Luminance values compared to the novel emitting copolymers and
terpolymers. Generally, further investigation is needed to enhance the functionalization
of produced WOLED devices in order to attain higher efficiency. At this point, it is also
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remarkable to see that the materials based on three emitters present better luminance
performance than the two.
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Figure 11. The logarithmic plot of characteristic curves of (a) Current density–Voltage (J–V) and
(b) Luminance–Voltage of the fabricated OLED devices.

For lighting applications, the color quality and stability must also be considered to-
wards the performance of OLEDs. Detailed characteristics of produced devices, such as CIE
color coordinates (x, y), color rendering indexes (CRI), and correlated color temperatures
(CCT) [35–37], are listed in Table 5. Among all the studied cases, the most encouraging
results for the CRI values are obtained from the binary blends and copolymers.

The effect of increasing the applied voltage on the shift in the color of the emitted
light from WOLED is also examined. This is a crucial factor since the increment in voltage
usually results in an increase in emitted light intensity, which may end up causing the
unbalanced mixing of emitters. Figure 12 shows the evolution of the EL CIE coordinates
only for the WOLED devices, which showed the closest coordinates to the ideal white
point, for each examined case. Specifically, the coordinates were measured during device
operation and recorded after the turn-on voltage. One can see that the CIE coordinates
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of copolymer Cz-BTZ demonstrate superior color stability with no variations since the
voltage is increased. These materials are promising candidates for lighting applications, as
the CIE coordinates are very close to the ideal white point and the CRI value reaches 82. It
is a great achievement for WOLED technology, as it is well known that the CRI value of
binary-emitter WOLEDs can be boosted from the 63 to 80 threshold [38].
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4. Conclusions

In conclusion, we have presented two distinct approaches that rely on light-emitting
blended polymers or copolymers to realize pure white light emission. Two potential options
were explored for blended systems. The first approach was based on mixing two emitters,
a red, SPR, with a blue one, PFO. The second approach involved blending three emitters,
red SPR with green F8BT and blue PFO. In all cases, PFO was dominated in the percentage
and acted as a host. In the case of novel copolymers, the blue Cz derivative was used as the
host, which was incorporated with the red chromophore BTZ, and for the terpolymers, the
yellow Anth chromophore was added to them. In all doping systems, different ratios of the
constituents were examined to tune the emissions and realize white light emission.

At first, for all emitting systems, it was verified that the energy transfer was feasible
between the host and the dopants, highlighting the possibility of the management of the
emission of each constituent to attain the coverage of the entire visible range. Following this,
the emitting polymers were applied as emitting layers in single-layer WOLEDs. Comparing
PL and EL emission revealed that charge trapping had a significant impact on EL emission,
in addition to the energy transfer mechanism. Mainly, in the case of the Cz-BTZ copolymer,
incomplete energy transfer from the blue Cz backbone to the orange-red BTZ moiety
resulted in two significant emissions with equal intensity when the doping concentration of
BTZ is less than 1%. Specifically, controlling the device’s emission color through a balance
of emission between the two units, Cz and BTZ, was achieved, thereby leading to a broad
white light emission with satisfying CIE coordinates of (0.28,0.31). Moreover, the color
coordinates of the resulting white-light emission remained extremely stable over a wide
range of increasing driving voltages. Also noteworthy is that the CRI value obtained for the
WOLED was 80, which makes it highly promising for lighting applications. Thus, compared
to doping based on blended polymers, chemical synthesis was more efficient, which was
conducive to achieving white light emission, as the emission tuning of chromophores was
easier by controlling the doping concentration. Overall, the solution-processable WOLED
based on copolymers offers an innovative pathway for high-quality emission.
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Abstract: Composite 3D printing filaments integrating antimicrobial nanoparticles offer inherent
microbial resistance, mitigating contamination and infections. Developing antimicrobial 3D-printed
plastics is crucial for tailoring medical solutions, such as implants, and cutting costs when compared
with metal options. Furthermore, hospital sustainability can be enhanced via on-demand 3D printing
of medical tools. A PLA-based filament incorporating 5% TiO2 nanoparticles and 2% Joncryl as a chain
extender was formulated to offer antimicrobial properties. Comparative analysis encompassed PLA
2% Joncryl filament and a TiO2 coating for 3D-printed specimens, evaluating mechanical and thermal
properties, as well as wettability and antimicrobial characteristics. The antibacterial capability of the
filaments was explored after 3D printing against Gram-positive Staphylococcus aureus (S. aureus,
ATCC 25923), as well as Gram-negative Escherichia coli (E. coli, ATCC 25922), and the filaments with
5 wt.% embedded TiO2 were found to reduce the viability of both bacteria. This research aims to
provide the optimal approach for antimicrobial and medical 3D printing outcomes.

Keywords: additive manufacturing (AM); 3D printing; fused filament fabrication (FFF); filament;
antimicrobial properties; Escherichia coli; Staphylococcus aureus; titanium dioxide (TiO2); poly(lactic
acid) (PLA); mechanical properties

1. Introduction

Fused Filament Fabrication (FFF) technology is one of the most prevalent techniques
in additive manufacturing (AM) [1–3] that has been developed exponentially [4,5]. This
can be attributed to its rapid prototyping capabilities and cost-effective nature [6]. Due to
the versatility that it provides, it can be applied for building every type of geometry from
a variety of materials. The majority of the materials utilized in additive manufacturing
applications consist of polymer-based composite materials and polymer blends [7] with the
most commonly used in 3D printing of composite materials being Poly(lactic acid) (PLA)
and acrylonitrile butadiene styrene (ABS) [8,9].

Poly(lactic acid) (PLA), a biobased and compostable polyester, finds diverse applica-
tions in tissue engineering, drug delivery, and medical applications [10–12]. It has been
proven that when polymers are combined with specific nanoparticles, such as TiO2, they
acquire antimicrobial properties [13,14]. Titanium dioxide (TiO2) has the ability to tune
polymer properties such as antimicrobial activity, UV resistance, opacity, gas barrier, and
color stability [7,15].
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Numerous efforts have been documented in the literature with the aim of creating
antimicrobial filaments for Fused Filament Fabrication (FFF) technology. Vidakis et al. [7]
published a study that used (TiO2) nanoparticles as nanofillers in order to enhance the
properties of polypropylene (PP). The findings demonstrated that the characteristics (me-
chanical properties) of the nanocomposites had improved and it was demonstrated that
PP/TiO2 could be a nanocomposite system for use in AM applications. González et al. [16]
examined PLA filled with TiO2 nanoparticles in various particle content concentrations
in a bacterial culture of E. coli and found that TiO2 nanoparticles decreased the amount
of extracellular polymeric substance and reduced bacterial growth. Also, no significant
differences were observed for higher contents than 1% TiO2 nanoparticles.

However, while most studies suggest that 3D-printed parts can be produced using
antimicrobial filaments containing additives like TiO2 with antimicrobial properties, this
study examines a coating methodology to determine if it offers comparable results to the
development of antimicrobial filaments. Implementing this coating technique in 3D-printed
PLA components offers an alternative approach to imparting antimicrobial properties,
bypassing the need to develop antimicrobial composite filaments for subsequent part
fabrication through 3D printing. Although coating methodology has been used in scaffold
applications to improve cell attachment/proliferation [17], here it is proposed as a method
to provide antibacterial properties to medical 3D-printed parts and components or daily
devices used in agri-food sector [6,18].

This study introduces an innovative approach to producing antimicrobial 3D-printed
components through FFF AM technology. For the experiments, PLA was selected as the
matrix material due to its biobased nature, as opposed to petroleum-based alternatives [19],
and its favorable mechanical properties [20]. Given that FFF technology employs feedstock
materials in filament form, the integration of TiO2 nanoparticles into the filament is pursued
to achieve antibacterial properties. The inclusion of Joncryl in small quantities as a chain
extender enhances PLA’s printability and mechanical properties by elevating molecular
weight, complex viscosity, and melt flow index [21–23].

This work compares two methodologies for developing antibacterial 3D-printed com-
ponents. The first method involves developing a composite filament that combines PLA,
TiO2, and Joncryl, suitable for use in all FFF 3D printers. A reference point is established by
developing an additional filament made of PLA and Joncryl alone. The second method
entails a coating process (dispersion immersion method) applied to the final parts manu-
factured using the PLA and Joncryl filament. These filaments were developed to produce
specimens as a proof of concept for the future production of DIY (do-it-yourself) customized
or pre-existing antimicrobial parts, medical tools, and more. All three specimen categories
(1. PLA/Joncryl filament, 2. PLA/Joncryl/TiO2 filament, and 3. PLA/Joncryl filament
with a coating process) underwent comprehensive analysis, including physiochemical
characterization and mechanical and antibacterial property assessments.

This paper is organized as follows: Section 2 outlines the materials and methods
employed in the development of the present study. Section 3 encompasses the results,
focusing on the characterization of the developed filaments and the coating methodology
and presents data concerning their antibacterial activity and mechanical properties. Finally,
the study concludes in Section 4. Figure 1 presents the architectural diagram of the method-
ology steps that were followed. These steps include the development of the filaments and
the necessary tests conducted to extract results for characterizing the properties of the
3D-printed specimens.
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Figure 1. Architectural diagram.

2. Materials and Methods
2.1. Materials

In this study, the experimental materials used for the development of the filament
included PLA in pellet form, Joncryl as a chain extender, and titanium dioxide (TiO2)
nanoparticles. The PLA pellets used were of PLA 4043D type, supplied by 3devo (Utrecht,
The Netherlands). The chain extender Joncryl ADR® 4400 was supplied by BASF (Lud-
wigshafen, Germany). It possesses an epoxy equivalent weight of 485 g/mol and a weight-
average molecular weight of 7100 g/mol. Aeroxide® TiO2 P25 with a nanoparticle size of
21 nm and a specific surface area of 35–65 m2/g was supplied from Sigma-Aldrich (Saint
Louis, MO, USA).

2.2. Development of a PLA-Based TiO2 Filament

In order to develop the two distinct filaments based on PLA pellets, the PLA pellets
were vacuum-dried overnight at 40 ◦C. The dried PLA was subsequently mixed with
Joncryl to formulate the PLA/Joncryl filament (named as PLA), and with both Joncryl and
TiO2 to fabricate the potentially antimicrobial PLA/Joncryl/TiO2 filament (named as PLA
TiO2 comp). Table 1 provides the composition of each filament. In total, 2 wt.% of Joncryl
was used, and it was proven by Grigora et al. [24] in a previous work that it gives the best
physicochemical properties to the final filament.
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Table 1. Summary of Fabricated Filaments.

Composite Filaments

Experimental Materials

PLA
(wt.%)

TiO2
(wt.%)

Joncryl
(wt.%)

PLA/Joncryl 98% - 2%
PLA/Joncryl/TiO2 93% 5% 2%

The filaments were fabricated using the 3devo Composer Series 350/450 filament
maker (Utrecht, The Netherlands). Parameters were configured for extrusion of a 1.75 mm
diameter filament. However, due to variations, the filament thickness deviation was ±0.06,
resulting in a final filament diameter ranging between 1.69 mm and 1.81 mm. The machine
contains a mixing screw that aids in material passage through four heating zones. Upon
melting, the material is extruded as filament through a nozzle.

The four heating zones of the extruder can be independently set to distinct temperature
values. In this experiment, temperature ranged from 175 ◦C to 192 ◦C. Various combi-
nations were tested to optimize filament extrusion. Ultimately, the optimal temperature
combination was found to be Heater 1—180 ◦C, Heater 2—192 ◦C, Heater 3—187 ◦C, and
Heater 4—175 ◦C. Heater 1 is closest to the nozzle, while Heater 4 is situated near the
hopper. The extruder’s screw rotational speed, driving material through the heating zones
and extruder, was set at 4.1 rpm. For filament cooling, integrated fans were adjusted to 60%,
facilitating timely solidification for spool collection during fabrication. Figure 2 illustrates
the characteristic components of the 3devo filament maker.
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2.3. Fabrication of 3D-Printed Specimens

After the successful development of both filaments, the FFF technology was used
to fabricate the specimens. All specimens were designed using SOLIDWORKS® CAD
Software (2022 SP2.0 Professional version) and manufactured utilizing an Original Prusa i3
MK3S+ 3D printer. Each part’s 3D printing parameters were established using Prusa Slicer
2.5.0 software. For the PLA/Joncryl filament, the nozzle temperature was set at 220 ◦C,
while for the PLA/Joncryl/TiO2 filament, it was set at 240 ◦C. The bed temperature for
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both filaments was set at 60 ◦C. In all cases, a 0.4 mm nozzle and 0.2 mm layer height were
employed. The specimens from both filaments were printed with a 100% fill density and
concentric fill pattern for infill. Settings not explicitly mentioned in the FFF process were
maintained at their default values as per the Prusa Slicer softwareTM (Version 2.6.1) utilized
in this study. Table 2 presents the specimens, along with their dimensions, used in the
present study to characterize the properties of the 3D-printed specimens fabricated with
the developed filaments.

Table 2. 3D-Printed Specimens.

Type of Test Dimensions of 3D-Printed Specimens

Scanning Electron Microscopy (SEM) 10 × 2 × 1 mm
Tensile ASTM D638 Standard, Type V [25]

Antibacterial Φ 5 mm × 1 mm

The dimensions of the specimens were determined by the requirements of the testing
equipment: Φ 5 mm × 1 mm for antibacterial testing and 10 × 2 × 1 mm for Scanning
Electron Microscopy (SEM). Figure 3 displays the filament reels for the Prusa 3D printer,
used to produce these specific specimens in two different surface configurations. Notably,
the Φ 5 mm × 1 mm specimens provided satisfactory results, making the larger surface
specimens redundant for antibacterial testing.
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2.4. Coating Methodology: Dispersion Immersion Method

Between the two developed filaments, the PLA/Joncryl filament was selected for
3D printing the specimens that subsequently underwent a dispersion immersion coating
process (as shown in Figure 4) to confer antimicrobial properties.

For the coating procedure, initially, the samples were immersed in a 1 M aqueous
ammonia (NH3) solution (pH = 11.5) and subjected to magnetic stirring at a speed of
435 rpm for 4 h at room temperature. Simultaneously, a 2 wt.% aqueous dispersion of
TiO2 was prepared. This dispersion underwent magnetic stirring for 1 h at a speed of
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950 rpm, to prevent sedimentation in the stirring vessel. Around 30 min prior to removing
the samples from the ammonia solution, an ultrasonication process was initiated using
an ultrasonication probe. The process involved alternating cycles of 2 min of ultrasound
treatment followed by 2 min of rest, repeated for a total of 6 cycles.
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After removal from the ammonia solution, the samples were thoroughly rinsed with
deionized water and subsequently dried in an oven at 55 ◦C for 30 min. The dispersion
containing deionized water and TiO2 was heated at 70 ◦C and stirred magnetically for
30 min, with a stirring speed of 1200 rpm. Following this, the samples were immersed in
this dispersion. The TiO2 dispersion (with the specimens immersed) was heated to 70 ◦C
and stirred magnetically at a speed of 875 rpm for a duration of 2 h. Afterwards, it was
sonicated for 10 min, while maintaining the temperature at 70 ◦C. Finally, the samples were
washed with ethanol and placed in an oven set at 75 ◦C for 10 min to facilitate drying.
Upon completion of the aforementioned steps, the coating process concluded, resulting in
the adhesion of TiO2 powder particles to the samples (named as PLA TiO2 coated).

2.5. Materials Characterization
2.5.1. Microscopy

The filaments’ morphological features were examined with a stereoscope. Images
were taken using a Jenoptik (Jena, Germany) ProgRes GRYPHAX Altair camera attached to
a ZEISS (Oberkochen, Germany) SteREO Discovery V20 microscope and Gryphax image
capturing software was used.

2.5.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) images were captured using a JEOL (Tokyo,
Japan) 2011 (JMS-840) electron microscope, equipped with an Oxford (Abingdon, UK) ISIS
300 energy-dispersive X-ray (EDX) micro-analytical system. Every specimen was positioned
on the holder and coated with carbon to enhance the conductivity for the electron beam.
The images were taken under an accelerating voltage of 2 kV, a probe current of 45 nA, and
a counting time of 60 s.

2.5.3. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) analyses of the polymers and copolymers were executed
across a 2θ range of 5 to 80◦, at intervals of 0.05◦, and a scanning speed of 1.5 deg/min.
The assessments were conducted using a MiniFlex II XRD system from Rigaku Co. (Tokyo,
Japan) with Cu Ka radiation (λ = 0.154 nm).
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2.5.4. Differential Scanning Calorimetry (DSC)

A PerkinElmer Pyris DSC-6 differential scanning calorimeter, which was calibrated
with pure indium and zinc standards, was employed for the analysis. Samples of 5 ± 0.1 mg
sealed in aluminum pans were used and all experiments were performed under N2 atmo-
sphere with a flow rate of 20 mL/min. Each specimen was subjected to a heating process
from room temperature to 200 ◦C at a pace of 20 ◦C/min, then cooled down to 25 ◦C at the
same rate of 20 ◦C/min and reheated to 200 ◦C at a 20 ◦C/min. The degree of crystallinity
(Xc) was determined using Equation (1):

Xc(%) =

(
∆Hm − ∆Hcc

∆H0
f − 1−wt.% additive

100

)
× 100 (1)

where ∆Hm, ∆Hcc, and ∆Hf
0 are the experimental melting enthalpy, the cold crystallization

enthalpy, and the theoretical heat of fusion of 100% crystalline PLA (∆Hf
0 = 93 J/g),

respectively.

2.5.5. Contact Angle Measurements

The water contact angle (WCA) was assessed with the Ossila (Sheffield, UK) Contact
Angle Goniometer L2004A. The analysis of WCA for the samples was conducted through
the sessile drop technique. A quantity of 25 µL of distilled water was delicately placed
atop the surface of the 3D-printed plates (n = 3) and scaffolds. High-resolution images
were captured within a span of 20 s and further analyzed using the Ossila Contact Angle
Software v3.1.1.0. The statistical evaluation was conducted through a one-way ANOVA
followed by a post hoc Tukey test, facilitated by the GraphPad Prism 6 software. A p-value
of less than 0.05 was deemed as indicative of statistical significance.

2.5.6. Tensile Testing

Tensile testing evaluations were conducted utilizing a Shimadzu EZ Test Tensile Tester,
Model EZ-LX, equipped a with a 2 kN load cell, following the ASTM D638 standards at a
crosshead speed of 5 mm/min. For the testing, 3D-printed dumb-bell-shaped tensile type V
test specimens were employed. Each sample underwent at least five separate assessments
with the resulting data averaged to derive the mean values for Young’s modulus, stress
at break, and elongation at break. Data analysis was performed using one-way ANOVA,
followed by a post hoc Tukey test, facilitated by GraphPad Prism 6 software. A p-value
under 0.05 was established as the threshold for statistical significance.

