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Abstract: The incorporation of nanofillers such as graphene into polymers has shown significant im-
provements in mechanical characteristics, thermal stability, and conductivity of resulting polymeric
nanocomposites. To this aim, the influence of incorporation of graphene nanosheets into ultra-high
molecular weight polyethylene (UHMWPE) on the thermal behavior and degradation kinetics of
UHMWPE/graphene nanocomposites was investigated. Scanning electron microscopy (SEM) analy-
sis revealed that graphene nanosheets were uniformly spread throughout the UHMWPE’s molecular
chains. X-Ray Diffraction (XRD) data posited that the morphology of dispersed graphene sheets in
UHMWPE was exfoliated. Non-isothermal differential scanning calorimetry (DSC) studies identified
a more pronounced increase in melting temperatures and latent heat of fusions in nanocomposites
compared to UHMWPE at lower concentrations of graphene. Thermogravimetric analysis (TGA)
and derivative thermogravimetric (DTG) revealed that UHMWPE’s thermal stability has been im-
proved via incorporating graphene nanosheets. Further, degradation kinetics of neat polymer and
nanocomposites have been modeled using equations such as Friedman, Ozawa–Flynn–Wall (OFW),
Kissinger, and Augis and Bennett’s. The "Model-Fitting Method” showed that the auto-catalytic
nth-order mechanism provided a highly consistent and appropriate fit to describe the degradation
mechanism of UHMWPE and its graphene nanocomposites. In addition, the calculated activation
energy (Ea) of thermal degradation was enhanced by an increase in graphene concentration up to
2.1 wt.%, followed by a decrease in higher graphene content.

Keywords: ultra-high molecular weight polyethylene; graphene; thermal properties; nanocomposite;
thermal degradation; modeling

1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE) is renowned for its stellar
mechanical properties, high abrasion resistance, low moisture absorption, low friction
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coefficient, and excellent chemical stability [1,2]. UHMWPE is used to produce bullet-proof
vests in climbing equipment, including ropes, fishing nets in the fisheries industry, and
artificial bone in medical science [1,3,4]. Recently, several studies have been reported to
enhance both the mechanical and thermal characteristics of UHMWPE using different
types of nanofillers [5–7]. By incorporating the functional inorganic fillers such as graphene
nanosheets in UHMWPE, some important properties of UHMWPE can be significantly
improved such as wear resistance, stiffness, and deformation heat-resistance [8]. This is
due to the unique properties of graphene such as high electrical, thermal, and mechanical
properties [9]. This modification in the structure of UHMWPE can also decrease its gas
permeability and flammability, and give it new functional properties [8].

The final properties of nanocomposites generally depended on the nature of the
nanofillers and how they were fabricated. The main problem with the implementation
of melt intercalation and solution casting methods for UHMWPE composite preparation
is its extra high viscosity and lack of flowability in the melted UHMWPE and its solu-
tion. The in situ polymerization method is, by far, the best method for dispersing fillers
for more efficient contact between the filler and the polymer matrix [10,11]. The above-
mentioned method [3,9] helps prevent nanoparticles from aggregating and thus enhances
the compatibility between nanoparticles and UHMWPE by supporting a suitable catalyst
on nanoparticles’ surface. The metallocene can be used as an effective polymerization
catalyst for the in situ preparation of UHMWPE/multiwalled carbon nanotube (MWCNT)
and polypropylene/MWCNT nanocomposites [12,13]. Graphene is a material with extreme
potential due to its multifaceted and multifarious properties, thus enabling other graphite
derivatives to be used as a filler for many potential applications [14–19].

In general, graphene oxide (GO) is synthesized by methods developed by Brodie,
Staudenmaier, and Hummers, or either of the above three with some permutation to the
methodology [20]. In these methods, graphite is oxidized to produce appropriate GO,
and then GO is reduced to graphene. In the Hummers method, graphite is oxidized
via potassium permanganate (KMnO4) and sulfuric acid (H2SO4), while in the Brodie
method, potassium chlorate (KClO3), and nitric acid (HNO3) are used to oxidize graphite.
Staudenmaier’s method also uses a procedure like Brodie’s to oxidize graphite to GO.
Stürzel et al. [21] applied polymerization filling techniques (PFT) to hone the compatibility
between graphene and UHMWPE via a “single-site catalyst” supported by dispersed
functionalized graphene nanosheets. In some other studies, graphene nanosheets have
also been used to hone some polymeric properties [22–24].