2.5.7. Antibacterial Testing Methodology

Gram-positive Staphylococcus aureus (S. aureus, ATCC 25923), as well as Gram-
negative Escherichia coli (E. coli, ATCC 25922) single colonies were inoculated in 10 mL
of freshly prepared Nutrient Broth and incubated with agitation until reaching an OD600
measurement equal to 0.3–0.5. Then, 2 mL of the culture was moved to a microcentrifuge
tube, spun for 1 min at 10.000 g, and the supernatant was removed. The cell pellet was
resuspended in 2 mL PBS and spun for 1 min at 10.000 g. PBS washing was repeated twice.
After the last spin, the pellet was resuspended in 2 mL PBS and 500 µL was transferred
in four different glass flasks containing 4.5 mL PBS. Serial dilutions of each flask were
transferred on Nutrient Agar plates using a bent glass pipette and incubated overnight
at 37 ◦C to determine the initial cfu/mL for each flask. After transferring to the plates, a
control filament was added in one of the flasks, a TiO2-based filament was added to the
second, a filament coated with TiO2 was added to the third, whereas the last flask was used
as a no filament control. The flasks were incubated for 1 h at 37 ◦C and 250 rpm, and then
serial dilutions for each flask were transferred to fresh Nutrient Agar plates again. This
procedure was repeated after one more hour of the flasks’ incubation. The plates were left
to incubate overnight at 37 ◦C. The number of colonies that represent the surviving bacteria
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was counted the following day and the possibility of antibacterial activity of the filament
was determined.

The filaments’ antibacterial effectiveness against S. aureus and E. coli is reported as the
mean standard deviation (SD) after 60 and 120 min of contact. Each experimental procedure
was replicated three times (n = 3) for each bacterium strain. For statistical analysis, two-way
ANOVA with repeated measurements was performed.

3. Results and Discussion
3.1. Scanning Electron Microscopy (SEM) and Optical Microscopy

The morphological characteristics and the dispersion of the TiO2 nanocomposites in
the polymer matrices are examined via microscopic techniques. Figure 5 displays the side
surface of randomly selected 3D-printed tensile test specimens, providing a quantitative
assessment of interlayer fusion, interlayer defects, or possible inhomogeneities.
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Figure 6. X-ray diffraction patterns of PLA, TiO2, and the 3D-printed specimens. 

3.3. Differential Scanning Calorimetry (DSC) Measurements 

The thermal properties of the fabricated PLA/TiO2 materials were determined using 

DSC analysis. The recorded DSC thermograms upon the first and the second heating scan 

are presented in Figure 7. The characteristic thermal transitions, including glass transition 

temperature (Tg), cold crystallization temperature (Tcc), and melting point (Tm), as well as 

the % degree of crystallinity of the materials, are summarized in Table 3. No crystallization 

Figure 5. (a,b) Optical microscopy and SEM image of 3D-printed PLA (PLA/Joncryl filament),
(c,d) optical microscopy and SEM image of 3D-printed PLA TiO2 comp (PLA/Joncryl/TiO2 filament),
(e) EDX spectrum of 3D-printed PLA TiO2 comp, (f,g) optical microscopy and SEM image of 3D-
printed PLA TiO2 coated, and (h) EDX spectrum of 3D-printed PLA TiO2 coated.

It can be observed in Figure 5a,c,f that the 3D printing process utilizing the PLA/Joncryl/
TiO2 filament does not yield the same 3D printing quality as the PLA/Joncryl filament.
This difference arises from the formation of TiO2 nanoparticles’ agglomerates, resulting
in inconsistent material extrusion flow. This phenomenon is strongly associated with
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the dimension and the weight fraction of the inorganic additive in the polymer matrix.
Specifically, it was found that >1 wt.%. of additive led to an increased agglomeration, and
thus, intense surface roughness [26–28]. Furthermore, the processing method seems to
affect the morphological features of the final specimen. Specifically, the dispersion of TiO2
particles is observed to be more homogeneous in the case of the composite, resulting in a
smooth surface. On the contrary, the coating procedure led to a surface with augmented
roughness, due to the increased percentage of the TiO2, as it was verified from the EDX
analysis (Figure 5e,h).

3.2. X-ray Diffraction (XRD) Measurements

XRD patterns of the fabricated materials are presented in Figure 6. The characteristic
diffraction peaks of PLA appeared at 2θ = 14.8◦, 16.5◦, 19◦, and 22◦ resulting from the
crystal planes (010), (200/110), (203), and (210) [29]. No diffraction peaks appeared in any
sample, as thermal processing, such as extrusion and printing, usually leads to amorphous
materials [30]. The small crystalline peaks that the coated material exhibits are probably
due to the heating during the coating procedure, facilitating some cold crystallization.
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3.3. Differential Scanning Calorimetry (DSC) Measurements

The thermal properties of the fabricated PLA/TiO2 materials were determined using
DSC analysis. The recorded DSC thermograms upon the first and the second heating
scan are presented in Figure 7. The characteristic thermal transitions, including glass
transition temperature (Tg), cold crystallization temperature (Tcc), and melting point (Tm),
as well as the % degree of crystallinity of the materials, are summarized in Table 3. No
crystallization peak was observed in any of the samples upon cooling from the melt. As
can be observed, all the printed samples exhibited a very low degree of crystallinity, as
processing methods, such as printing, tend to erase the matrix crystallinity [30]. All samples
were amorphous, showing glass transition at 60–62 ◦C, cold crystallization, and subsequent
melting. This observation is in agreement with the obtained XRD patterns. Furthermore, a
small reduction in the Tg values of the printed samples in comparison to the PLA flakes can
be attributed to some degradation during the thermal processing of 3D printing [31]. The
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coating process seems to also have an effect on the thermal transitions of the final sample,
as Tg and Tm values decreased. However, the thermal transitions of the samples were not
significantly affected.
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Table 3. Thermal characteristics of the samples as measured by DSC.

Sample
1st Heating 2nd Heating

Tg Tcc Tm Xc Tg Tcc Tm Xc

PLA flakes 61.9 - 151.9 33.5 60.7 - - 0

PLA TiO2 mix 60.7 - 153.4 35.7 60.5 - - 0

PLA filament 60.3 118.5 149.8 1.4 63.3 129.1 151.1 0

PLA 3D printed 61 127 150.7 0.0 59.7 127.7 150.7 0

PLA TiO2 comp filament 59.9 121.7 153.3 3.0 60.5 - - 0

PLA TiO2 comp printed 61.8 124.7 152 1.1 58.9 - 152.7 0.1

PLA TiO2 coated printed 60.1 116.8 148.1 0.5 58.9 125.8 143.1 0

3.4. Contact Angle Measurements

The contact angle of the surface with water plays a key role in the characterization of
a material, as it can offer an insight into its absorption and its adhesion profile [32]. The
water contact angle of polymeric materials is a function of their chemical composition
and surface properties (roughness, heterogeneity, and preparation method), as well as
temperature [33]. The hydrophilicity of the PLA/Joncryl (PLA), PLA/Joncryl/TiO2 (PLA
TiO2 comp), and PLA/Joncryl coated (PLA TiO2 coated) printed specimens was assessed
through water contact angle measurements, and the methodology is illustrated in Figure 8.
As can be observed, PLA/Joncryl specimens had a contact angle of ~54.2◦. Neat PLA
appeared less hydrophobic than expected because of its surface roughness. The addition
of TiO2 to PLA caused a statistically significant decrease in the contact angle values of
both the composite and the coated specimen, and a decreasing trend in the values of the
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composite to the coated sample. This trend is a result of the increased free energy and
the increased roughness of the specimen, as can be assumed from the corresponding SEM
images [34]. Furthermore, the hydrophilicity of the incorporated TiO2 nanoparticles, owing
to the unsaturated reactive hydroxyl (-OH) groups, resulted in the significantly enhanced
hydrophilicity of the final samples [35,36]. Although the hydrophilic character of a sample
is related to its poor resistance to water, this may be beneficial for the contact between the
microbial cells and the film which can facilitate the antimicrobial activity.
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3.5. Tensile Testing Measurements

As the mechanical features of a polymer define its final applications, tensile tests
were performed and the results are presented in Figure 9. In Figure 9a–c, stress–strain
diagrams of the three specimen categories demonstrate differences in mechanical properties
between specimens printed with PLA/Joncryl (PLA) filament, PLA/Joncryl/TiO2 (PLA
TiO2 comp) filament, and specimens printed with PLA/Joncryl filament followed by the
coating process (PLA TiO2 coated). The PLA specimens exhibit the highest stress and strain
at break, whereas the PLA TiO2 coated specimens show the highest Young’s modulus
value. The stress–strain curves indicate that both the integration of TiO2 nanoparticles and
the coating process, aimed at providing antimicrobial properties to the final polymeric
material, influence the mechanical properties of the developed filament. This is evident in
the stress–strain curves, particularly in the ultimate tensile strength (UTS) or the maximum
stress the material can endure before failure. The stress–strain curves of the PLA/Joncryl
filament demonstrate the highest ultimate tensile strength. As Figure 9d–f illustrates, there
is a statistically significant decrease in tensile strength and strain values among the PLA and
either composite. The decreased values of the composite sample can be a result of defects
on the printed structure (as shown in Figure 5c). The lower values of tensile strength and
strain that the coated sample exhibits, in combination with its increased Young’s modulus
value, can be attributed to it being soaked in aqueous solution and ammonia, which could
have caused some hydrolytic degradation to the material. However, the variation of the
Young’s modulus values between all samples was insignificant (p > 0.05).
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Figure 9. Stress–strain curves of (a) PLA and (b) PLA TiO2 comp printed specimens, (c) stress at 

break, (d) strain at break, and (e) Young’s modulus values. One-way ANOVA. ** 0.001< p<0.01, *** 

0.0001< p < 0.001, **** p < 0.0001. 
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break, (d) strain at break, and (e) Young’s modulus values. One-way ANOVA. ** 0.001 < p< 0.01,
*** 0.0001 < p < 0.001, **** p < 0.0001.

Generally, the percentage and diameter of the particles incorporated in the matrix
strongly affect its final features. It has been reported that the weight fractions of TiO2
nanoparticles up to 1% increased the tensile strength and strain values, while at high TiO2
concentrations, the self-networking of nanoparticles can take place [31]. This phenomenon
may lead to the agglomeration and non-homogeneous dispersion of the particles [34].
This could potentially indicate that the agglomeration of TiO2 nanoparticles at high load-
ings may contribute to the weakening of the mechanical properties, as evidenced in the
stress–strain diagram, but it is necessary to achieve antimicrobial properties. Agglomerated
nanoparticles restrict the interfacial area between themselves and the polymer matrix,
resulting in a non-uniform particle distribution and a reduction in the nanoparticle con-
centration within the composite. Furthermore, it is found that the functionalization of
TiO2 or the addition of a plasticizer is essential for the improvement of the mechanical
features of PLA/TiO2 materials compared to the neat PLA [37–39]. Similar behavior has
been observed with the presence of other metal-based nanoparticles, where concentrations
above 1% wt. showed decreased mechanical properties [40–43].

All things considered, the diagrams in Figure 9 reveal that the stress at break (MPa)
exhibits a decrease of 25.67% in the specimens printed with the PLA/Joncryl/TiO2 filament
compared to those printed with the PLA/Joncryl filament. Moreover, an additional decrease
of 3.98% is observed in specimens printed with the PLA/Joncryl filament and subsequently
subjected to a dispersion immersion coating process. A similar reduction is noticed in
the strain at break (%) with a decrease of 20.53% when comparing the PLA/Joncryl to
PLA/Joncryl/TiO2 filament and an additional 22.47% decrease after the coating process.
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3.6. Antibacterial Testing Measurements

In Figure 10, the x-axis represents the three time points when the cfu/mL was counted
(i.e., 0 h, 1 h, and 2 h), while the y-axis represents the % average viability for each bacterium
incubated with the different specimens.
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Figure 10. % Viability of bacteria (a) E. coli and (b) S. aureus after incubation with PLA, PLA TiO2 comp,
and PLA TiO2 coated specimens. Two-way ANOVA with repeated measurements, ** 0.001 < p < 0.01.

The average % viability is calculated as follows: First, the percentage of viability for
each replicate is determined by dividing the cfu/mL of each hour by the cfu/mL at hour 0
and then multiplying by 100. Consequently, for each hour, three percentages of viability
were obtained (one for each replicate), which were used to calculate the average % viability.
These values were used to create the graph.

The results in Figure 10 indicate that the incubation of both bacteria species with
the PLA TiO2 comp specimen caused a statistically significant reduction over time in the
microbes’ viability compared to PLA and PLA TiO2 coated specimens. There was no effect
on the bacteria strain observed. TiO2 is hydrophilic, and thus it decreased the water contact
angle of PLA TiO2 comp, but it is also antimicrobial, indicated by its generation of reactive
oxygen species when it is exposed to light, which oxidize the cytoplasm of bacteria.

TiO2 coatings imparted antimicrobial activity when dip-coated on PMMA [44], and
their lack of efficiency herein could be due to the leaching of TiO2 particles from the PLA
TiO2 coated specimen, resulting in a low ion concentration in the incubation medium.
Concentration is the most important parameter that affects bacteria survival rate on plas-
tic/metal oxide nanoparticles and the 5 wt.% of TiO2 added in the PLA TiO2 filament was
effective [45]. Thus, directly adding metal oxides such as TiO2 is an easy and efficient way
of additive manufacturing antimicrobial objects.

4. Conclusions

In this study, we developed two different filaments for FFF feedstock material. One
filament is developed for immediate use in 3D printing antibacterial parts, while the other
is intended for 3D printing parts and subsequently providing them with antibacterial
properties through a coating process. To ensure perfect repeatability in our experiments
and the fabrication of all specimens under exactly the same parameters, the stability of all
3D printing parameters was maintained. Deviating from these parameters would lead to
different results. To assess the mechanical performance and antibacterial activity of parts
manufactured using these two methods, we conducted a series of tests to draw conclusions
regarding their structure and properties. Although SEM and optical microscopy images
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confirmed the presence of TiO2 nanoparticles, antibacterial tests demonstrated that only
the parts manufactured by PLA/Joncryl/TiO2 filament exhibited significant antibacterial
properties. Interestingly, the coated parts exhibited non-antibacterial activity similar to
those printed with the control PLA/Joncryl filament, while the PLA/Joncryl/TiO2 filament
specimens displayed notable antibacterial activity. Consequently, the coating methodol-
ogy is not recommended, as it does not yield the desired results and involves a more
complex procedure requiring access to chemical laboratories, substances, and equipment.
In terms of the mechanical attributes of the printed components, the findings indicate
that introducing TiO2 nanoparticles undermines the mechanical properties, leading to
the formation of agglomerates. Future studies should investigate the optimal pretreat-
ment method for the materials and the ideal quantity (wt.%) and size of nanoparticles to
achieve the best particle distribution and enhance mechanical properties while maintaining
antibacterial characteristics.

Given access to the necessary equipment for filament development, this study pro-
poses a DIY method for creating customized antibacterial parts suitable for production
on any commercial FFF 3D printer. These parts could include plastic surfaces for various
applications in hospitals, medical tools, laboratory plastic parts like Petri dishes, plastic
centrifuge test tubes, and pipette tips for cases where reusable antibacterial plastics are
applicable. They can also be used in research DIY devices such as bioreactors, orbital
shakers, or other costly components that can be replaced with this cost-effective 3D printing
solution. Finally, with further research and possible improvements, this proposed filament
could be assessed for 3D printing implants or scaffolds to be used in bone reconstruction
applications, potentially replacing existing materials used in these applications.
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42. Tylingo, R.; Kempa, P.; Banach-Kopeć, A.; Mania, S. A Novel Method of Creating Thermoplastic Chitosan Blends to Produce Cell
Scaffolds by FDM Additive Manufacturing. Carbohydr. Polym. 2022, 280, 119028. [CrossRef]
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Abstract: Injection molding (IM) is already an established technology for manufacturing polymer
products. However, in the course of the increased use of recyclates for economic and ecological
reasons, its application capability has been confronted with new requirements for reliability and
reproducibility. In addition, the IM process is confronted with regulations regarding a verifiable
recycling degree in polymers. With regard to the material identification and storage of manufacturer-,
process- or product-related data in polymers, the implementation of a material-inherent marking
technology forms a potential answer. The IM process combined with modified polymers (MP) as a
marking technology turns out to be a feasible approach to manufacturing reproducibly and offers a
high quality based on increased process awareness and fulfilling the required traceability. Therefore,
this work focuses on the trial evaluation of MP within the IM process. The influence of MP on the
material process behavior and mechanical and thermal component properties, as well as the influence
of the IM process and recycling on MP traceability, are investigated. No discernible influences of MP
on the investigated properties could be identified, and the traceability from the initial material to a
recyclate could be confirmed. MP is suitable for monitoring the aging state of polymers in IM.

Keywords: injection molding; tracing; traceability; polymers; marking agent; modified polymers;
process optimization; process predictability; recycling; circular economy

1. Introduction

Injection molding (IM) is among the most prominent representatives of polymer-based
manufacturing processes and is characterized by a causal flow from the initial material to
the end product. In the IM process, the plastification of granular or powdered polymers
into a flowable state occurs using dissipation and heat conduction along a temperature-
controlled cylinder. The plastified material is injected into the closed mold via the axial
movement of the injection unit and subsequently solidifies. In the case of thermoplastic
materials, the mold is temperature-controlled to a temperature below the solidification
temperature of the melt so that the melt cools and solidifies as it enters the mold. Part
quality is influenced by the IM process parameters, such as the temperatures from the
hopper to the nozzle, the holding pressure and the back pressure, as well as the screw
rotation speed, holding time and mold temperature [1–4].

The widespread use of thermoplastics and their composites in the present is a cause
of growing concern because of their adverse effects on the environment [5]. Although
the use of recyclates in the manufacturing of new polymer products is an important con-
tribution to a circular economy, as it enables material cycles to be closed, the amount of
recyclates in new products is still low due to technical barriers to reprocessing [6]. The
remaining fraction ends up in landfills or in the oceans and becomes microplastics [7,8].
According to Yang et al. [9], a current barrier to the use of recycled polymers is the lower
quality of recyclates compared to virgin materials. Even though mechanical recycling
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is less energy-intensive than chemical recycling [10], it is capable of having a significant
impact on the quality of the recyclates [11,12]. The material is subject to various mate-
rial aging processes [13–15]. Besides the rheological properties [16–18], the mechanical
properties are also affected due to the reduction in molecular weight [10,11,18–29]. As
a result, the recycling of polymers tends to decrease the stability of the IM process and
decrease part quality [14,21,30]. A common method of reusing recycled polymers is to
mix them with virgin materials to obtain materials with average properties [21,31–36]. A
ratio of approximately 30% [21] to 50% [19] recycled to virgin material was reported in
previous studies.

As different batches and material streams have different material properties, the iden-
tification of the different classes of recyclates is required [5,9,32,36,37]. In Auer et al. [37],
the current problems of recycling and their causes were summarized. Although the
use of methods to determine material composition is a solution to reduce quality prob-
lems, Auer et al. [37] evaluated the current sorting technology as inappropriate. For this,
Auer et al. [37] mentioned the use of tracing technologies that can sort the previously un-
sortable materials. Modified polymers were evaluated as a suitable material-inherent
tracing technology for use in polymer processing manufacturing [38]. This tracing technol-
ogy has already been successfully investigated in the selective laser sintering of polyamide
12 in a previous study [39]. Modified polymers are sequence-defined polymers, and
they are encodable via targeted polymerization so that information can be stored at the
molecular level [40].

IM combined with modified polymers as a marking technology turns out to be a
promising way to manufacture reproducibly and with high quality, based on an advanced
process awareness [41]. Therefore, it is based on the concept of the tracer-based optimization
of the process [38] via a material marking. Material traceability in injection molding is
achievable due to the incremental addition of one or more different modified polymers
at each new recycling step the material passes through. The markers are analyzed at
defined analysis points in the recycling process and before the IM process. It is intended
to determine the mixture of the material on the basis not only of either the qualitative or
the quantitative analysis of the markers but also via a combination of both variants. Thus,
an increasing amount of different modified polymers propagates through the continuous
material in a manner analogous to the recyclate classes formed. The composition of
the markers can, in turn, be used to infer the different recyclate proportions. Once the
history of the material or its composition is identified, it is possible to draw conclusions
about the quality of the material. The respective marker codes are linked to the material
history in a database, which is expanded via new codes with each new recycling of the
material. If the recyclate proportions are known, an overall material quality can be defined
from the respective material qualities of the individual recyclate proportions, and the
process parameters can be specifically adjusted, as a result of which the scattering material
properties are compensated for. As the material is refreshed via virgin material, the
proportions of the frequently recycled materials, as well as the associated markers, decrease.
When the respective marker concentration falls below a certain limit, traceability is no
longer guaranteed. The associated amount of recyclate is then already so small that it can
be neglected. In addition to the stepwise material marking, the mechanical properties of
marked products must also be examined to maintain the functionality of products.

Consequently, the aim of the present study is to validate modified polymers for
application in IM. Investigations are carried out to determine the influence of the modified
polymer on the processing behavior of the material and the component properties and to
determine the influence of the IM process and recycling on the traceability of the modified
polymer. Thermal and rheological material properties, as well as mechanical and thermal
component properties, are analyzed. Since repeated extrusion and IM are evaluated as
suitable methods to investigate recyclability [29,42–46], these methods are used in the
present study. The influence of the cyclic processing of the marked material, in particular,
thermal stress and stress due to shear forces [1–4,47], on the functionality and detectability
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of the marker is investigated. Mass spectroscopy is used to determine the traceability of
the marker.

2. Materials and Methods

In order to minimize disturbance variables and avoid aging processes due to humidity,
temperature and ultraviolet radiation [13,14,21,48], materials and test specimens were
stored, and test procedures were applied under controlled ambient conditions of 23 ◦C
and 50% relative humidity. The storage of materials and test specimens was airtight and
protected from ultraviolet radiation.

2.1. Injection Molding Material

The Daplen EF155AE elastomer-modified polypropylene compound with 10% mineral
filling from Borealis AG (Vienna, Austria) was used. This material is among the ther-
moplastic polyolefins [13,15,49] and can be easily processed with commercially available
injection molding machines. Pre-drying the material at 80 ◦C for approximately 2 h was
recommended in order to avoid residual moisture. Referring to the manufacturer’s data,
the specific material density was 0.95 g/cm3. The material choice was based on the fact
that polypropylene is one of the most commonly used semi-crystalline thermoplastics
in injection molding [13,50–52] and the most widely used polymer in the automotive
industry [53].

2.2. Modified Polymer

The modified polymer used in this study was supplied by Polysecure GmbH (Freiburg,
Germany) and branded as POLTAG® technology [41,54–56]. A previous study [38] listed
further information about the marking agent. Compared to the investigated modified
polymer used in a previous study [39], this modified polymer contained a different main
molar mass, as well as different mass numbers of the sequences (Table 1).

Table 1. Main molar mass and mass numbers of the sequences of the used modified polymers.

Main Molar Mass [Da] Sequences [Da]

918.5 131.0|246.2|347.3|434.3|535.4|650.4|781.4|882.5|981.5

2.3. Production of the Master Batch

On the basis of the used injection molding material and modified polymer, a master
batch was produced. Via a spray-drying process, the modified polymer was added to the
injection molding material via mixing. In the master batch, a concentration of 30 ppm of
the modified polymer was used. The method of producing the master batch based on the
modified polymer was confirmed in a previous study [39]. Through weighing the material
fractions, the concentrations of the modified polymer in the material were determined to
be 1 ppm and 10 ppm. For the quantification of the material mass, an EW 4200-2NM scale
from KERN & Sohn GmbH (Balingen-Frommern, Germany) was applied.

2.4. Injection Molding Processing and Recycling Procedure

In Figure 1, the injection molding and mechanical recycling process used are illustrated.
The presented process flow of recycling was in accordance with Tamrakar et al. [20]. A
horizontal injection molding machine [1] of the Allrounder 470 E Golden Electric type from
ARBURG GmbH + Co KG (Loßburg, Germany) was used for injection molding. In the initial
process cycle (R0), unmarked and marked granulates were fed into the injection molding
machine to produce test samples. All samples were produced via injection molding using
the parameters listed in Table 2. The parameters were in accordance with the DIN EN ISO
19069-2:2020-01 [57] standard, the parameters listed in Isayev et al. [1] and Dominghaus
et al. [51] and the specifications of the manufacturer of the injection molding machine. The
cylinder temperature was gradually increased from the hopper to the nozzle end to ensure a
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smooth transition from a solid to a molten polymer and to reduce the screw wear [1,2,20,47].
A defined number of specimens were taken for further characterization.
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Figure 1. Process flow of the used recycling steps to process of the used injection molding material.
The process flow was divided into injection molding, collecting of the specimens for testing (tensile
bars), grinding of the remaining specimens, extruding and regranulation of the shredded material,
drying of the granulate, collecting of the granulate for testing and renewed injection molding.

Table 2. Selected parameters of the injection molding machine used.

Option Selected Setting

Temperatures (hopper to nozzle) [◦C] 35|180|190|195|200|200
Mold temperature [◦C] 40
Dosing quantity [cm3] 36.5
Decompression [cm3] 3

Screw speed [m/s] 0.25
Back pressure [bar] 80

Residual mass cushion [m3] 4.6
Volume flow [cm3/s] 16

Max. injection pressure [bar] 280
Switching volume [cm3] 7
Max. hold pressure [bar] 200

Hold time [s] 40
Residual cooling time [s] 18

In Table 3, the investigated samples of each injection molding process are listed. The
rest of the test samples were ground using a granulator of the C17.26sv SE type from
Wanner Technik GmbH (Wertheim-Reicholzheim, Germany) and a grinding sieve with a
mesh size of 6 mm.

Table 3. Breakdown of the test samples used for each process cycle.

Type Dimension Number Usage

Tensile bar 1 1A 2 5 Tensile test

Tensile bar 1 1A 2 10 Vicat softening temperature test,
Charpy impact test

Tensile bar 1 1A 2 2 Traceability
1 Tensile bars presented in Figure 1. 2 DIN EN ISO 527-2 [58].
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Then, the ground material was extruded by a twin screw extruder of the ZE25A-40D-
UTX-UG type from KraussMaffei Berstorff (Laatzen, Germany) with gravimetric dosing
from Scholz Dosiertechnik GmbH (Großostheim, Germany). All materials were extruded
according to the parameters listed in Table 4. The extruded strands were cooled in a water
bath using a strand pelletizing unit of the ips-SG-E 30 Kombi type from IPS Intelligent
Pelletizing Solutions GmbH & Co KG (Niedernberg, Germany) with an integrated strand
cooling tank, dried via blasting with an integrated strand dewatering system and processed
to a granulate with a granulate size of 3 mm. A cold cutting process [1,47] was applied
in this case. Next, the granulates were dried at 80 ◦C for a duration of 2 h in a JETBOXX
granulate dryer from HELIOS GmbH (Rosenheim, Germany).

Table 4. Selected parameters of the extrusion and pelleting machine used.

Option Selected Setting

Temperature (hopper to nozzle) [◦C] 50|190|190|190|190|190|195|195|200|200|200
Temperature at the output [◦C] 209

Screw speed [1/min] 160
Nozzle head pressure [bar] 12

Volume flow [kg/h] 8
Capacity utilization [%] 30
Cut-off speed [m/min] 33

Before the next cycle (R1), a granulate quantity of 20 g was taken for further tests. The
remaining amount of granulates was further processed. Then, the pre-dried granulates
were injection-molded, and the recycling process was repeated up to ten times (R10).
The number of recycling steps was based on Aurrekoetxea et al. [29], and it indicated
an asymptotic behavior of the investigated thermal and mechanical properties after ten
recycling steps. For each investigated material, an initial amount of 5 kg of the respective
material was provided. Before each cycling step, the hopper, screw and mold were cleaned
using compressed air and a vacuum cleaner, as well as dry wipes.

2.5. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was applied using a TGA/DSC-1 measuring sys-
tem from Mettler Toledo (Gießen, Germany). Measurements were performed according
to the DIN EN ISO 11358-1:2022-07 [59] standard. The change in the mass of a sample
over a defined, time-related temperature curve under the influence of a purge gas was
determined. Whether marking with the used modified polymer led to a different thermally
induced degradation behavior of the polymer was examined [13,60]. The sample was
heated from room temperature to 900 ◦C at a heating rate of 20 K/min under a nitrogen
atmosphere (flow: 70 mL/min) and was stored at this temperature and atmosphere for
10 min. Afterwards, the sample was cooled to 400 ◦C at a cooling rate of 20 K/min under
a nitrogen atmosphere (flow: 70 mL/min). Next, the sample was heated to 900 ◦C under
the presence of oxygen (flow: 70 mL/min) at a heating rate of 20 K/min and was stored at
this temperature and atmosphere for 15 min. The sample weight for each measurement
was 12 mg to 14 mg. The analyzed TGA measurement results included the maximum
pyrolytic degradation temperature and the residue as mean values. No standard deviation
was provided by the TGA measurement.

2.6. Differential Scanning Calorimetry Testing

Differential scanning calorimetry (DSC) was performed using a DSC-3+ measuring
system from Mettler Toledo (Gießen, Germany). Measurements were obtained according
to the DIN EN ISO 11357-1:2023-06 [61] standard and were realized under the presence
of a nitrogen atmosphere. Each measurement was carried out using a sample weight of
10 mg ± 2 mg. The heating and cooling cycles were performed in the temperature interval
between 50 ◦C and 200 ◦C. The temperature rate was 10 ◦C/min. Among other data from
the DSC measurement, both the melting and crystallization temperatures and the onset
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temperatures were output as mean values. Whether marking with the used modified
polymer tightened or widened the thermal process window of the polymer was considered.
The DSC testing did not provide any standard deviation.

2.7. Melt Flow Index Test

Melt flow index testing was realized with an Mflow measuring device from Zwick/
Roell GmbH & Co. KG (Ulm, Germany) and was performed according to the
DIN EN ISO 1133-1:2012-03 [62] standard. In order to determine the melt flow rate (MFR), a
testing load of 2.16 kg at a temperature of 230 ◦C and a filling quantity of 4 g was used. Melt
flow index measurement is a single-point test method that represents a single measuring
point of the viscosity curve and gives an initial indication of a change in the rheological
behavior of the melt [63]. Whether the modified polymer used had an influence on the
MFR value of the polymer was considered. To avoid moisture, the material was pre-dried
at 80 ◦C for 2 h using a JETBOXX granulate dryer from HELIOS GmbH. Before testing, the
nozzle was cleaned with cleaning tools and cotton cloths. The test started at a position
of the piston of 50 mm. Thereby, five sections with a measured length of 5 mm were
recorded. The mass of each of the five sections was quantified using an AB-100 scale from
PCE Deutschland GmbH (Meschede, Germany). The extruded mass within the defined
interval described the MFR value, which was expressed in the unit g/10 min.

2.8. Tensile Test

A tensile test was performed on a tensile testing machine of the Zwick/Roell Z100
type from Zwick/Roell GmbH&Co. KG. The equipment of the testing machine included
a makroXtens mechanical extensometer and two wedge clamping jaws designed for a
normal force of up to 10 kN. Furthermore, the equipment included an Xforce K load cell
determined for the same load limit and a testControl II control unit. According to the
DIN EN ISO 19069-2:2020-01 [57] standard, the tensile test specimens (Table 3) were condi-
tioned in a constant climate chamber of the KBF 240 type from BINDER GmbH (Tuttlingen,
Germany) for 96 h at a temperature of 23 ◦C and 50% relative humidity. During the transfer
from the constant climate chamber to the tensile testing machine, the samples were stored
in airtight containers together with silicate pellets for moisture absorption. Tensile testing
was performed from the conditioned state of the samples and was done within ten days
after manufacturing the samples. The test specimens were evaluated according to the
DIN EN ISO 527-1 [64] standard. According to the DIN EN ISO 19069-2:2020-01 [57]
standard, the tensile strength and elongation at break were measured at a test speed of
50 mm/min. In contrast, Young’s modulus was measured at a speed of 1 mm/min. In ad-
dition, Young’s modulus was determined as the secant modulus, according to the DIN EN
ISO 527-1 [64] standard, in the interval of elongation from 0.05% to 0.25%. Thereby, the spec-
imens were exposed to a preload of 0.1 MPa at a test speed of 1 mm/min. Five specimens
of each process step were tested, and the mean value, as well as the standard deviation,
was reported.

2.9. Charpy Impact Test

A Charpy impact test was performed on a pendulum impact tester of the Zwick/Roell
HIT25P type from Zwick/Roell GmbH & Co. KG using a testControl II control unit.
According to the DIN EN ISO 179-1:2010-11 [65] standard, the test specimens for Charpy
impact testing were conditioned in a constant climate chamber of the KBF 240 type from
BINDER GmbH for 96 h at a temperature of 23 ◦C and 50% relative humidity. For Charpy
impact testing, a test specimen of type 1 was used. Due to the toughness of the material
used, a Charpy impact test was performed according to the DIN EN ISO 179-1/1fA [65]
standard. The specimens were prepared from the parallel part of the specimens presented
in Table 3 and corresponded to the multipurpose test for specimen type A, according
to the DIN EN ISO 3167:2014-11 [66] standard. During the transfer from the constant
climate chamber to the pendulum impact tester, the specimens were stored in airtight
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containers together with silicate pellets for moisture absorption. The Charpy impact test
was performed with the conditioned state of the samples and was done within ten days
after manufacturing the samples. A 7.5 J pendulum was used in this test. As a result of
the Charpy impact test, among other data, Charpy double-edge-notched impact strength
(dNIS) was analyzed. Ten specimens of each process step were tested, and the mean value,
as well as the standard deviation, was reported.

2.10. Vicat Softening Temperature Test

The Vicat softening temperature (VST) of the specimens was measured according
to the DIN EN ISO 306:2023-03 [67] standard using a VST/HDT Compact 3 system from
Coesfeld GmbH & Co. KG (Dortmund, Germany). The system used consisted of a bar
with a support disk for the test weights and a fixture for the indenter tip, as well as a
calibrated dial gauge for determining the indentation depth. Before the measurement,
the surface of the specimen was cleaned of burrs and irregularities. Based on the B
50 VST method, the specimens were loaded with a force of 50 N, and the heating rate
was 50 ◦C/h. During measurement, the specimens were positioned on a specimen fixture
and heated at the defined heating rate in a silicone bath. The specimens were prepared
from the end pieces of the specimens presented in Table 3, and the size of the specimens
was 10 mm × 10 mm × 4 mm. The temperature at which a tip penetrated 1 mm deep into
the surface of the test specimen was determined. The indenter tip has a circular cross
section of 1 mm2. The measured temperature was defined as the VST. Three specimens
were used for each measurement. The mean value and the standard deviation were used to
determine the VST. The objective is to quantitatively characterize the thermal stability of a
polymer [68]. Since the VST responds to a change in molecular size, the measurement can
be used to indicate the processing-induced thermal damage of the material [68,69].

2.11. Tandem Mass Spectroscopy

Tandem mass spectroscopy (MS/MS) was used to detect, sequence and measure the
traceability of the modified polymer [40,70–72]. An MS/MS device of the API 4000 MS/MS
type was used, which was supplied by AB SCIEX (Darmstadt, Germany). The method
for detection, sequencing and determining the traceability of the modified polymer was
analogous to that of a previous study [39]. With the exception of the extraction methods
listed in Table 5, the same procedure and parameters were used. The extraction methods
depended on the investigated specimens. According to a previous study [39], the analyte
was delivered to the atmospheric pressure chemical ionization source using a syringe pump
of the Model 100 type from kd Scientific Inc. (Holliston, MA, USA). The syringe pump flow
rate was 0.06 mL/h [39]. Detection and sequencing were both recorded for at least 5 min.
Between each measurement, the MS/MS device was cleaned. Therefore, a liquid consisting
of methanol and 3 mmol ammonium acetate was injected for at least 10 min.

Table 5. Extraction methods used for the investigated samples [39].

Sample Analyzed Quantity Extraction Method

Granulate
5 g

Mixed with 10 mL of ethanol
Placed in an ultrasonic bath at 40 ◦C for a duration of 30 min

Filtration with a 22 µm filter
Placed in a rotary vacuum evaporator

Dilution with 2 mL of methanol and 3 mmol of ammonium acetate
Component 1

1 Shredded pieces of tensile bar listed in Table 2 for analyzing traceability.

Based on a Python tool used in a previous study [39], the results of the MS/MS
measurements were evaluated. For this purpose, the sum of the determined intensities
within a measurement interval of ±1 Da was determined for all mass numbers of the
modified polymer (Table 1). The respective maximum peak of the mass spectrum was used
to calibrate the molar mass. The modified polymer was considered to be detected if an
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intensity greater than 0 was determined for the mass number of the main mass, as well as
for the majority of the mass number of all sequences within the measurement interval, and
peaks were clearly visible [39].

3. Results
3.1. Influence of the Modified Polymer Used on the Material Properties
3.1.1. Initial Material Properties

In Table 6, the investigated initial material properties for the injection molding material
and master batch are presented. The determined crystallization and melting temperatures,
as well as their onset temperatures, deviated between the injection molding material and
the master batch by less than approximately 1%. Regarding the thermogravimetric analysis,
the master batch shows an approximately 0.34% higher maximum pyrolytic degradation
temperature and an approximately 0.55% higher residue than the injection molding material.
The values of the melt flow rate (MFR) differ by approximately 2.4%. Considering the
standard deviation, the deviation of the MFR values is approximately 0.1%.