Out of many analytical methods, thermogravimetric analysis (TGA) is the most pre-
ferred for assessing the influence of nanoparticles on the thermal degradation of poly-
mers [25,26]. For instance, to evaluate the correlation between the effects of nanofillers
on the temperature of degradation and the Ea of nanocomposites, compared to those
resulting from the degradation of pure polymers [1,27]. Much work has been conducted
on investigating the thermal degradation kinetics of polyethylene (PE), its nanocomposites,
various kinetic parameters, and the apparent activation energies for the degradation of
high density polyethylene (HDPE)/SiO2 nanocomposites. It is widely agreed that that the
incorporation of SiO2 nanoparticles improves the thermal stability of HDPE [28].

However, it has been also noted that nanoclay involvement has two contradictory
effects on the thermal stability of polymer/clay nanocomposites in PE/clay nanocomposites
produced by melt mixing and in situ polymerization [29,30]. Chrissafisa et al. have shown
that nanocomposites containing 1 to 3 wt.% of organoclay are more thermally stable
than neat polymer and that stability increases with the addition of organoclay [30]. Their
results also revealed a decrease in thermal stability when the organoclay content reaches
5 wt.%. Furthermore, the thermal stability and activation energies were improved in
UHMWPE/MWCNT nanocomposites by addition of MWCNT up to 1.5 wt.%. Moreover,
the addition of 3.5 wt.% MWCNT decreased the activation energy of UHMWPE/MWCNT
nanocomposite [21].
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In the previous work by Shafiee and Ramazani, preparation of UHMWPE/graphene
nanocomposites was reported using in situ polymerization, which could improve the
compatibility between polymers and graphene and reduce the aggregation of graphene
nanosheet in UHMWPE matrix [31]. This work aims to study the thermal behavior and
degradation kinetics of in situ prepared UHMWPE/graphene nanocomposites by five
different modeling methods and compare them as a novel study. Thermal properties such
as melting point and thermal degradation of UHMWPE/graphene nanocomposites have
been studied in the first part of the present work using various kinetic parameters such as
initial degradation temperature (T0.1), decomposition temperature at 50% weight loss (T0.5),
degradation temperature at maximum weight loss rate (Tm), and the residual yields (WR)
from TGA. Subsequently, models such as Friedman, Ozawa–Flynn–Wall (OFW), Kissinger,
and the Augis and Bennett methods were also used to approximate the degradation
activation energies of neat UHMWPE and its nanocomposites.

2. Materials and Methods
2.1. Materials

UHMWPE with a molecular weight of about 3 × 106g/mol was prepared using in
situ polymerization of ethylene with a Ziegler–Natta catalyst [31]. The graphite pow-
der was purchased from the Dae-Jung Chemicals and Metals Co. (Siheung, Republic
of Korea). Magnesium ethoxide (C4H10MgO2, 98%) was purchased from Fluka (Buchs,
Switzerland). Triethyl aluminum (C6H15Al, 93%), N-hexane (≥99%), toluene (99.8%),
ethylene (C2H4, ≥99.5%), titanium tetrachloride (TiCl4, ≥99%), dibutyl phthalate (99%),
and anhydrous toluene (C6H5CH3, 99.8%) were purchased from Sigma–Aldrich (St. Louis,
Missouri, MO, USA).