Table 6. Investigated material properties for the injection molding material and master batch used
based on the injection molding material used and the modified polymer used.

Properties Injection Molding Material Master Batch

PE 1 onset crystallization temperature [◦C] 113.16 113.09
PE crystallization temperature [◦C] 110.02 109.95
PE onset melting temperature [◦C] 107.86 107.01

PE melting temperature [◦C] 121.31 120.95
PP 2 onset crystallization temperature [◦C] 133.30 133.02

PP crystallization temperature [◦C] 129.69 129.28
PP onset melting temperature [◦C] 158.43 159.11

PP melting temperature [◦C] 168.62 167.75
Max. pyrolytic degradation temperature [◦C] 473.95 475.56

Residue [%] 9.1925 9.2435
Melt flow rate [g/10 min] 17.73 ± 0.19 17.31 ± 0.21

1 Polyethylene-specific peak. 2 Polypropylene-specific peak.

3.1.2. Thermal Process Window

The influence of the modified polymer on the thermal process window, characterized
by melting and crystallization temperature and depending on the concentration of the
modified polymer and the recycling step, is presented in Figure 2. While there was an
increase in melting temperature (TM) between the first and fifth steps for all concentrations
considered, there was a decrease in TM from R0 to R10 for all concentrations observed.
From R0 to R10, the TM for 0 ppm decreased by approximately 0.36%. In contrast, for
1 ppm, the TM decreased by approximately 0.09% from R0 to R10, and for 30 ppm, it
decreased by approximately 1.31%. At R0, the deviations of the TM between the unmarked
material and the marked materials amounted to a maximum of approximately 0.34%. At
R1, the maximum deviation of TM was approximately 0.8%. At R10, the deviations of the
TM between the unmarked material and the marked materials amounted to a maximum of
approximately 1.47%.

Regarding crystallization temperature (TC), there was an increase from R0 to R10
for nearly all concentrations considered. From R0 to R10, the TC for 0 ppm increased by
approximately 0.53%. For 1 ppm, the TC increased by approximately 1.54% from R0 to
R10, and for 30 ppm, it increased by approximately 1.42%. At R0, the deviations of the TC
between the unmarked material and the marked materials amounted to a maximum of
approximately 0.32%. At R1, the maximum deviation of TC was approximately 1.17%. At
R10, the deviations of the TC between the unmarked material and the marked materials
amounted to a maximum of approximately 0.96%.
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Figure 2. Influence of the modified polymer used and the recycling on the melting (TM) and crystal-
lization temperature (TC). The material samples are based on the polypropylene compound injection
molding material used and were collected in a dry state before each process step. Concentrations of
the modified polymer used of 0 ppm, 1 ppm and 30 ppm were studied. The recycling steps are listed
on the X-axis. Process step R0 describes the initial injection molding process step. Steps R1, R5 and
R10 describe the first, fifth and tenth process steps of the recycling.

3.1.3. Melt Flow Rate

The influence of the modified polymer on the mean value of the melt flow rate (MFR),
depending on the concentration of the modified polymer and the recycling step, is presented
in Figure 3. While the mean value of the MFR decreased for individual concentrations of
the respective process cycles, the mean value of the MFR increased in the overall view from
R0 to R10.
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Figure 3. Influence of the modified polymer used and the recycling on the melt flow rate (MFR). The
material samples are based on the polypropylene compound injection molding material used and
were collected in a dry state before each process step. Concentrations of the modified polymer used
of 0 ppm, 1 ppm and 30 ppm were studied. The recycling steps are listed on the X-axis. Process step
R0 describes the initial injection molding process step. Steps R1, R5 and R10 describe the first, fifth
and tenth process steps of the recycling.
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The mean value of the MFR for 0 ppm increased by approximately 4.61% from R0 to
R1. In contrast, for 1 ppm, the mean value of the MFR increased by approximately 4.08%
from R0 to R1, and for 30 ppm, it increased by approximately 4.92%. From R1 to R10,
the mean value of the MFR for 0 ppm increased by approximately 0.72%. In contrast, for
1 ppm, the mean value of the MFR decreased by approximately 3.43% from R0 to R10,
and for 30 ppm, it increased by approximately 3.40%. At R0, the deviations of the mean
value of the MFR between the unmarked material and the marked materials amounted to a
maximum of approximately 2.97%. At R1, the maximum deviation of the mean value of
the MFR was approximately 2.45%. At R10, the deviations of the mean value of the MFR
between the unmarked material and the marked materials amounted to a maximum of
approximately 2.55%. The deviations of the mean values of the MFR as a function of the
concentration of the modified polymer were also within the standard deviation across the
recycling steps.

3.2. Influence of the Modified Polymer Used on the Component Properties
3.2.1. Tensile Test

The influence of the modified polymer used on the mechanical properties, depending
on the concentration of the modified polymer and the recycling step, is presented in Figure 4.
With regard to the mean value of Young’s modulus for 0 ppm, there was a decrease of
approximately 3.3% from R0 to R10. In contrast, for 1 ppm, from R0 to R10, an increase
of approximately 7.92% was recorded, and for 30 ppm, from R0 to R10, an increase of
approximately 1.59% was recorded. With regard to the mean value of Young’s modulus
at R0, the deviation between 0 ppm and 30 ppm was approximately 0.93%. At R10, this
deviation amounted to approximately 4.08%. With regard to the mean value of the tensile
strength for 0 ppm, there was a decrease of approximately 1.02% from R0 to R10. In
contrast, for 1 ppm, from R0 to R10, a decrease of approximately 0.32% was recorded, and
for 30 ppm, from R0 to R10, a decrease of approximately 0.33% was recorded. With regard
to the mean value of the tensile strength at R0, the deviation between 0 ppm and 30 ppm was
approximately 1.76%. At R10, this deviation amounted to approximately 1.03%. Regarding
the mean value of elongation at break for 0 ppm, there was an increase of approximately
34% from R0 to R10. In contrast, for 1 ppm, from R0 to R10, a decrease of approximately
46.2% was recorded, and for 30 ppm, from R0 to R10, a decrease of approximately 25.1%
was recorded. With regard to the mean value of elongation at break at R0, the deviation
between 0 ppm and 30 ppm was approximately 13.6%. At R10, this deviation amounted to
approximately 36.5%. The deviations of the mean values of Young’s modulus, the tensile
strength and the elongation at break, depending on the concentration of the modified
polymer, were within the standard deviation even across the recycling steps.

3.2.2. Charpy Impact Test

The influence of the modified polymer on the double-edge-notched impact strength
(dNIS), depending on the concentration of the modified polymer and the recycling step, is
presented in Figure 5.

The mean value of the dNIS for 0 ppm increased by approximately 5.13% from R0 to
R10. In contrast, for 1 ppm, the mean value of the dNIS increased by approximately 4.33%
from R0 to R10, and for 30 ppm, it increased by approximately 5.52%. At R0, the maximum
deviation of the mean value of the dNIS between the unmarked material and marked
materials was approximately 2.63%. At R10, the maximum deviation of the mean value
of the dNIS between the unmarked material and marked materials was approximately
3.38%. The deviations of the mean values of the dNIS, depending on the concentration of
the modified polymer, were within the standard deviation even across the recycling steps,
with the exception of recycling step R1.
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Figure 4. Influence of the modified polymer used and the recycling on the investigated mechanical
properties. The specimens were manufactured from the polypropylene compound injection molding
material used. Concentrations of the modified polymer used of 0 ppm, 1 ppm and 30 ppm were
examined. The recycling steps are listed on the X-axis. Process step R0 describes the initial injection
molding process step. Steps R1, R5 and R10 describe the first, fifth and tenth process steps of the
recycling. In each case, five tensile bars were analyzed.
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Figure 5. Influence of the modified polymer used and the recycling on the double-edge-notched
impact strength (dNIS). The specimens were manufactured from the polypropylene compound
injection molding material used. Concentrations of the modified polymer used of 0 ppm, 1 ppm and
30 ppm were examined. The recycling steps are listed on the X-axis. Process step R0 describes the
initial injection molding process step. Steps R1, R5 and R10 describe the first, fifth and tenth process
steps of the recycling. In each case, ten specimens were analyzed.

3.2.3. Vicat Softening Temperature

The influence of the modified polymer on the Vicat softening temperature (VST),
depending on the concentration of the modified polymer and the recycling step, is presented
in Figure 6. The mean value of the VST for 0 ppm increased by approximately 1.9% from
R0 to R10. In contrast, for 1 ppm, the mean value of VST increased by approximately 0.74%
from R0 to R10, and for 30 ppm, it increased by approximately 0.2%.
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Figure 6. Influence of the modified polymer used and the recycling on the Vicat softening temperature
(VST). The specimens were manufactured from the polypropylene compound injection molding
material used. Concentrations of the modified polymer used of 0 ppm, 1 ppm and 30 ppm were
examined. The recycling steps are listed on the X-axis. Process step R0 describes the initial injection
molding process step. Steps R1, R5 and R10 describe the first, fifth and tenth process steps of the
recycling. In each case, ten specimens were analyzed.

The maximum deviation of the mean value of the VST between the unmarked material
and marked materials at R0 was approximately 1.06%. At R10, the maximum deviation
of the mean value of the VST between the unmarked material and marked materials was
approximately 0.59%. The deviations of the mean values of the VST as a function of the
concentration of the modified polymer were also within the standard deviation across the
recycling steps.
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3.3. Traceability of the Modified Polymer Used

The traceability of the modified polymer at different recycling steps is presented in
Figure 7. The modified polymer was detectable at all investigated concentrations down
to a concentration of 1 ppm, and the main mass, as well as all individual sequences, was
detectable in all recycling steps (Figure 8).
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Figure 7. Traceability of the modified polymer used at different process steps. The recycling steps
are listed on the X-axis. The initial step describes the initial granulate before injection molding
processing. Process step R0 describes the initial injection molding process step. Steps R1, R5 and
R10 describe the first, fifth and tenth process steps of the recycling. The specimens are based on the
polypropylene injection molding material used. The arithmetic mean of the sum of the intensities
within the considered interval of ±1 Da around the main molar mass of three MS/MS measurements
each was formed. For the initial step and step R0, concentrations of the modified polymer used of
1 ppm, 10 ppm and 30 ppm were considered. For steps R1, R5 and R10, a concentration of 1 ppm of
the modified polymer used was assumed.
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process step R10 of recycling. The intervals in which the main masses and individual sequences were
detected are highlighted with gray bars. The specimens are based on the polypropylene injection
molding material used.
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The determined intensities did not increase linearly with the selected concentrations.
Furthermore, there was no apparent correlation between the concentration of the modified
polymer and the mean value of the detected intensity of the main mass (Figures 7 and 8). If
the standard deviation is taken into account, there was no change in intensity as a result of
the initial injection molding process for all the investigated concentrations of the modified
polymer used. In the initial material, from 1 ppm to 30 ppm, there was an increase in the
mean value of the intensity of the modified polymer of approximately 14.6%. In contrast,
the mean value of the intensity of the modified polymer decreased from 1 ppm to 10 ppm
by approximately 65.2%. From the initial material to R0, the mean value of the intensity
of the modified polymer used at a concentration of 1 ppm decreased by approximately
25.4%. In contrast, the mean value of the intensity of the modified polymer at 30 ppm
increased by approximately 25.9%. For R0, the deviation between 1 ppm and 30 ppm
relative to the mean value of the intensity of the modified polymer used was about 93.6%.
From the initial material to R5, the mean value of the intensity of the modified polymer
at 1 ppm increased by about 15.9%. In contrast, the average intensity of the modified
polymer at 1 ppm decreased by 89.2% from R5 to R10. At R10, eight out of nine sequences
were detectable.

4. Discussion

The investigated thermal and rheological material properties (Table 6, Figures 2 and 3),
as well as the mechanical (Figures 4 and 5) and thermal component properties (Figure 6),
were not significantly influenced by the modified polymer. On the one hand, this ob-
servation is confirmed by the marginal deviations of the mean values of the respective
properties with increasing concentrations. If the minimum and maximum standard devia-
tions are taken into account, the variation in the respective properties due to the presence
of the modified polymer used was negligible. This observation can be attributed to the
selected concentrations of the modified polymer used. These were too low to identify any
influence on the investigated material and component properties via the chosen testing
methods [39]. On the other hand, this observation is confirmed by a previous study [39]
that investigated modified polymers as marking agents in a polyamide 12 material via
selective laser sintering. Taking into account the concentrations of the modified polymer
used in the base material used and the selected scope of the investigation, no discernible
influence on the material and component properties was observed. Since comparable
material and component properties, as well as comparable concentrations of the marking
agent, were used in this study, the influence of the marking agent on the material and
component properties identified in the present study was also evaluated as not discernible.
As a result, the processing properties of the marked material in injection molding remained
the same as those of the unmarked material. This is confirmed by the fact that the chosen
concentration of 30 ppm in the master batch was already at the maximum and, thus, lower
concentrations behave analogously in the investigated material [39]. Furthermore, any
influence attributable to the modified polymer could also be masked by other additives in
the investigated material [13,24,36,73–81].

The selected concentrations of the marking agent are in accordance with an earlier
study [39]. In addition to the easier master batch handling to set lower concentrations,
the choice was based on the use of minimal concentrations for a future marking agent
application in injection molding. Furthermore, the concentration of the master batch was
selected in consultation with the manufacturer of the modified polymer. With regard to
possible stepwise material marking and process optimization [38], at an initial concentration
of the modified polymer of 1 ppm per process cycle, a maximum concentration of no
more than 30 ppm can be expected after 30 process cycles. This total results from the
stepwise addition of modified polymers. Due to the usual recycling rates in injection
molding [19,21], the respective concentration of the specific modified polymer (initially
1 ppm) after more than 30 process cycles is so low that this concentration, as well as
the associated amount of material, can be neglected. This assumption is based on a
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theoretical consideration. A concentration of 1 ppm is already enough to provide full
functionality and traceability of the modified polymer in the material used even after
multiple processing steps (Figures 7 and 8). Moreover, various studies [41,54,55,70,82]
have confirmed the chosen concentration of modified polymers in different materials.
Choosing higher concentrations of the modified polymer does not add value in terms of
functionality or traceability [39]. The modified polymer is traceable in the initial material, as
well as in the recycled material, down to a concentration of 1 ppm even after ten recycling
steps (Figures 7 and 8).

As there is no apparent correlation between the investigated concentration of the
modified polymer and the determined mean value of the intensity of the main mass, only a
qualitative analysis is available. This observation is confirmed by a previous study [39].
Additives in the injection molding material, like carbon black particles, are extracted
from the injection molding material during the used extraction process (Table 5) and
are deposited in the measuring chamber of the mass spectroscope during the MS/MS
measurement [39]. Consequently, no precise quantification of the used modified polymer
is possible. Although no quantification of the mean value of the intensity of the main mass
is possible, the decrease in intensity recorded in recycling step R10, combined with the
absence of a single sequence, could indicate a possible degradation of the modified polymer.
Nevertheless, the functionality of the modified polymer is still present after ten recycling
steps. Considering the manufacturing process of the used master batch, it can be expected
that all granulates are marked and, thus, that there is sufficient dispersion of the modified
polymer in the material [39].

Regarding the melting temperature, a small decrease occurred from R0 to R10 for all
concentrations (Figure 2). This is in contrast to the observations of a previous study [29].
However, if only the change in melting temperature from R1 to R10 is considered, a
small increase in melting temperature with increasing recycling steps can be observed.
The melting temperature of the sample with the 30 ppm marker at R10 is considered
to be an anomaly, based on the previous results. The increasing melting temperature is
due to a higher crystallinity of the polymer via multiple processing. The reduction in
molecular weight during recycling increases the mobility and folding ability of the chains,
which results in the formation of thicker lamellae and, consequently, a higher degree of
crystallinity [29]. However, crystallinity was not quantified in the investigation. The
observed increase in the crystallization temperature from R0 to R10 (Figure 2) also resulted
from the increasing degree of crystallinity and is confirmed by an earlier study [29]. It
should be taken into account that the recorded changes in the respective melting and
crystallization temperatures are based on a single measurement.

The investigated increasing mean value of the melt flow rate (MFR) from R0 to R10,
illustrated in Figure 3, is in accordance with previous studies [18,19,29,83] that observed an
increasing MFR with increasing numbers of process cycles. The observed small changes
in the MFR up to R5 are in accordance with Aurrekoetxea et al. [29], who attributed
this observation to the presence of stabilizers in the material. The MFR value reaches its
maximum after the first recycling step. Further recycling no longer significantly shortens
the mean chain lengths. The increasing MFR with increasing recycling steps is due to the
decreasing molecular weight. Therefore, a decreasing melt viscosity of a polymer decreases
with a decreasing molecular weight, and polymers with a decreasing molecular weight have
an increasing melt flow rate [18,29,83,84]. A more robust statement would be provided via
recording flow curves. Since the measurement is carried out below the relevant processing
range, no direct conclusions can be drawn about the processing behavior [85,86].

The resulting investigated mechanical component properties at R0 are in accordance
with previous studies [1,87]. With regard to Young’s modulus (Figure 4), there are different
tendencies with increasing recycling steps, depending on the concentration of the marking
agent. However, the changes were all within the respective standard deviation, and
no clear tendency was observed. In contrast, previous studies have recorded both a
decrease [18,20,84,88–90] and an increase [29,91] in Young’s modulus with increasing steps
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of recycling. For example, Tamrakar et al. [20] investigated a decrease in Young’s modulus
of 12% after five recycling steps. Meneghetti et al. [88] indicated a decrease in Young’s
modulus for polypropylene with increasing recycling content in the material by up to
20%. In contrast, Aurrekoetxea et al. [29] and Brostow and Corneliussen [91] attributed
the increasing crystallinity in the material during recycling as the cause of the increasing
Young’s modulus. The crystalline structures are much stiffer than amorphous structures
and prevent rotations of the chain segments [29].

With regard to tensile strength (Figure 4), there are similar tendencies with increasing
recycling steps, depending on the concentration of the marking agent. The decreasing
tensile strength with recycling is in accordance with previous studies [18,20,84,88,90,92–97].
Multiple recycling steps lead to a change in material structure, which, due to degradation,
results in a reduction in viscosity due to the scission of the chains and a significant loss
of mechanical properties [18,84,90,92–97]. Tamrakar et al. [20] investigated a decrease in
tensile strength of 4.6% after five recycling steps, and Meneghetti et al. [88] indicated a
decrease in the tensile strength of polypropylene with increasing recycling content in the
material by up to 20%. In contrast, Aurrekoetxea et al. [29] indicated increasing tensile
strength with increasing numbers of recycling. Although it has not been investigated in
this work, the decrease in tensile strength with increasing recycling steps could result from
a thermomechanical degradation of the additives in the material during recycling [98].

Regarding elongation at break (Figure 4), there are different tendencies with increas-
ing recycling steps, depending on the concentration of the marking agent. Previous
studies [68,99] have mentioned that elongation at break exhibits a high statistical vari-
ation, which can be confirmed in the present study. The large spread of the results is
probably due to a heterogeneous degradation in the material. Studies have shown that the
oxidation of polyolefins (like polypropylene) is a heterogeneous process [5,100–105]. Due to
the high standard deviations of the mean values, no discernible influence of either the recy-
cling or the marking agent could be identified. Previous studies have recorded a decrease in
elongation at break [5,18,29,83,84,89,106–113] with increasing steps of recycling. Decreasing
elongation at break is due to the higher crystallinity of the recycled material [107] and to
the reduction in the molecular weight with further recycling steps [29]. As a result of the
reduced molecular weight, the density of bonding molecules incorporated into at least two
crystalline lamellae, and also the number of those bonding the spherulites, decreases. In
addition, the probability of chain entanglement in the amorphous phase decreases. As a
result, the structure is less connected [106,109]. The concentration of binding molecules is
also influenced by the crystallization temperature, as the density of the binding molecules
decreases with increasing recycling due to shorter molecules and higher crystallization
temperatures [29,106,110]. In addition, shorter molecules are less entangled and have fewer
C-C bonds to stretch than long molecules of fresh material [29]. This assumption can be
confirmed in this study (Figure 2).

Although no clear increase in Young’s modulus or tensile strength could be observed,
as indicated by Aurrekoetxea et al. [29], the increasing melting and crystallization tempera-
ture indicate an increase in crystallinity. In contrast, the elongation at break decreases with
increasing recycling steps, which could be partially confirmed in this work. The reason why
the expected increases in Young’s modulus and tensile strength were not recorded in this
study may be due to an insufficient number of recycling stages. The number of recycling
steps was based on Aurrekoetxea et al. [29], who indicated an asymptotic behavior of the
investigated mechanical properties after 10 recycling steps. Furthermore, even when the
marking agent is recycled up to ten times, there are no marker-related degradation effects
that result in an influence on the material and component properties. This is confirmed
by the fact that the material and component properties at all recycling steps indicate no
discernible influence of the marking agent. Even though the material properties of the inves-
tigated material and master batch differed slightly, and the component properties changed
a little with the increase in the concentration of the modified polymer used, the variation of
the investigated properties was within the standard deviation of the mean values.
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Regarding Charpy impact strength (Figure 5), there are similar tendencies with in-
creasing recycling steps, depending on the concentration of the marking agent. In contrast
with earlier studies [83,88], Charpy impact strength increases with increasing recycling
steps, increasing crystallinity (Figure 2) and increasing the melt flow rate (Figure 3). The
result is, nevertheless, taken as a given since the complete breakage of the specimen was
recorded in all Charpy impact tests [114]. One possible reason for the deviation from
the previous study [83] is that a double-edge-notched specimen shape [65] was used. A
possible explanation of why the marking agent had no discernible influence on Charpy
impact strength is that polypropylene with a melt flow rate greater than 10 g/10 min
(Table 6 and Figure 3) shows no change in notched impact strength with the addition
of additives [83,115].

With regard to the Vicat softening temperature (VST) (Figure 6), there are similar
tendencies with increasing recycling steps, depending on the concentration of the marking
agent. Grellmann and Seidler [68] revealed that the softening behavior of polypropylene
composites is mainly determined by the matrix. Compared to other studies [69,116],
the VST is lower. This finding could be due to the elastomer-modified polypropylene
compound used since the literature values refer to pure substances. Although the results of
this study indicate a change in molecular weight due to recycling, this thermally induced
damage to the material could not also be reflected in the VST [68,69]. Even though Arndt
and Lechner [69] indicated the influence of additives on VST, this influence could not be
confirmed in this study. This could be attributed to the reason that the chosen concentrations
of the marking agent used were too low to influence the studied material and component
properties using the selected testing methods [39].

5. Conclusions and Outlook

The identification and traceability of materials and components is a major challenge in
the injection molding process. This challenge can be overcome through the use of a material-
inherent marking technology. This allows the aging state of polymers and the composition
of individual material mixtures to be monitored, as a result of which scatter-reducing
process parameters can be set. Based on a systematic selection of modified polymers as
a proper marking technology for application in polymer processing manufacturing, as
well as the experimental validation of this marking agent in selective laser sintering in
previous studies [38,39], this study focused on the investigation of the suitability of this
marking agent in injection molding. In particular, the impact of the modified polymer
used on the thermal and rheological material properties, as well as the mechanical and
thermal component properties, during multiple processing steps of the marked material
was investigated. In addition, the influence of multiple processing steps of the marked
material on the presence and functionality of the used modified polymer was analyzed via
mass spectroscopy. The key findings can be summarized as follows:

• Considering the applied investigations and concentrations of the modified polymer
used in the injection molding material used, the marking technology does not have any
discernible influence on the investigated properties of the material and components;

• During injection molding, the marked material shows analogous processing behavior
to the unmarked material;

• The modified polymer used can be reliably detected in the material down to a concen-
tration of 1 ppm, even after ten recycling steps;

• The concentration of the modified polymer and the measured intensity of the marking
agent in the injection molding material used do not correlate;

• The dispersion of the modified polymer used in the injection molding material
is sufficient;

• The modified polymer is suitable as a marking agent in injection molding;
• The modified polymer allows encoding of the material used at the molecular level.
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The applicability of modified polymers for use in injection molding can be confirmed.
This demonstrates the thermal stability of modified polymers [54,55] for application in the
injection molding of polypropylene. Within the considered concentration ranges of the
modified polymer, the marked injection molding material is substituted for the previously
used injection molding material. While the modified polymer used has no identifiable
impact on the investigated material and component properties, the modified polymer could
conceivably be present in the material as a heterogeneous extraneous germ, influencing the
crystallization and morphology of the polymer [117,118]. Moreover, it is possible that the
modified polymer might become enriched in the amorphous phase of the polymer. This is
because segregation occurs during crystallization, resulting in a segregation reaction [119].
An analysis of the injection molding material and master batch morphology could provide
information about the possible effects of the modified polymer [13,15]. Furthermore, the
use of a high-purity polymer could be useful to identify possible effects [39].

Based on this study’s findings, an injection-molding-specific coding strategy can be
developed. The tracer-based process optimization [38] must be elaborated upon for the
present application. This involves analyzing the materials at defined stages in the injection
molding process and adjusting the process parameters in a targeted manner. For the imple-
mentation of the marking technology in injection molding, the extraction method has to be
optimized. The avoidance of material-specific additives such as carbon black particles dur-
ing MS/MS analysis could enable the quantification of modified polymers [39]. In addition,
another method of extracting and transferring the modified polymers to the MS/MS device
is conceivable. The application of the desorption electrospray-ionization MS/MS analysis
method enables the possibility of measuring the marking agent in situ [56,120–122]. As a
result, the traceability effort is minimized. In addition, the analytical equipment can be
included in the injection molding process. Moreover, there are other potentially suitable
marking technologies listed in an earlier study [38]. Their suitability for injection molding
has to be evaluated as well.
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Abstract: Blown films based on low-density polyethylene (LDPE)/linear low-density polyethylene
(LLDPE) and silica aerogel (SA; 0, 0.5, 1, and 1.5 wt.%) were obtained at the pilot scale. Good particle
dispersion and distribution were achieved without thermo oxidative degradation. The effects of dif-
ferent SA contents (0.5–1.5 wt.%) were studied to prepare transparent-heat-retention LDPE/LLDPE
films with improved material properties, while maintaining the optical performance. The opti-
cal characteristics of the composite films were analyzed using methods such as ultraviolet–visible
spectroscopy and electron microscopy. Their mechanical characteristics were examined along the
machine and transverse directions (MD and TD, respectively). The MD film performance was better,
and the 0.5% composition exhibited the highest stress at break. The crystallization kinetics of the
LDPE/LLDPE blends and their composites containing different SA loadings were investigated using
differential scanning calorimetry, which revealed that the crystallinity of LDPE/LLDPE was increased
by 0.5 wt.% of well-dispersed SA acting as a nucleating agent and decreased by agglomerated SA
(1–1.5 wt.%). The LDPE/LLDPE/SA (0.5–1.5 wt.%) films exhibited improved infrared retention with-
out compromising the visible light transmission, proving the potential of this method for producing
next-generation heat retention films. Moreover, these films were biaxially drawn at 13.72 MPa, and
the introduction of SA resulted in lower draw ratios in both the MD and TD. Most of the results were
explained in terms of changes in the biaxial crystallization caused by the process or the influence
of particles on the process after a systematic experimental investigation. The issues were strongly
related to the development of blown nanocomposites films as materials for the packaging industry.

Keywords: blends; composites; blown film extrusion; silica aerogel; biaxial properties; morphology;
thermal properties; mechanical properties

1. Introduction

Polymer blending is defined as a process in which at least two polymers are blended
to produce a new material with different physical characteristics. This is mainly performed
to improve and increase certain characteristics such as the thermal barrier [1]. Blends of
linear low-density polyethylene (LLDPE) and low-density polyethylene (LDPE) are of
considerable importance in industrial applications. Their good processability and excel-
lent mechanical properties make LDPE/LLDPE films suitable for packaging applications.
LLDPE is added to LDPE because of its superior mechanical characteristics such as higher
tensile strength, impact properties, and elongation at break. The LDPE/LLDPE films
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are characterized by low haze and better bubble stability. Furthermore, manufacturers
can use conventional LDPE film-blowing devices to blend LLDPE with LDPE without
modification [2]. Despite the benefits of LDPE/LLDPE blends in film applications, blend
miscibility, and the miscibility of LDPE/LLDPE blends have certain effects on their proper-
ties, and few studies have been conducted on the miscibility of LDPE/LLDPE blends [3–6].
Most researchers have reported that LLDPE/LDPE blends are miscible at low LDPE con-
tents and show immiscibility at higher LDPE [7]. In this study, the LDPE concentrations
were kept low, and the differential scanning calorimetry (DSC) thermograms exhibited two
overlapping peaks, which may be due to the phase separation of the LDPE and LLDPE
components in the blended film after crystallization [8]. Although LDPE and LLDPE resins
are the most versatile polymers, their applications are restricted by drawbacks such as
low strength, stiffness, and poor heat resistance [9]. To solve these problems and prepare
materials with improved properties, the preparation of polyethylene (PE) nanocomposites
with different inorganic nanofillers has been reported [10,11].

Currently, energy cost and availability are important concerns, and heat energy thermal
insulation is an efficient strategy to address these issues. Low thermal conductivity is
considered to be an essential feature of materials that can be reinforced by incorporating
fillers into the main matrix [12]. Nanoporous networks of aerogels filled with gas (above
90% of aerogels are composed of air) show excellent characteristics including high specific
surface area (500–1200 m2/g), low thermal conductivity (0.013–0.04 W/m K), low dielectric
constant (1.1–2), low density (0.003–0.1 g/cm3), high optical transmission in the visible
range (90%), and high insulating ability. These properties make them good candidates
as insulators in different applications [13]. Low thermal conductivity is one of the major
characteristics of silica aerogels (SAs), making them applicable in the field of insulation.
However, SAs have poor mechanical properties, which restrict their application. Therefore,
SA-based composites are generally used [14,15].

Blown film extrusion is the main processing method for producing a biaxial melt-
drawn film. This method requires the use of air pressure for initiating a transverse direction
(TD) draw, in addition to a higher haul-off roll speed for delivering a machine direction
(MD) draw. Billions of pounds of polymer are processed annually by using this technique.
Blown film extrusion is used to produce agricultural and construction films, industrial
films and bags, stretch films, polyvinyl chloride cling films, liners, high barriers, and small
tube systems [16,17].

The purpose of this study was to improve both the thermal and mechanical properties
of the LDPE/LLDPE blend films; hence, LDPE/LLDPE/SA composites were prepared
using a twin-screw extruder to prepare an LDPE/LLDPE/SA (0–1.5 wt.%) masterbatch, and
then an LDPE/LLDPE/SA (0–1.5 wt.%) film was prepared using the blown method [18,19].
The effects of various SA contents on the morphology, draw ratio, and mechanical and
thermal characteristics of the prepared composite films were studied. Our proposed
blown film extrusion of composites based on LDPE/LLDPE and SA could widen their
application as thermal insulating films in the packaging field while preserving the biaxial
film properties initiated by the processing method or the impact of the particles on the
processing method.

2. Experimental Section
2.1. Materials

Polymer samples of LDPE and LLDPE were purchased from Equate and Seongji Indus-
trial Co., Ltd. (Apryang-myeon, Gyeongsan-si, Korea), and the material characteristics of
both polymers are listed in Table 1 (Part a). The SA powder was provided by EM-POWER
Co., Ltd. (Asan-si, Chungnam, Korea), and its properties are listed in Table 1 (Part b).

179



Materials 2022, 15, 5314

Table 1. (a). The material properties of the low-density polyethylene (LDPE)/linear low-density
polyethylene samples. (b). The technical data of the silica aerogel (SA).

a.

Name
Quantity (g)

Used for Blown
Film Preparation

Grade Melt Flow
Index Density Melting Point (◦C) Haze (%) Gloss

(GU)

LDPE 15,000 LDPE 150E 0.25 g/10 min 0.921 g/cm3 96 - -
LLDPE 35,000 CEFOR 1221P 2.0 g/10 min 0.918 g/cm3 116 0.56 151

b.

Particle Size Pore Diameter BULK
DENSITY

Surface
Chemistry

BET(Brunauer–Emmett–Teller)
Surface Area Porosity Heavy

Metal

20–30 µm 20–30 µm 100 kg/m2 Hydrophobic 500 m2/g Less than 90% N/A

2.2. Preparation of LDPE/LLDPE/SA (0–1.5 wt.%) Extruded Blown Composite Film

Figure 1 displays the preparation method of the LDPE/LLDPE/SA masterbatch and
film. Before the preparation of the LDPE/LLDPE masterbatch (30%/70%) with various
SA contents (0–1.5 wt.%), the feed rate was set by calculating the weight of the LDPE,
LLDPE, and SA exiting through the feeder. The screw rate was fixed at 480 rpm, at
150–160 ◦C, and extruded by mixing LDPE, LLDPE, and SA (0–1.5 wt.%) through the feeder.
LDPE/LLDPE/SA was fed into the twin-screw extruder via the hopper and discharged
through the feeder at a fixed rate. The extrudate was appropriately cooled through the
water-cooling zone and cut using a pelletizer to obtain a masterbatch chip. The prepared
masterbatch of LDPE/LLDPE/SA with various SA contents (0–1.5 wt.%) was fed to a
blown film maker with LDPE/LLDPE in a constant ratio to prepare the LDPE/LLDPE/SA
composite film. For the air-blown pure-blend LDPE/LLDPE film, any further addition of
LDPE/LLDPE to the LDPE/LDPE masterbatch chip was not necessary.
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Figure 1. A demonstration of the experiment. (A) SA powder and masterbatch containing SA; (B) film
preparation system at the pilot scale; (C) diagram showing the preparation of the air blown film; and
(D) a macro photograph of the prepared films.

2.3. Instrumental Analysis

The dispersion states and morphologies of the LDPE/LLDPE/SA composites with var-
ious SA contents (0–1.5 wt.%) were tested by applying scanning electron microscopy (SEM,
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SU8220, Hitachi, Japan) at an accelerating voltage of 10.0 kV. A gold coating was applied
to each sample before the analysis. The crystallization behavior of the LDPE/LLDPE/SA
(0–1.5 wt.%) composites were studied by performing X-ray diffraction (XRD, D/Max–2500,
Rigaku, Tokyo, Japan) using Cu-Kα radiation under operational conditions of 40 kV with
2θ in the range of 2◦–40◦, having a step interval of 0.02◦. Differential scanning calorimetry
(DSC) (Q 2000, TA Instruments, New Castle, DE, USA) was performed to analyze the
thermal characteristics and crystallinity of the LDPE/LLDPE/SA (0–1.5 wt.%) composite
films. First, all of the samples were exposed to a temperature from 30 ◦C to 300 ◦C at a
heating rate of 10 ◦C min−1, then kept for 10 min at 300 ◦C to remove the thermal history,
and subsequently cooled down to 30 ◦C at a cooling rate of 10 ◦C min−1. A second heating
method was performed at 300 ◦C at a similar scanning rate. The degree of crystallinity
(Xc) was calculated from the peak area of the DSC thermograms [17]. The mechanical
properties were evaluated using an Instron 5567 material testing system at 25 ◦C, as per the
ASTM D638-96 type II requirements [18]. All data were estimated based on the average
of three sample measurements. The light transmittance (T%) of the film was measured by
employing ultraviolet–visible (UV–Vis) spectroscopy (K Lab Co., Ltd., Optizen O 2120UV,
Daejeon, Korea) in the 200–800 nm wavelength range. The infrared thermal images were
captured by a FLIR system AB (Täby, Sweden) infrared thermal imager.

3. Results and Discussion

Microstructural FE-SEM micrographs of the prepared samples with various SA con-
tents are shown in Figure 2. The FE-SEM images clearly show the three-dimensional struc-
ture of SA and the effect of SA content on the surface morphology of the LDPE/LLDPE
blend film (Figure 2A–D). These results show that the smoothest surfaces were obtained
for the LDPE/LLDPE blend film without SA (Figure 2A), and all blown composite films ex-
hibited a good SA distribution in both MD and TD. These results are very significant when
considering the mechanical properties of the composite films. However, spherical particles
were observed, and the surface roughness increased due to aggregation as the concentration
of SA increased (Figure 2B–D) [19]. The optical properties of the LDPE/LLDPE blend films
containing different SA contents were determined by measuring the transmittance in the
200–1100 nm range, and the results are presented in Figure 3. The transparency of all of
the polymer composite films (0–1.5 wt.%) was good in the visible light range (380–700 nm),
in spite of a slight decrease in the transparency with an increase in the content of SA. SA
may scatter and absorb ultraviolet light, indicating that it has a UV-blocking function.
Photographs of the blended films with different SA contents are exhibited in Figure 1D. All
of them showed good visible light transmittance capacity. Similar results were obtained for
the LDPE/silica nanocomposite films, showing that various silica contents (0.5–1.5 wt.%)
had no significant influence on the transmittance [20].