2.2. Fabrication of UHMWPE/Graphene Nanocomposites

The advanced Bi-supported Ziegler–Natta catalytic systems were used to prepare
UHMWPE/graphene nanocomposites by in situ polymerization [31,32]. In the first step,
graphite powder was vacuum-dried for 6 h at 200 ◦C. Oxidation of natural graphite flakes
and preparation of graphene nanosheets were conducted through the modified Hummers
method [33]. The most common method to modify graphite is the use of mineral acid which
imparts acidity to the component. To this aim, graphite oxide and magnesium ethoxide in
a weight ratio of 4:1 were added to a triple-necked reactor equipped with a vacuum pump
connector, ethylene monomer cylinder, and a rubber septum for addition of other materials.
A combination of n-hexane with toluene (150 mL) in 1:1 weight ratio was added to the
reactor. The reactor was placed in an oil bath on a heater stirrer while the temperature was
set on 80 ◦C. At 80 ◦C, the polymerization catalyst, TiCl4 (8 mL) in the form of the slurry,
along with 1 mL dibutyl phthalate, were then moved to the polymerization reactor and
stirred for 2 h. Then, the reactor was cooled down and graphene-catalyst complex was
obtained after rinsing with n-hexane to remove the unreacted materials. Eventually, 100 mL
of graphene-catalyst dissolved in n-hexane was used as a solvent to the graphene-catalyst
and then was stored.

In the next step, another reactor equipped with a mechanical stirrer, thermometer, and
pressure controller was used for the preparation of UHMWPE/graphene nanocomposites.
Firstly, 400 mL degassed n-hexane was added to the reactor. Afterward, triethyl aluminum
(TEA) and then 10 mL graphene-catalyst complex (prepared in the previous step) were
introduced to the system. Quickly, ethylene monomer was injected to the system at different
concentrations to start polymerization of UHMWPE/graphene nanocomposites containing
0.9, 2.1, and 3.4 wt.% of graphene. To complete the polymerization after the desired
time, 10 mL HCl was added to the reactor. Next, the reactor cooled down to the ambient
temperature and products were also washed with ethanol, accompanied by filtration and
vacuum-drying at 70 ◦C for 24 h.
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2.3. Morphological Characterization

The scanning electron microscopy (SEM) analysis was carried out by a TESCAN
VEGA II (Brno, Czech Republic) model apparatus. Prior to imaging, the synthesized
nanocomposites were cryogenically fractured in liquid nitrogen and then coated using
the gold vapor deposition process using a K450X model vacuum sputter developed by
EMITECH Co.

The structure and degree of exfoliation of graphene layers in the prepared nanocom-
posites were investigated by a Philips X’pert Wide-angle X-Ray Diffraction (WXRD) system
(Almelo, Netherlands) (40 kw, 30 mA). The spacing of the gallery was achieved according
to Bragg’s Equation:

d= λ/2sin θ (1)

where d is the distance between graphene layers, λ is the X-ray wavelength, which is equal
to 0.154 nm, and θ is the angle in the spectrum at the first peak.

2.4. Thermal Assessment

UHMWPE and its graphene nanocomposites were studied using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC), carried out using a Mettler
TGA/SDTA 851e (Columbus, Ohio, OH, USA) instrument. Samples (about 5 mg) were
heated from room temperature to 700 ◦C in N2 atmosphere at heating rates of 10, 15, and
20 ◦C min. Mettler Toledo Star Software was used for evaluating the data. The experiments
were repeated three times and the average values, the best fit, and the standard deviations
of parameters were provided.

2.5. Analytical Methods

The degradation mechanisms are sometimes unknown or very much complicated to
understand via a simple kinetic model. A single step approximation method is widely
used to understand the kinetics of thermal degradation, but it is also found that model-
free (isoconversion method) or model-fitting approaches are viable [21,34]. Usually, the
conversion rate for a solid-state reaction is presumed to be the multiplication of two
parameters—the temperature (T) and a conversion function dependent on the extent of
conversion of the reactant to products (α) [35]:

dα
dt

= k(T)f(α) (2)

where α is the degree of conversion, f(α) is the conversion function (reaction model), and
k(T) is a temperature-dependent rate constant given by the Arrhenius Equation:

k(T) = A exp
(
−Ea

RT

)
(3)