Some polymers remain in the crystalline state because their molecular chains can be
stretched and narrowly arranged in parallel. PE is an orthorhombic crystalline polymer. The
crystallization characteristics have an important effect on the physical properties, melting
point, and mechanical strength of the polymers. Therefore, it is crucial to investigate the
changes in the crystallinity of PE [21]. The XRD patterns of the LDPE/LLDPE composite
films with various SA contents are shown in Figure 4. From these scans, it can be observed
that the two major peaks of PE were mainly presented in the 2θ range of 10◦ to 30◦.
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Figure 4. The XRD data of the pure SA and LDPE/LLDPE blend polymer film with various SA
contents (0–1.5 wt.%).
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The XRD peak at 21.6◦ was ascribed to the 110 reflections of PE [22]. No obvious peaks
of SA appeared in the XRD pattern of the LDPE/LLDPE/SA composite film, indicating
that the SA was fully exfoliated. Silica is an amorphous solid, and the amorphous nature of
silica was confirmed by a broad peak (2θ = 22◦, (101)) in the XRD pattern of pure silica [23].
A large peak at 22◦ also occurred in our investigation for the pure SA. When a small amount
(0.5–1.5 wt.%) of SA was added to the LDPE/LLDPE blend, the absence of the main peaks
of SA in the spectra of the composite films may have been caused by the masking effect of
the LDPE/LLDPE blend matrix due to the small content of SA [21]. However, it clearly had
an impact on the peak intensity of PE. Additionally, after the addition of SA (0.5–1.5 wt.%),
a modest shift in the peak location of PE, particularly in the range of 20◦ to 22◦, was seen.
These findings can be quite convincingly explained by the various material properties that
are brought about by adding SA (0.5–1.5 wt.%), either as a consequence of the process being
affected by particles or as a result of the variation in SA dispersion in the extrusion blown
LDPE/LLDPE blend matrix with an increase in the SA concentration. The corresponding
SEM images of the samples support the XRD measurements [22].

Figure 5 displays the stress–strain curves for the pure LDPE/LLDPE 70/30 blend and
the LDPE/LLDPE/SA blown film with various SA contents (0–1.5 wt.%) in the MD, and the
tensile properties of the studied films are summarized in Table 2. According to Figure 5B,
the stress at break value of the pure blend film increased after adding the SA content
(0.5–1.5 wt.%) and the composite with 0.5 wt.% of SA loading showed the highest stress at
break (37.96 MPa). In this case, the enhancement of the tensile properties can be clarified by
considering the possible influence of SA on the molecular orientation during the extrusion
blowing along the MD as well as the good matrix–particle adhesion [24], consequently,
promoting the increase in the tensile strength of the composite film with the addition of
SA particles (0.5–1.5 wt.%). However, if the SA amount exceeded 0.5%, the stress at break
decreased gradually from 37.96 to 27.72 MPa. In contrast, the stress–strain curves illustrated
that the strain at break values of the LDPE/LLDPE blend film gradually decreased from
882.18% to 349.01% with the incorporation of SA (0.5–1.5 wt.%). The SA particles may be
stuck inside the entanglements, thus resulting in a restriction in the polymer’s total chain
mobility [20].

The gradual decrease in mechanical properties above a 0.5 wt.% SA loading may
deteriorate the dispersion in the LDPE/LLDPE blend solution, as mentioned earlier [25].
In addition, agglomerated SA particles exhibit poor tensile properties. In this study, the SA
particles were well-dispersed at lower loading (0.5 wt.%), showing excellent reinforcing
efficiency. Moreover, as shown in Figure 5A, the stress increased gradually with filler
loading (0.5–1.5 wt.%) within a lower (90%) strain. This behavior is likely to be related to
the stiff layers of silicate with a high aspect ratio, which produce a high degree of interaction
and appropriate interfacial adhesion properties. Moreover, this tendency restricts the free
movement of the polymer chains, increasing the tensile strength value [26]. However,
when the strain values increased, a strain hardening mechanism developed, which may
be a result of an orientated crystalline structure of polymer in both MD (Figure 5B) and
TD (Figure 6B) [25]. Nanocomposites containing various SA concentrations (0.5–1.5%)
showed different strain hardening mechanisms than the pure blend film, as was expected
by considering the influence of SA dispersion on the polymer chain orientation along the
blow direction during the film-blowing [27], which was also demonstrated by the yield
point at low strain values (Figures 5A and 6A) and that, with an increase in SA content
(0.5–1.5%), the yield stress and yield strain of the blown film, as shown in Tables 2 and 3,
increased from 6.34–7.13%, and 9.92–11.49 MPa, respectively, for MD and by 7.77–8.28%,
6.11–8.25 MPa, respectively, for TD (i.e., the mechanical strength and flexibility increased as
the SA content increased). The crystallinity of the blown film (Table 4) was also influenced
by the effect of SA on the molecular chain, as the molecular orientation decreased the
polymer fractional free volume and molecular flexibility, and induced crystallinity [28].
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Figure 5. The stress–strain curve for the LDPE/LLDPE blend polymer films with various SA contents:
(a) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%, and (d) 1.5 wt.%. (A) from 0 to 90% and (B) from 0 to 1500%. The
samples were cut along the MD.

Table 2. The mechanical properties of the LLDPE/LDPE/SA (0–1.5%) air blown composite films
along the MD.

Specimen Thickness
(µm)

Yield Strain
(%)

Yield Stress
(MPa)

Stress at
Break (MPa)

Strain at
Break (%)

Young Modulus
(MPa)

LDPE/LLDPE 20 ± 10 8.04 10.75 27.56 882.18 139.55
LDPE/LLDPE/SA 0.5 wt.% 20 ± 11 6.34 9.92 37.96 742.53 152.44
LDPE/LLDPE/SA 1 wt.% 20.8 ± 12 6.60 10.40 32.32 526.72 198.55

LDPE/LLDPE/SA 1.5 wt.% 21.5 ± 13 7.13 11.49 27.73 349.014 222.01
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Table 3. The mechanical properties of the LLDPE/LDPE/SA (0–1.5 wt.%) air blown composite films
along the TD.

Specimen Thickness
(µm)

Yield Strain
(%)

Yield Stress
(MPa)

Stress at
Break (MPa)

Strain at
Break (%)

Young Modulus
(MPa)

LDPE/LLDPE 20 ± 10 10.42 7.75 8.61 448.202 64.84
LDPE/LLDPE/SA 0.5 wt.% 20 ± 11 7.77 6.11 6.31 430.64 66.13
LDPE/LLDPE/SA 1 wt.% 20.8 ± 12 7.80 7.10 7.88 417.76 88.98

LDPE/LLDPE/SA 1.5 wt.% 21.5 ±13 8.28 8.25 8.05 403.52 94.93
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Table 4. The DSC analysis data for the LDPE/LLDPE binary blend and LLDPE/LDPE/SA (0–1.5%)
air blown composite films.

Sample Type Tonset
(◦C)

Tendset
(◦C)

Tpeak
(◦C)

∆T
(◦C)

Tm1
(◦C)

Tm2
(◦C)

∆Hc
(J/g)

Xc
(%)

LDPE/LLDPE 110.48 63.87 107.21 3.27 108.58 118.05 95.75 32.67
LDPE/LLDPE/SA(0.5) 110.55 63.90 107.25 3.3 108.54 118.02 97.03 33.11
LDPE/LLDPE/SA(1.0) 110.38 63.42 106.74 3.64 108.19 117.86 94.26 32.17
LDPE/LLDPE/SA(1.5) 110.51 63.75 106.91 3.6 108.03 117.86 94.02 32.02

Because of the effect of the film-blowing ratio and traction ratio in the film-blowing pro-
cedure, the mechanical behavior of the film in different directions was different, and the MD
film performance (Figure 5) was often higher than the TD film performance (Figure 6) [29].
In the composite films, the nanoparticles spread in a preferential position during blown
film extrusion, which could result in changes in the mechanical properties [30]. To deter-
mine the influence of processing and particle existence on the mechanical behavior of the
blown films, a stress–strain test was also performed in the TD, as presented in Figure 6,
and the mechanical properties are summarized in Table 3. The mechanical properties of
the LDPE/LLDPE/SA (0.5–1.5 wt.%) films in both directions, MD and TD, had a differ-
ent behavior than those of the pure blend LDPE/LLDPE film. Unlike the MD samples
(27.73–37.96 MPa) presented in Figure 5, the samples in the TD showed lower stress at
break (6.31–8.05 MPa) compared to the unfilled blend matrices; this can be related to the low
ductility of the composite films compared to the unfilled blend matrix, resulting in early
failure of the samples during the test [31]. The difference in molecular chain orientation
and the effect of SA particle dispersion on the molecular chain orientation along the blow
direction (MD) may also be responsible for this difference between the MD and TD film
samples. This difference may allow for a differential increase in the composite film stiffness
(Tables 2 and 3) [32]. Moreover, according to Figures 5A and 6A, the stress–strain curves
of the LDPE/LLDPE/SA (0.5–1.5 wt.%) composite films in both directions showed the
same characteristic ductile deformation behavior of semicrystalline polymers [33] and the
reinforcing effect of SA particles.

The crystallization behaviors of the LDPE/LLDPE/SA composite films with various
SA contents (0–1.5 wt.%) were studied by DSC, and the resulting DSC cooling and heating
curves are shown in Figure 7.
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at higher SA contents (1–1.5 wt.%), it did not act as a nucleating agent but hampered pol-
ymer chain movements by absorbing polymer segments on its surface. Similar findings 
were reported in a previous study [34]. As expected, the DSC endotherm of the binary 
blend LDPE/LLDPE sample showed two distinct major peaks (Tm1, Tm2) (Figure 7B). A 
similar feature was shown in the endotherms of the LDPE/LLDPE samples reported ear-
lier [8]. Furthermore, the effect of SA content on the LDPE/LLDPE melting point was care-
fully observed. As the amount of SA increased in the LDPE/LLDPE blend, the Tm1 and Tm2 
values decreased, and its intensity changed, which can be attributed to the effect of the 
filler as it influences the thermal motion of the polymer [35]. It should be mentioned that 
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The experimental results in terms of the melting temperature (Tm), crystallization
temperature (Tc), crystallinity (Xc), and heat of crystallization (∆Hc) are listed in Table 4.
The crystallization temperature, enthalpy of crystallization, and Xc were obtained from
the cooling cycle (exothermal peak) (Figure 7A). The second heating run for the neat
LDPE/LLDPE blend composite film and those with various loadings of SA (0.5–1.5 wt.%)
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are shown in Figure 7B and the data are listed in Table 4. The Tm was calculated based
on the second heating cycle (Figure 7B) and the two melting temperatures (Tm1 and Tm2)
for all of the studied films are listed in Table 4, corresponding to the first and second
endotherms, respectively.

According to Table 4, the addition of SA, irrespective of its content, widened the
crystallization window (increasing ∆T = Tonset–Tpeak) and delayed the crystallization pro-
gression. This is because SA increases the viscosity of the LDPE/LLDPE matrix, hampers
LDPE/LLDPE chain movements, and slows down crystallization development. The com-
posite with 0.5 wt.% SA loading yielded the highest crystallinity (Xc%, 33.1%). However, if
the SA content exceeded 0.5%, the crystallinity decreased, and the heat enthalpy of the crys-
tallization (∆Hc) results showed the same tendency (Table 4). This result suggests that at
higher SA contents (1–1.5 wt.%), it did not act as a nucleating agent but hampered polymer
chain movements by absorbing polymer segments on its surface. Similar findings were
reported in a previous study [34]. As expected, the DSC endotherm of the binary blend
LDPE/LLDPE sample showed two distinct major peaks (Tm1, Tm2) (Figure 7B). A similar
feature was shown in the endotherms of the LDPE/LLDPE samples reported earlier [8].
Furthermore, the effect of SA content on the LDPE/LLDPE melting point was carefully
observed. As the amount of SA increased in the LDPE/LLDPE blend, the Tm1 and Tm2
values decreased, and its intensity changed, which can be attributed to the effect of the filler
as it influences the thermal motion of the polymer [35]. It should be mentioned that the
MD film was used for the crystallization process and the crystallization curves should not
only reflect the general filler effect [36] of SA particles on LDPE/LLDPE crystallization, but
also the effect of SA particle dispersion on the molecular chain orientation along the blow
direction (MD), as molecular orientation significantly affects the molecular flexibility, which
induces the crystallinity [28]. Thus, the variation in the crystalline peak (107.21–106.91 ◦C)
for the extrusion blown LDPE/LLDPE/SA (0–1.5%) system may arise from the strong
effect of blown extrusion on the crystal degree orientation [37] and SA aggregates with the
increase in the SA concentration as observed through SEM (Figure 2A–D). Additionally,
the possible influence of the embedded SA particles on the molecular orientation along the
flow direction is also reflected in the mechanical behavior of the film in different directions
(Figures 5 and 6) [22].

The thermal insulation performance of the LDPE/LLDPE/SA (0–1.5 wt.%) compos-
ite films was confirmed by the IR camera and are presented in Figure 8B. The graph in
Figure 8B(f) shows the temperature profiles obtained by placing the LDPE/LLDPE/SA
(0–1.5 wt.%) composite films on a hot plate and exposing them to heating for 6 s and
subsequent cooling, and after 6 s of heating, the hot plate was turned off, and the temper-
ature was collected from the circle-area marked spots of each film sample, as shown by
the temperature–time curve in Figure 8B(a–e). The thickness of all of the studied films is
summarized in Table 2. The results show that the film surface temperature decreased, and
the heat stored in the film was emitted. After 15 min, all of the studied films showed almost
the same temperature; however, after 30 min, the pure blend LDPE/LLDPE film showed a
faster cooling rate than the LDPE/LLDPE/SA composite film with various SA contents,
and the heat retention capacity increased with the addition of SA (0.5–1 wt.%).
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SA loading [22]. Thus, the prepared composite LDPE/LLDPE/SA (0.5–1.5 wt.%) film had 
a lower thermal conductivity than the neat LDPE/LLDPE blend film, and was suitable for 
application as a thermally insulating material. A control experiment was also conducted 
simultaneously (Figure 8A (a–f)), and in contrast to the composite films, the temperature 
was measured from the circle-area marked spots of only the hot plate surface without any 
films. The results showed a similar time–temperature relationship (Figure 8A (f)) and 
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Figure 8. The infrared thermal images and temperature-time curve of (A) only the hot plate and
(B) the prepared LDPE/LLDPE/SA (0–1.5%) films obtained by the hot plate. (a–e) of (A,B) are
measuring time such as (a) 15 min, (b) 30 min, (c) 45 min, (d) 60 min, and (e) 90 min. (f) represented
the temperature according to time.

A similar observation was found in a previous report, where it was shown that the
addition of SA reduced the thermal conductivity by approximately 30% with 1–2 wt.% of
SA loading [22]. Thus, the prepared composite LDPE/LLDPE/SA (0.5–1.5 wt.%) film had
a lower thermal conductivity than the neat LDPE/LLDPE blend film, and was suitable for
application as a thermally insulating material. A control experiment was also conducted
simultaneously (Figure 8A(a–f)), and in contrast to the composite films, the temperature
was measured from the circle-area marked spots of only the hot plate surface without any
films. The results showed a similar time–temperature relationship (Figure 8A(f)) and were
consistent with the results of all of the examined films (Figure 8B(f)), which showed the
same time range (15–90 min) to reach room temperature from the starting temperature
(51 ◦C).
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Figure 9 depicts the draw ratio at two different directions: MD and TD. As can
be observed, a linear decrease in the draw ratio was obtained as a function of the SA
content for both directions. However, the main aspect to note in these curves is that the
highest maximum draw ratio was achieved for the pure LDPE/LLDPE blend film. Another
interesting observation is that all curves showed a similar dependence on the SA content
(0–1.5%). This indicates that the decreasing tendency of the draw ratio when increasing
the SA content is the result of the direct SA reinforcement effect. As indicated above, the
main effect of the addition of SA particles is the decreased drawability of the LDPE/LLDPE
matrix. This decreased draw ratio resulted in a restriction in the molecular orientation
and chain extension when the SA content increased, which in turn was responsible for the
subsequent decrease in the draw ratio in both directions.
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Figure 9. The draw ratio results in the MD and TD of the LDPE/LLDPE blend film as a function of
SA content.

Clearly, all of the investigated films, LDPE/LLDPE and the composites incorporating
0.5 wt.%, 1 wt.%, or 1.5 wt.% SA, revealed the same unique relationship between the draw
ratio and fillers, revealing that the increase in draw ratio was mainly related to the oriented
polymer matrix rather than an additional effect of the filler’s reinforcement. Moreover, the
obtained draw ratio for the TD was higher than that for the MD, which may be due to a
variation in the orientation of the polymer chain during processing of the blown films.

4. Conclusions

Heat-retention LDPE/LLDPE blend films containing highly insulating SA particles
(0.5–1.5 wt.%) were prepared successfully by employing blown extrusion at a pilot scale,
and the influence of various amounts of SAs on the material properties of composite films
was investigated. Macroscopically, the almost homogeneous appearance of the blown films
was the result of a good SA dispersion within the LDPE/LLDPE blend, and this was verified
by performing SEM, XRD, UV–Vis spectroscopy, and DSC. The SA nucleating capacity was
revealed by the increase in the crystallinity degree and crystallization temperature when
0.5 wt.% of SA was incorporated in the composite films. Therefore, the particle dispersion,
nucleating character, and strong effect of blown extrusion played a significant role in the
introduction of the preferential LDPE/LLDPE crystalline orientation and the properties
of the final film. Based on this logic, differences in the tensile behavior of the composite
films were observed between the MD and TD. Almost all of the films (LDPE/LLDPE/SA
(0–1 wt.%)) showed a higher elongation at break in the MD than in the TD. However, films
with 1.5% SA showed almost the same value in both directions. This may be due to the
agglomeration at higher SA content, which reduces mobility and elongation. These results
confirmed that along with the processing method, the SA particles were also responsible for
initiating changes in the biaxial nature of the blown films. Based on the orientation of the
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dual mechanical characteristics, these composite films can be used as packaging materials
in many applications. Moreover, the resulting material showed enhanced infrared retention,
and the incorporation of the filler material did not hamper visible light transmission; thus,
these films have the potential to be applied in greenhouses with good optical performance.
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Abstract: In this paper, the stability improvement of poly(lactic acid) (PLA)/styrene-isoprene block
copolymer (SIS) loaded with silica nanoparticles is characterized. The protection efficiency in the
material of thermal stability is mainly studied by means of high accurate isothermal and nonisother-
mal chemiluminescence procedures. The oxidation induction times obtained in the isothermal CL
determinations increase from 45 min to 312 min as the polymer is free of silica or the filler loading
is about 10%, respectively. The nonisothermal measurements reveal the values of onset oxidation
temperatures with about 15% when the concentration of SiO2 particles is enhanced from none to 10%.
The curing assay and Charlesby–Pinner representation as well as the modifications that occurred
in the FTIR carbonyl band at 1745 cm−1 are appropriate proofs for the delay of oxidation in hybrid
samples. The improved efficiency of silica during the accelerated degradation of PLA/SIS 30/n-SiO2

composites is demonstrated by means of the increased values of activation energy in correlation with
the augmentation of silica loading. While the pristine material is modified by the addition of 10%
silica nanoparticles, the activation energy grows from 55 kJ mol−1 to 74 kJ mol−1 for nonirradiated
samples and from 47 kJ mol−1 to 76 kJ mol−1 for γ-processed material at 25 kGy. The stabilizer
features are associated with silica nanoparticles due to the protection of fragments generated by the
scission of hydrocarbon structure of SIS, the minor component, whose degradation fragments are
early converted into hydroperoxides rather than influencing depolymerization in the PLA phase.
The reduction of the transmission values concerning the growing reinforcement is evidence of the
capacity of SiO2 to minimize the changes in polymers subjected to high energy sterilization. The
silica loading of 10 wt% may be considered a proper solution for attaining an extended lifespan under
the accelerated degradation caused by the intense transfer of energy, such as radiation processing on
the polymer hybrid.

Keywords: PLA; SIS; silica nanocomposite; stability; chemiluminescence

1. Introduction

The optimization of material stability is regularly achieved in several ways: prepa-
ration of hybrids [1,2], multicomponent blending [3–5], crosslinking [6,7], the addition of
stabilizers [8,9], radiation processing [10,11] or any of their combinations. In the processing
of plastics, an important role for further material stability is played by the technological
parameters that influence the oxidation state and the history of products. In the cases of
radiation procedures, the behavior of the substrate may be characterized by the possibility
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to provide reactive intermediates, free radicals that will be involved in the alternative decay
pathways for several expected processes: oxidation or recombination [12]. The efficient
activity of unsaturated monomers in the crosslinking of a polymer is the reason by which
degrading polymers, such as PLA may gain satisfactory performances for their implementa-
tion in hazardous conditions [13]. The appropriate texture of PLA based products destined
for various applications in the ranges of packaging materials or medical wear is obtained
by the potential stabilizing materials belonging to the class of natural antioxidants [14–16].
The extension of the usage period under special environmental conditions is a general
expectancy for avoiding the damage of aging materials. Accordingly, the structure of
polymer backbones defines the scission positions that indicate noticeable changes occurred
during degradation [17].

PLA, a biopolymer, offers multiple versions of materials destined for various appli-
cation ranges: food and beverage packaging, prostheses, catheters and scaffolds, drug
delivery supports, safety toys or commodities and many others. The analysis of potential
applications is an attractive subject, which assists the manufacturers in the selection of
compositions and technologies [18–21]. The aging behavior of PLA compounds is essen-
tially described as depolymerization and partial oxidation [22,23]. The blending of PLA
with other polymers turns the functional properties including material stability into the
required features. The presence of polyhedral oligomeric silsesquioxane [24], montmoril-
lonite and carbon nanotubes [25], and graphene [26] allows for improving the oxidative
resistances of basic material. At the same time, the mixing of PLA with other polymers,
for example, fulvic acid–g-poly(isoprene) [27], acrylonitrile butadiene styrene [28], polyhy-
droxybutyrate [29], cinnamic acid [30] represents an appropriate method for the modeling
of properties. The control of product stability is the main target with which the producer is
guided in the selection of raw materials [31]. The availability of PLA to generate various
materials may be defined by the hundreds of combinations and associations by which the
foreseen purposes are achieved. The polymer materials that are destined for ecologically
friendly products must present a pertinent degradation rate so that they may be easily
recycled, converted into other useful derivatives or destroyed without pollution [32]. The
ability of mixed PLA-based materials to be considered biodegradable is demonstrated
by their capacity to be regenerated [33], recycled [34] or transformed into ecological ma-
terials by mixing [35–38]. Therefore, our study envisages the identification of a proper
system with which the manufacturers may produce appropriate items with a certain degree
of stability. The manufacture of environmentally accepted materials opens several new
directions for the economical implementation of PLA based blends. The mixing of PLA
with polycaprolactone (PLC) offers certain possibilities for modeling materials to earn the
desired properties [39,40]. The higher the content of PLA, the lower the stability of blends.
The addition of triallyl isocyanate (TAIC) creates the intermolecular bridges that gather
the material into a more dense and resistant compound, when the second component is
poly(butylene adipate-co-terephtalate) (PBAT), a nonresistant configuration on the action
of ionizing radiation [41]. The low amount of TAIC (3%) generates enough concentration
of radicals for curing the two component fractions into a homogenous product.

The analysis of radiation effects on the blends consisting of PLA and EVOH [42]
reveals the optimum processing dose at around 30 kGy when a great proportion of insoluble
fraction (more than 80%) is formed and the mechanical properties become relevant for long
term applications.

The significant energetic requirement for the modification of biopolymers limits the
deterioration of polymer skeletons and extends functional qualities [43]. The electron beam
(EB) irradiation creates crosslinked islands, which become efficient barriers against the
diffusion of liquid and gaseous fluids. This earning is the fundamental feature for the
mitigation of degradation.

The progress of the radiation damaging of PLA is conducted by the scission tendency
confirmed by the decreasing of the values of glass transition as the dose smoothly grows [44]
or by the EPR assay on the modification of the abundance of radical accumulation [45]. The
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following degradation intermediates appear as it is illustrated in Figure 1, where the two
types of radicals are formed. One kind of radical is carbon centered fragments due to the
scission of C–C bonds; the second type of intermediates possess the radical positions on
oxygen atoms. This last group appears from already oxidized intermediates that are the
precursors of final stable products.
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Figure 1. The radical intermediates that precede the formation of stable oxygenated products
during degradation.

The evaluation of molecular modification by the gel permeation assays on EB-irradiated
PLA [46] shows a sharp drop in the average molecular weight from 250 kg mol−1 to
30 kg mol−1, when the exposure dose turns from 0 to 200 kGy, while the average molecular
weight drops from 260 kg mol−1 to 68 kg mol−1, under the same irradiation regime. The
γ-exposure effects on PLA are based on radiochemical fragmentation, eventually followed
by crosslinking. The evolution of fragmentation is described by the ratio of scission and
crosslinking yields, G(S)/G(X), with values in the range of 7.6 to 10.4 [47]. Additional proof
of the advanced molecular scission is the high value of 1.97 for scission yield showing that
this figure characterizes the number of molecules that are broken for each 100 eV. The recent
studies on the degradation of PLA [22,48] point out the essential contribution of inorganic
fillers that control the level of degradation by their involvement as radical scavengers. The
golden rule regarding the radiochemical yields that states to which polymer category a ma-
terial belongs is also applied in the cases of PLA hybrids. In these cases, the ratio G(S)/G(X)
keeps the values far from the unit (9.38 or 35.5 for two steric sorts of polymer) [49]. These
figures indicate clearly that PLA has very low radiation stability and, consequently, the
improvement in this feature asks for specific additives or suitable fillers that are able to
convert it toward a material suitable for radiation processing or to protect it.

The PLA-based composites have gained the name of biomaterials because they are
appropriate for several friendly applications from the medical area up to food packaging.
The associations of this polymer with polyethylene glycol and chitosan [50], carbon [51]
or pineapple [52] or pulp [53] fibers, hemp component [54], montmorillonite [55], bamboo
powder [56], alginate [57] are some of the examples which confirm the versatility of PLA.
These materials are potential candidates for the usage addressed to ecological products. The
endurance of PLA systems is the main target for the characterization of product durability,
the extension of application areas, or the creation of new materials that are able to resist
damaging energy transfers [58,59]. They not only solve the problem of ecological materials
but, at the same time, they also answer the requirements of healthy life.

The association between PLA and SIS in polymer formulations was formerly inves-
tigated finding that their native blends present moderate radiation stability [60]. The
stability investigation of this type of blend suggests the initiation of a detailed study on the
contribution of efficient additives for the integration of these materials through ecological
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and resistant products. The material behavior exposed to high energy radiation finds the
closest applications in radiation sterilization, which is an appropriate procedure for the
reduction of the bacterial charge of a large series of plastic items.

2. Materials and Methods

The blending components and their mixing processing for the sample preparation were
presented in an earlier paper [60]. From the previous formulation of PLA/SIS compounds,
the ratio 70:30 was selected for the present assay because it presents the highest radiation
stability. The further nomination of material is PLA/SIS 30. This preference is the practice
option for demonstrating the capacity of SiO2 to ameliorate the poor performances of this
polymer blend. The incorporated filler, hydrophilic silica, usually incorporated in the
polymer compositions, AEROSIL 200 (specific surface 200 cm2 g−1) was manufactured by
Degussa (Evonic, Troy Hills, NJ, USA). For a reliable comparison of results, there were
preferred four filler concentrations namely 0%, 3%, 5% and 10%. All three components,
PLA, SIS and SiO2 were mixed together in a foreseen proportion in a Brabender Plastograph
at 180 ◦C for 6 min with a rotor speed of 50 rpm. Then, the neat material was pressed
into sheets (150 × 150 × 1 mm) under a pressure of 125 atm for 1 min after a preheating
operation for 3 min at 180 ◦C.

The γ-exposure was accomplished at a dose rate of 0.6 kGy h−1 in the air inside
the irradiation machinery Ob Servo Sanguis (Budapest, Hungary), which is equipped
with a 60Co source. All the measurements were conducted immediately after the elapse
of radiation treatment to avoid any unexpected modifications in the chemical states of
samples. The main results of γ-irradiation were planned to explain the stability degree at
the sterilization dose (25 kGy), but for the explanation of gelation and the identification of
the structural differences in FTIR spectra a dose of 50 kGy was also applied.

The stability investigation is based on the chemiluminescence measurements by the
nonisothermal procedure [61] at four heating rates: 3.7, 5.0, 10.0 and 15.0 ◦C min−1 and by
isothermal determination [61] at 140 ◦C. The samples were prepared by placing polymer
small sheet fragments in aluminum pans as a very thin layer for avoiding the self-absorption
of CL photons. The amount of dry polymer was around 3–5 mg. The activation energies
required for the thermal degradation of samples were calculated using onset oxidation
temperature (OOT) values, a kinetic parameter that describes the temperature which
indicates the start of oxidation. It is found at the intersection between the tangent drawn on
the ascendant curve of CL intensity vs. temperature and the Ox axis. The relationship [62]
(1) was applied

ln
(

β

T2

)
= k− E

RT
(1)

and allows the linear representation of ln(β/T2) vs. T−1. The slope will be used for the
calculation of activation energy by dividing it by the universal gas constant, R.

The evaluation of gel content was accomplished by the measurement of the dissolved
amount by boiling in Soxhlet equipment using o-xylene as solvent followed by drying and
removing of the remaining solvent by cleaning with ethanol and the final drying. The
dryings were accomplished in an electrical oven for one hour at 100 ◦C. The sample weights
at the beginning of boiling (mo) and the final weight (mf) were obtained by analytical
balance, whose error is ± 0.2 mg. The copper bags have final weights symbolized by mb.
The soluble fraction (named sol) is calculated by Equation (2):

S = 1− mf − mfo
mb − mfo

(2)

The triplicates were subjected to the solubilizing step.
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These values were the input values for the Charlesby–Pinner relationship [63], Equation (3),
by which the corresponding graph is drawn.

S +
√

S =
G(S)
G(X)

+
1

qUo

1
D

(3)

where S is sol content, D is processing dose (kGy), G(S) and G(X) are the radiochemical
yields (events/100 eV) for scission and crosslinking, respectively, q denotes the crosslinking
density (cm−3) and U0 is the initial polymerization degree.

The aging effect induced by γ-exposure is analyzed by the modifications that occurred
in the FTIR spectra at 1745 cm−1 in a JASCO 4200A (Tokyo, Japan) spectrometer with a
resolution of 4 cm−1 and 48 scans.

The SEM images were obtained with a scanning electron microscope model field
emission SEM–Auriga (Carl Zeiss, Overcoached, Germany). The selected experimental
parameters were: 2 kV acceleration voltages with a working distance of ~3.5 mm in a high
vacuum room. Polymer samples, having been embedded in epoxy resin with conductive
properties, were further polished and treated with permanganic (chemical solution) etching.
The prepared surfaces were analyzed in a SESI (secondary electron secondary ions) detector
chamber of the Everhart–Thornley type model.

3. Results

The qualification of polymer materials for their long life application asks for the
identification of optimal conditions for the improvement of oxidation strength. PLA, the
major component of the studied compositions, presents a very high radiochemical yield
of scission (14.5) [24,64] and a very low radiochemical yield of crosslinking (0.4) [24,64]
when it is irradiated in air. It undergoes thermal and radiation oxidative degradations
with the activation energy placed in the range of 92–118 kJ mol−1 [27,55]. On the other
hand, the fragmentation of D,L-PLA backbones presents a high radical yield [G(R) = 2.4
at 77 K and 1.2 at 300 K]. The radiolysis radicals (Figure 1) intimately interact with the
radicals formed from SIS [60]. The presence of an oxidation inhibitor, powder POSS [65],
extends the thermal stability that becomes a good material with a convenient lifespan.
The certification of this processing availability is the extended ranges of usage that are
based on the material accessibility for enlarging the manufacturing of the various product
numbers [66–68]. Due to the specificity of the delaying of oxidation, the SiO2 fillers are
capable to catch free radicals on their nanoparticle surface and, consequently, withdraw
intermediates from the degradation chain [69].

3.1. Chemiluminescence

The chemiluminescence determination of the oxidation susceptibility by isothermal
procedures (Figure 2) gives the measure of the stability of the attack of oxygen on the
free radicals that appeared by molecular fragmentation during thermal and/or radiation
degradation. The nanoparticles of silica are homogenous spread in polymer and interaction
between radicals and the SiO2 surface is defined by the dipole–dipole attraction [70]. The
increase in the silica concentration broadens the oxidation induction time. This main kinetic
parameter that indicates the period over which the degradation starts presents increasing
values as the silica percentage grows (Figure 2). The other feature that depicts the progress
of oxidative aging is the oxidation rate. This characteristic is clearly noticed from the
inclination of curves. These slopes become lower as the content of silica is higher. It means
that the SiO2 nanoparticles act as efficient scavengers of the intermediates and break the
degradation chain.
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The CL spectra discover the contributions of the two mixed components which partici-
pate in the degradation with different oxidation rates. As it is known from previous studies,
the degradation mechanisms of SIS [71] and PLA [72] are completely unlike. It is easy to
assume that the fragments provided by the scission of SIS will catalyze the conversion of
PLA into lactide. The shoulders that appeared in the CL isotheral spectra are the proof that
sustains this assumption. The accumulation of CL photo-emitters takes simultaneous place
from both components, but the temporal contributions follow their stability relative order.
The separation of these contributions is more clearly noticed at lower temperatures when
the degradation rates are larger.

The isothermal CL spectra obtained from the oxidation of unirradiated PLA/SIS
30 emphasize the two degradation sectors that correspond to the two blending components.
Even though the hydrocarbon phase is degraded through the former step, when peroxyl
radicals appear diluted in the PLA matrix, their concentration does not sustain the progress
of oxidation inside this phase. After the longer duration of oxidation, the RO2

. intermediates
from the SIS molecules are decayed and their contribution to the degradation of the
material is accordingly diminished. The reinforcing PLA with SiO2 nanoparticles is a
pertinent solution for preventing the oxidation of radicals formed by the peroxyl phase.
The implication of PLA in the accumulation of degradation products is minimized due
to the lack of reactions between PLA fragments and diffused oxygen [60]. This behavior
allows concluding that the permeation of oxygen drops when the amount of silica increases.

The superior thermal performances of PLA/SIS 30 filled with SiO2 are achieved by
the existence of OH groups on the surface of particles [73]. Thus, the applications in food
packaging must take into account the oxidation performances that are evidently influenced
by the blending state and service conditions. The isothermal CL spectra demonstrate the
earning noteworthy functionality in unfriendly environments.

The exposure of the studied material to the action of γ-radiation induces a diminution
in the thermal stability, especially in the range of higher temperatures [74] (Figure 3). The
oxidation starts earlier and the temperature increases over 200 ◦C, which may induce
the slight recombination of hydrocarbon radicals and cyclization of lactide structures.
According to the ESR investigations on γ-irradiated PLA, the crosslinking probability is
certainly higher at the temperature exceeding 100 ◦C due to the appropriate concentration
of radicals and the greater crosslinking radiochemical yield (about 5 for the irradiation
accomplished at 170 ◦C) concerning the lower value of scission radiochemical yield (about
1.5 under similar conditions).
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Figure 3. Nonisothermal CL spectra recorded on control PLA/SIS samples under different irradiation
state. Heating rate: 3.7 ◦C min−1.

The difference that exists between the radiation stabilities at the two different exposure
doses (Figure 3) proves the predominant oxidation of SIS components rather than the
degradation of PLA. If the PLA fragmentation is dominant, the curve shape would present
a less tall peak at 225 ◦C.

Figure 4 shows the evolution of oxidative degradation on pristine materials where
silica is the stabilization agent. This filled particle surface is in direct contact with the
polymer substrate, creating the proper conditions for the formation of hydrogen bridges
between the superficial hydroxyls and molecular fragments (Figure 4).
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Figure 4. The illustration of the basic interaction between silica particles and free radicals.

The evolution of oxidation when the temperature is rising is detailed in Figure 5. For all
the heating rates, the stability sequence places the silica concentration in the following order:

none < 3% < 5% < 10%

The heating rate influences the level of oxidation mostly on the higher values of
temperatures. In the case of slower heating, the oxidation peak presumably ascribed to
the peroxyl radicals that appeared from the oxidation of hydrocarbon intermediates (the
fragments from the scission of SIS) may be noticed at 225 ◦C. The higher heating rates create
suitable conditions for the fast oxidation of radicals depleting them before the temperature
reaches 200 ◦C. A specific feature that may be observed is the similitude in the oxidation
degrees before 150 ◦C when all the samples keep constantly low CL emission intensities.
The shoulder describing the formation of a significant amount of hydroperoxides as the
result of the oxidation of radicals does not appear. This evolution is achieved when
the degradation of polyolefins occurs in the presence of silica nanoparticles [75]. This
peculiarity may be explained by the high content of PLA (70%), which does not form
peroxide structures. Table 1 presents the basic values of OOT (onset oxidation temperature)
when the oxidative degradation theoretically starts.
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Figure 5. Nonisothermal CL spectra drawn for unirradiated PLA/SIS 30 in the presence of silica. 
Heating rates: (a) 3.7 °C min−1; (b) 5 °C min−1; (c) 10 °C min−1; (d) 15 °C min−1. 
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Heating rates: (a) 3.7 ◦C min−1; (b) 5 ◦C min−1; (c) 10 ◦C min−1; (d) 15 ◦C min−1.

Table 1. OOT values for the oxidation of PLA/SIS blends reinforced with SiO2 nanoparticles obtained
by nonisothermal chemiluminescence.