Equation (2) can be rewritten as:

dα
dt

= β
dα
dT

= Af(α) exp
(
−Ea

RT

)
(4)

where A, R, and Ea are the pre-exponential factor, the universal gas constant, and activation
energy, respectively, and β = dT

dt = const is the linear heating rate in ◦C/min [1,21]. The
analytical output should prepare an appropriate measurement with different temperature
profiles by using a common kinetic model. The first step in the kinetic analysis is to
evaluate the kinetic triplet parameters (conversion function (f(α)), Ea, and pre-exponential
factor (A)). From the mass curves reported in the TGA dynamic thermographs, the relation
between conversion (α) and the kinetic parameters can be calculated.
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3. Results and Discussion
3.1. Morphology

Prepared nanocomposites have been studied by XRD to determine the propensity of in-
tercalation or exfoliation. The XRD patterns of the graphite, graphene oxide, pure UHMWPE,
and UHMWPE/graphene nanocomposite with 2.1 wt.% are presented in Figure 1. The
pristine graphite shows a basal reflection peak at 2θ = 26.6 corresponding to an interlayer
spacing of 0.335 nm (Bragg’s Equation) and a crystalline peak for GO, which was not seen
in the nanocomposite at 2θ = 17, showing the complete conversion of GO particles into the
graphene sheets. Two sharp peaks at 2θ = 21.5 and 2θ = 24 were observed in UHMWPE
and UHMWPE/graphene samples. As seen in Figure 1, there are no graphite or graphene
oxide peaks in the nanocomposite curve, which indicates that GO is well exfoliated. Because
XRD spectrums of different samples are taken in the almost same condition, comparison
of spectrums of virgin and nanocomposite containing 2.1% nanographene reveals that crys-
tallinity of UHMWPE could be increased in the presence of graphene. This could be due to
the nucleating action of the nanofillers in the polymer matrix [36].
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nanocomposite X-Ray Diffraction (XRD) patterns.

The SEM images of the fracture surface of neat UHMWPE and the nanocomposite
with 2.1 wt.% of graphene loading are shown in Figure 2. Comparing Figure 2a,b, it
can be seen that a homogeneous dispersion of graphene nanosheets was achieved in the
polymer matrix and no agglomeration of graphene on the nanocomposite fracture surface
was detected.
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3.2. Differential Scanning Calorimetry (DSC)

To determine the melting temperature (Tm) and latent heat of fusion (DHf) of pure
UHMWPE and UHMWPE/graphene nanocomposites, differential scanning calorimetry
(DSC) measurements were carried out and are shown in Table 1.

Table 1. Differential scanning calorimetry (DSC) parameters for the UHMWPE and UHMWPE/graphene
nanocomposites.

Sample DHf (J/g) Tm (◦C)

UHMWPE 123.06 (± 0.30) 137 (± 0.33)
UHMWPE/graphene 0.9 wt% 152.31 (± 0.35) 140 (± 0.32)
UHMWPE/graphene 2.1 wt% 156.95 (± 0.38) 142 (± 0.46)
UHMWPE/graphene 3.4 wt% 153.03 (± 0.51) 140 (± 0.38)

The DSC heating for all samples is presented in Figure 3. The figure shows that the
melting temperature and heat of fusion of samples increased upon the addition of 0.9 and
2.1 wt.% of graphene—however, the addition of 3.4 wt.% graphene decreased the above-
mentioned values due to the agglomeration. Similar observations were reported in [3].
Generally, the addition of the filler at a lower concentration promotes crystallization to the
semi-crystalline polymer matrix. Once the filler concentration extends beyond a certain
threshold, there will be detrimental effects to the polymer matrix due to agglomeration.
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3.3. Thermal Degradation Studies

The TGA analysis was used to investigate the thermal degradation of UHMWPE and
UHMWPE/graphene nanocomposites. Figure 4a–c shows the thermographs of pure UHMWPE
and UHMWPE/graphene nanocomposites at heating rates of 10 ◦C/min, 15 ◦C/min, and
20 ◦C/min.