SiO2 Loading (%)
OOT (◦C)

3.7 ◦C min−1 5.0 ◦C min−1 10.0 ◦C min−1 15.0 ◦C min−1

D = 0 kGy

0 170 175 177 187
3 175 190 205 210
5 177 191 208 215

10 187 192 210 218

D = 25 kGy

0 150 165 184 192
3 157 168 181 186
5 162 175 185 192

10 172 181 195 202

The γ-exposure of samples maintains similar aspects for each heating rate (Figures 5 and 6).
The stability order follows the same sequence, where the control is the most vulnerable
material. Though this energetic treatment does not deeply modify the evolution of emission
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CL intensities, the OOT values are lower than for pristine samples (Table 1). The modifica-
tion of the values ascribed to the oxidation onset temperatures is proof of the contribution
of oxygen diffusion into the oxidizing material. The consequence of a faster increase in
temperature is the real delay of oxidation due to the differences that exist between the
rate of heating and the rate of diffusion. At the applied highest heating rate (15 ◦C min−1)
the degradation requires higher temperatures with the unlike values for each of the silica
loadings. It is possible to assume that the oxidation takes place with different diffusion
rates because the components provide specific amounts of free radicals in correlation with
this oxygen diffusion process.
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Figure 6. Nonisothermal CL spectra drawn for unirradiated PLA/SIS 30 in the presence of silica after 
receiving 25 kGy. Heating rates: (a) 3.7 °C min−1; (b) 5 °C min−1; (c) 10 °C min−1; (d) 15 °C min−1. 

The progress of degradation has a similar appearance for all concentrations of silica 
filler, but the CL curve families present unlike aspects when different heating rates are 
applied. It means that the presence of the descending part in the higher temperature range 
is proof of the competition between oxidation and the simultaneous reactions in which 
the intermediates are usually involved in radiolysis (disproportionation or bimolecular 
processes between two peroxyl radicals) [76]. 

Figure 6. Nonisothermal CL spectra drawn for unirradiated PLA/SIS 30 in the presence of silica after
receiving 25 kGy. Heating rates: (a) 3.7 ◦C min−1; (b) 5 ◦C min−1; (c) 10 ◦C min−1; (d) 15 ◦C min−1.

The progress of degradation has a similar appearance for all concentrations of silica
filler, but the CL curve families present unlike aspects when different heating rates are
applied. It means that the presence of the descending part in the higher temperature range
is proof of the competition between oxidation and the simultaneous reactions in which
the intermediates are usually involved in radiolysis (disproportionation or bimolecular
processes between two peroxyl radicals) [76].
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The adjustable degradation is obtained if the heating rate is diminished (Figure 6,
Table 1). The increase in the thermal resistances of the inspected compositions is influenced
by the heating rate. This feature may be correlated with the oxygen penetration rate, which
occurs arduously in the samples with higher silica loadings. As it may be observed, the
higher the heating rate, the greater the onset oxidation temperatures. Simultaneously, the
intensity peak recorded in the high temperature range is shifted onto the higher values
and for the heating rate of 15 ◦C min−1, it disappears. The amounts of silica existing in
the sample compositions decrease the amplitude of degradation, which is indicated by the
relative positions of curves one under another. The main evidence for the contribution
of silica to the improvement of thermal resistance is the upper positions of CL curves
recorded on the pristine compositions, where the absence of silica permits the faster
progress of oxidation.

The results presented in Table 1, as well as in Figure 7 indicate the opportunity of
sterilization processing of these materials by radiation exposure when the alteration of
stability does not match. On the contrary, this treatment ameliorates the oxidation resistance
to a certain extent despite the degradation effects of high energy radiation. This behavior
may be associated with an earlier crosslinking due to the inhibition effect of silica on the
oxidation way of molecular fragments. Therefore, this sterilization operation is suitable not
only for bacterial cleaning, but also for the extension of durability.
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The OOT values are the input data for the calculation of the activation energies re-
quired by polymer samples by the Kissinger procedure [62]. As it is foreseen for the radi-
ation affected hybrid, the activation energy is lower for the unmodified polymer sample, 
but the corresponding values for hybrids are significantly higher (Figure 7). The protec-
tion activity of silica is related to the catching of intermediates by the oxygen atoms exist-
ing on the nanoparticle surface. The demonstration of this behavior was presented by the 
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Figure 7. Histogram of the activation energies calculated for the oxidation of PLA/SIS/30 loaded
with silica as nonirradiated samples (light grey) or the materials receiving 25 kGy (dark grey).

The damage consequences in the structure of the studied materials accompanying the
weakening thermal resistance are evident when these materials are exposed to sunlight
or an excess of stress. The appraisal of stability has to explain the internal interaction
of components.

The γ-exposure of samples maintains similar aspects for each heating rate and the
stability order follows the same sequence, where the control is the most vulnerable material.
Though this energetic treatment does not deeply modify the evolution of emission CL
intensities, the OOT values are lower than for pristine samples (Table 1). This behavior
indicated the worsening operation performances when these compounds are subjected to
an intense degradation process, such as γ-treatment or UV-exposure.

The OOT values are the input data for the calculation of the activation energies
required by polymer samples by the Kissinger procedure [62]. As it is foreseen for the
radiation affected hybrid, the activation energy is lower for the unmodified polymer
sample, but the corresponding values for hybrids are significantly higher (Figure 7). The
protection activity of silica is related to the catching of intermediates by the oxygen atoms
existing on the nanoparticle surface. The demonstration of this behavior was presented
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by the grafting of (3-aminopropyl)triethyxysilane on the silica surface [77,78]. The higher
energetic requirements suggest the effectiveness of the filler contribution to the delay of
oxidation that recommends this neutral additive for the extension of material durability in
risky applications.

The stabilization effect induced by the presence of silica on the composition of PLA
hybrids was also reported [79]. The present values are lower than 100 kJ mol−1 found for the
degradation of PLA by the conversion procedure because our materials contain a radiation
degradable structure, namely SIS. However, these satisfactory values displayed are reliable
proofs for foreseen purposes, such as materials for food packaging or safety preservation
during shipment. The already aforementioned comments highlight the strengthening effect
that leads to the improved operation life of these materials and the lack of danger.

3.2. Gelation

By the energy transfer on the macromolecules of the PLA/SIS 30 compound, the
radiation processing modified with silica is the determinant cause of the fragmentation of
the macromolecules, generating free radicals. According to the radiolysis mechanisms, they
may be decayed by oxidation or recombination. The decrease of the soluble fraction (sol, S)
is the measure of the inter-radical reactions and indicates the gelation of the material. In
Figure 8 there is a visible difference between the material without silica and the samples
containing this inorganic compound. While the pristine blend is sharply damaged, the
hybrids present slight gelation due to the contribution of hydrocarbon radicals formed from
the SIS structure. The contribution of silica to the protection against oxidation is defined by
the slope of lines. The greater the slope, the larger amount of insoluble fraction is formed.
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3.3. FTIR Evaluation

The spectral assay on the oxidation state after the γ-exposure of PLA/SIS 30 in the
presence of silica is presented in Figure 9. Even though the PLA molecules contain oxygen
and their scission would generate oxygen-centered radicals, this contribution represents
a spectral background that is similar to all the inspected compositions. The differences
that exist are found in the differences in transmission values due to the oxidation process
sustained by hydrocarbon radicals. As may be noticed from Figure 9 the accumulation level
of carbonyl products decreases with the concentration of silica. As the CL determinations
already showed, the silica loading brings about certain protection against oxidation, which
is delayed proportionally with filler assisting components.
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polymer substrate (Figure 10). The clear separation of silica particles may be noticed when 
the surrounding polymer becomes the proper material for product modeling. The filler is 
homogenously dispersed and the morphology shown by these micrographs demonstrates 
the availability to form composites as was reported earlier [80]. 
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Figure 9. The FTIR spectra recorded on the PLA/SIS 30 modified with nanoparticles of silica after
their exposure to a γ dose of 50 kGy.

If it is taken into consideration that all studied compositions have similar FTIR spectra,
the image offered of the progress of oxidation is accurately appraised by the differences in
the transmission figures.

3.4. SEM Assay

The SEM investigation of the PLS/SIS 30 samples reveals the homogenization of the
polymer substrate (Figure 10). The clear separation of silica particles may be noticed when
the surrounding polymer becomes the proper material for product modeling. The filler is
homogenously dispersed and the morphology shown by these micrographs demonstrates
the availability to form composites as was reported earlier [80].
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Figure 10. The SEM images on nonirradiated PLA/SIS 30 samples. Compositions: (a) control;
(b) SiO2 3%, (c) SiO2 5%, (d) SiO2 10%. Magnification: 5 × 103.
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It would be expected that γ-irradiation, the process which initiates the damage of
macromolecules, affects the microstructures of samples. However, the dominant compo-
nent, PLA, subjected to γ-radiolysis follows a degradation mechanism through which its
molecules drop down their macrostructures, but the resulting fragments are oxidized to
lactides. As it can be noticed from Figure 11, the curing feature is demonstrated. It means
that the stabilization action of silica particles is an important factor that promotes a slight
crosslinking as the comparison of corresponding images illustrates. Therefore, the presence
of silica in the PLA/SIS 30 samples makes the compaction in the polymer phase possible.
The filler particles are clearly separated by organic materials, where scissions occur to feed
the crosslinking process. The free radicals nearby particle surfaces may interact easily with
hydroxyls belonging to silica (Figure 4) hindering their coalescence. The great advantage of
this presence is the prevention of material cleavage which would influence the penetration
of oxygen. The integrity of samples after γ-irradiation is a consequence of the perfect
compatibility of mixed components.
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4. Discussion

The silica/polymer composites show convenient properties related to the process-
ability or spectrum of applications. The covalent interfacial connections between silica
particles and polymer substrate are the reason for the appropriate performances of these
hybrids [81,82]. The nanotechnologies approaches provide the specific solutions for the
formulations of resistant materials, which are based on improving the contribution of
inorganic fillers [83,84]. Various formulations based on PLA try to find optimal solutions
for the enlargement of application areas: biodegradability [74,85,86], medical range [87,88],
packaging products [89,90], optical bioimaging [91], controlling the release of hydrophilic
pharmaceutical compounds [92], production of contractible materials [93], recycling [94].

The addition of silica in the polymer matrices is a proper way to improve the main
characteristics of these materials [95–97]. This statement is based on the interaction between
the polar intermediates and the hydroxyls existing on the surface of filler particles. The
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evolution of degradation is correlated with the contributions provided by components,
especially by SIS, whose scission process initiates a radical mechanism. However, the
stability aspects describing the progress of oxidative degradation are often disregarded,
because the assays are axed on the functional properties and the relation between the
composition and the consequences of external factors on the material behavior, for ex-
ample [98–100]. The customers that are the beneficiaries of research need the stability
characterization of materials that they purchase based on the present results concerning the
activation energies involved in the stabilization of these types of substrates. Accordingly,
the intimate interaction of the two phases (organic and inorganic ones) may be assessed by
the increase of stability by about 20–25% due to the presence of silica (Figure 7). It means
that the durability tested with the accelerated degradation by γ-exposure is significantly
augmented and the product lifetimes are substantially extended.

As would be expected from other previous investigations [101], the thermal perfor-
mances of PLA/SIS 30 hybrids with silica are influenced by the concentration of filler
(Figure 2). The presence of silica whose structure allows intimate connections with the
radical fragments by means of hydroxyl bridges brings about a visible increase to the values
of oxidation induction time. This essential kinetic parameter becomes 128 min, 210 min
and 320 min for the SiO2 concentration of 3 wt%, 5 wt% and 10 wt%, respectively, while it
remains 36 min for pristine composition. Thus, the silica nanoparticles efficiently scavenge
the degradation intermediates that delay the aging process by interfacial interactions.

The nonisothermal spectra (Figures 5 and 6) are appropriate proof confirming the
prevention effect of silica on the progress of oxidation in PLA based compounds as was
presented in other previous papers [102,103]. This behavior is in contrast with the insta-
bility of polyolefins [77], which present prominent CL intensity maxima at 100 ◦C by the
abundant formation of hydroperoxides. The thermal characteristics of the major com-
ponent, PLA, in the presence of silica particles (melting point around 155 ◦C and Tg is
placed between 53 and 63 ◦C [104]) are modeled and a sharp increase of CL intensity over
160 ◦C proves the contribution of the nanofiller phases. The differences that exist appear
at higher temperatures when the thermal diffusion is more pronounced allowing a closer
nearness of polymer fragments to the silica nanoparticles. These dissimilarities shown by
the OOT values (Table 1) demonstrate that this filler acts by the attraction of oxidizing
intermediates. The higher loading of silica shows the most efficiency in the prevention of
oxidative degradation.

The analysis of the activation energy values (Figure 6) offers the possibility to estimate
the interaction depth between material components, whose concentrations indicate a strong
dependence. As the loading of silica increases, the values of Ea become higher. This
improvement is tightly related to the formation of active intermediates, which keep the
surface of silica particles and the forming radicals closed. It limits the progress of oxidation
by withdrawing intermediates from the degradation chain during the propagation stage.
The γ-exposure decreases the required values of activation energies because the competi-
tion between each free radical diminishes the probability of protective hindering and the
availability of active radicals for their oxidation is more extended. Always, radiolysis is a
source of radicals, because, in the initiation stage of degradation, the transferred energy
from the incidental radiation onto the substrate exceeds the bond energies.

The augmentation in the thermal resistance of polymers by the activity of silica is
correlated with the formation of hydroxyls that are formed on the nanoparticle great surface
(Figure 4) as the result of the reaction of protons generated by the degradation of the poly-
mer and the superficial oxygen atoms that are incorporated in the filler structure [102–105]
or by local hydrolysis where water molecules are formed during radiolysis [106].

The progress of degradation may be accurately characterized by the measurements
of CL emission that watch the accumulation of oxidation intermediates. If the isother-
mal version of this procedure is applied to the description of filler contribution to the
initiation and propagation of oxidation (Figure 2), when the oxidation induction time
(OITs) increases by ten times from 35 min to 322 min for the raw blend to the composition
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containing 10 wt% silica, the nonisothermal measurements allow the detailed compari-
son of the start-point of oxidation and the acceleration of degradation by the increase of
temperature (Figures 5 and 6). Thus, the thermal regimes define the manner by which the
silica nanoparticles may delay the oxidation by the breaking degradation mechanism. The
isothermal CL spectra demonstrate that the increase in the silica loading brings about a sig-
nificant extension of induction time, the period when the material is not sensitively altered.
Therefore, for the unirradiated samples, the oxidation induction time increases by 3.2 times,
when the concentration of SiO2 is 3%, by five times as the SiO2 loading is 5% and by about
nine times if the content of SiO2 is 10% (Figure 12). The evolution of oxidation is tightly
related to the permeation degree [107]. This diffusion feeds the polymer bulk sustaining the
progress of degradation. One procedure for the diminution of the penetration of oxygen
into a polylactide is the grafting of organosilane on a silica nanoparticle surface when an
efficient barrier is formed [108].
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the isothermal CL measurements at 140 ◦C.

The evolution of oxidation is evidenced by the increasing transmission values for
the carbonyl band. The accumulation of ketonic structures is possible if an appropriate
hindrance factor does not exist. Despite the depolymerization of the polylactide component
occurring during γ-irradiation [45,109], the fragments provided by the scission of the SIS
component, a hydrocarbon structure, generate vulnerable radicals able to be oxidized if
there is not any protection [12,110]. The nanoparticles of silica act obviously, generating
free radicals and catching them on their surface. Consequently, their conversion into
oxygen-containing products is obstructed and the transmission increases slowly.

This augmentation is the effect of the lack of any protection factor, even though the
compound is not an authentic antioxidant; the stabilization action is based on the formation
of hydroxyl moieties as a consequence of oxidation [111]. In the degradation mechanism,
the competition between oxidation and protection is won by the material stability where
the content of silica is high enough to withdraw radicals from their oxidation chain.

The accelerated degradation caused by the exposure of patterns to the damaging
action of γ-radiation advances much slower in the processed material with increased silica
loadings. The energetic conditions shown in Figure 7 demonstrate the narrowing differences
in the values of activation energies. While the pristine composition has lower activation
energy for its oxidative degradation after γ-treatment, the materials containing various
amounts of filler present higher Ea. This behavior indicates the protection activity of silica
particles with respect to the molecular fragmentation of macromolecules. This effect may
be ascribed to the withdrawal of free radical intermediates from the oxidation route via the
formation of hydroperoxides [112]. The stability study of the hemp-PLA composites [113]
reports the activation energies for the thermal degradation of the investigated compositions
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in the range of 159–163 kJ mol−1; the PLA hybrids stabilized with POSS present activation
energies between 80 and 100 kJ mol−1; the presence of SIS decreases this parameter due to
its relative low instability [60].

The mechanistic approach must take into account the stability differences that exist
between the components, which influence the fates of generated radicals. While the hy-
drocarbon structure of SIS is oxidized by the formation of hydroperoxides followed by
their second stage reactions of conversion into oxygen-containing compounds [76], the
polylactide is decomposed by depolymerization [29] and the CL emission is not recorded.
The damage to this component is unlikely to be associated with the formation of lactide
monomers, which sustains oxidation without the formation of ketonic structures as CL emit-
ters. The degradation progresses does not concern the two polymers, but the contributions
of intermediates of both former structures follow dissimilar ways.

A conclusive illustration of the essential steps that run through the irradiated PLA/SIS
filled with silica particles is offered in Figure 13.
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5. Conclusions

This paper analyses the improvement of thermal resistance in the cases of PLA/SIS
30/n-SiO2 hybrids. The protection action is based on the interaction between inorganic and
organic phases at the boundary zone due to the bridges established by hydrocarbon free
radicals on the oxygen atoms belonging to the external layer of silica nanoparticles. The
increase in silica loadings up to 10% extends the peroxidation periods which are illustrated
by the growing oxidation induction time shown in the isothermal CL determinations. The
measure of stabilization efficiency is suggested by the increasing values of activation energy
of the oxidative degradation of polymer matrices as the amount of SiO2 is enhanced. While
this value decreases for the pristine blend after an accelerated degradation by γ-exposure,
the energetic requirements of material degradation become higher. It demonstrates that the
blend free of filler is unprotected, but the presence of silica keeps the unchanged structure
of the materials. The appropriate proof for the contribution of silica to the protection of
polymer samples is the behavior of the irradiated specimens subjected to radiation induced
crosslinking. The Charlesby–Pinner representation reveals the advantageous contribution
of silica to the promotion of radical recombination instead of their reactions with molecular
oxygen that diffuses into the materials during radiation processing. The variation of
the carbonyl band for the irradiated samples is evidence of the scavenging efficiency
of silica concerning the decaying intermediates. This insight gathering all the pertinent
arguments indicates nanoparticles of silica as an appropriate formulation component of
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plastic products that show an improved resistance against oxidation even in the harmful
conditions of accelerated degradation caused by γ-irradiation and thermal degradation.

These compositions may be properly chosen for the production of commodities, such
as flexible medical wear, automotive accessories, packaging sheets, protection covers, and
sealant gaskets due to their adaptableness to severe environmental conditions.
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