UHMWPE and UHMWPE/graphene nanocomposites are reported to have been
thermally stable without weight loss of up to 370 ◦C. TGA parameters of UHMWPE
and its graphene nanocomposites are presented in Table 2. Degradation temperatures of
UHMWPE/graphene nanocomposites, including T0.1, T0.5, and Tm, were increased with
an increase in graphene content, demonstrating an increase in nanocomposite thermal
stability compared to neat UHMWPE. Similar observations were reported in polystyrene
composites and polyaniline nanocomposites [23,24,38]. The peak of the first derivative
of mass loss (DTG) denotes Tm, which is the degradation temperature at the maximum
degradation rate. The polymerization of ethylene is actually supported by the presence of a
catalyst on the graphene surface, and as reported, PE is covalently bonded to graphene [31].
In this case, it is assumed that the presence of covalent bonds formed between graphene
and UHMWPE could slow down the thermal degradation, as stated in [39]. Moreover, the
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residual yields of UHMWPE/graphene nanocomposites showed a high increase due to
the production of some thermally stable products as the final product of nanocomposite
pyrolysis that can withstand temperatures above 700 ◦C [40,41]. Hence, similar to carbon
fibers, this product could have two or three-dimensional structures. Related findings have
also been published by other researchers [3,23,24].
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degradation temperature is gradually shifted to a higher temperature. In general, it can
be observed from Table 2 and Figure 5 that the inhibitory effect of graphene increases the
thermal stability of the final nanocomposites. The thermal stability of the samples with
graphene incorporation is due to the proper interaction between the graphene and the
UHMWPE matrix, the shielding effect of the charred polymer on the surface, as well as the
high thermal stability of graphene [26].
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Table 2. Degradation temperatures of pure UHMWPE and UHMWPE/graphene nanocomposites (heating rate = 10 ◦C/min).

Sample T0.1 (◦C) T0.5 (◦C) Tm (◦C) Ash Content (%)

UHMWPE 438.3 (± 1.16) 459.9 (± 1.10) 464.1 (± 1.11) 0.6 (± 0.001)
UHMWPE/graphene 0.9 wt% 437.4 (± 1.00) 468.8 (± 1.08) 473.6 (± 1.09) 2.7 (± 0.006)
UHMWPE/graphene 2.1 wt% 446.3 (± 0.80) 471.1 (± 0.85) 475.2 (± 0.86) 3.5 (± 0.006)
UHMWPE/graphene 3.4 wt% 453.8 (± 0.27) 475.7 (± 0.28) 479.2 (± 0.29) 4.6 (± 0.002)

3.4. Model-Fitting Method

In this method, various models are fitted to α-temperature curves, and the Ea and the
pre-exponential factor A are determined concurrently [21].

When using model-fitting method, kinetic analysis is heavily reliant on the reaction
model. It is also presumed that the Arrhenius type model can define the rate constant k(T)
temperature dependency (does not achieve an exact distinction between the temperature-
dependent k(T) and the reaction model f(α)). In addition, the reaction rate’s temperature
sensitivity depends on the extent of conversion [42]. According to the Fexp parameter, the
appropriate results were calculated using the multivariate non-linear regression method
for the evaluation of the kinetic triplet for each reaction model (Figure 6). Here, in terms
of fit quality, the Fexp is used to assess if one or more models vary statistically from the
best model. The results showed that the auto-catalysis nth-order mechanism offered by
f(α) = (1−α)n (1 + KcatX) has a strong correlation with the reaction model Cn. X is defined
as the concentration of the reactant, and Kcat is a constant [42,43] that will properly describe
experimental data with a correlation coefficient of R greater than 0.80.

Molecules 2021, 26, x FOR PEER REVIEW 11 of 19 
 

 

Figure 5. Mass loss (%) thermographs for (a) pure UHMWPE, (b) UHMWPE/graphene 0.9 wt.%, (c) UHMWPE/graphene 
2.1 wt.%, and (d) UHMWPE/graphene 3.4 wt.% at heating rates of 10, 15, and 20 ℃/min. 

3.4. Model-Fitting Method 
In this method, various models are fitted to α-temperature curves, and the Ea and 

the pre-exponential factor A are determined concurrently [21]. 
When using model-fitting method, kinetic analysis is heavily reliant on the reaction 

model. It is also presumed that the Arrhenius type model can define the rate constant 
k(T) temperature dependency (does not achieve an exact distinction between the tem-
perature-dependent k(T) and the reaction model f(α)). In addition, the reaction rate's 
temperature sensitivity depends on the extent of conversion [42]. According to the Fexp 
parameter, the appropriate results were calculated using the multivariate non-linear re-
gression method for the evaluation of the kinetic triplet for each reaction model (Figure 
6). Here, in terms of fit quality, the Fexp is used to assess if one or more models vary sta-
tistically from the best model. The results showed that the auto-catalysis nth-order 
mechanism offered by f(α) = (1−α)n (1+KcatX) has a strong correlation with the reaction 
model Cn. X is defined as the concentration of the reactant, and Kcat is a constant [42,43] 
that will properly describe experimental data with a correlation coefficient of R greater 
than 0.80.  

 
Figure 6. Experimental and fitted thermogravimetric analysis (TGA) curves for pure UHMWPE and UHMWPE/graphene 
nanocomposites at a heating rate of 10 °C/min. 

Derivative thermogravimetric (DTG) are presented in Figure 7 to visualize if the 
model is fitting the TGA accurately by simplifying the reading of the weight versus 
temperature thermogram peaks as they usually occur close together. As can be seen in 
Figure 7, this model-fitting approach indicated some errors and the peaks in fitted 
curves showed considerable differences comparing to the experimental data. However, 

Figure 6. Experimental and fitted thermogravimetric analysis (TGA) curves for pure UHMWPE and UHMWPE/graphene
nanocomposites at a heating rate of 10 ◦C/min.

Derivative thermogravimetric (DTG) are presented in Figure 7 to visualize if the
model is fitting the TGA accurately by simplifying the reading of the weight versus
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temperature thermogram peaks as they usually occur close together. As can be seen in
Figure 7, this model-fitting approach indicated some errors and the peaks in fitted curves
showed considerable differences comparing to the experimental data. However, all fitted
DTG curves in this model represent a similar behavior with the actual curves, showing
the positive effect of incorporation of graphene nanosheets on higher thermal stability of
the samples.
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nanocomposites at a heating rate of 10 ◦C/min.

In Table 3, the calculated kinetic parameters are listed. It is observed that with the
addition of graphene in the polymer matrix, the rate of thermal degradation decreases. This
can be attributed to the improved catalytic effect that might be attributed to the presence of
active functional groups on graphene and its excellent thermal conductivity [44].

Table 3. Estimated kinetic parameter values for the nth-order model of autocatalysis.

Sample LogA LogKcat N E (kJ/mol)

UHMWPE 13.98 0.74 1.63 221.2
UHMWPE/graphene 0.9 wt% 14.23 0.82 1.82 249.3
UHMWPE/graphene 2.1 wt% 14.68 0.63 1.73 271.4
UHMWPE/graphene 3.4 wt% 14.43 0.31 1.75 262.7

3.5. Isoconversional Analysis

Isoconversional analysis is a “model-free” method that measures the temperatures cor-
responding to a permutation of heat rates, β, for all values of α without any change in the
conversion function f(α) [21]. Isoconversional models offer accurate values of Ea, and by
analyzing the reaction model (f(α)), the pre-exponential factor can be evaluated [45]. Several
isoconversion methods, such as Ozawa–Flynn–Wall (OFW), Friedman, Kissinger, and Augis
and Bennett, have been used to determine the Ea for the degradation of nanocomposites [35,46].
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3.5.1. Ozawa–Flynn–Wall (OFW) Method

Flynn, Wall, and Ozawa [47] proposed an isoconversion integral method that uses
Doyle’s estimation [48] of the temperature integral. This method is based on the Equation (5):

Ln β = Ln
(

AE
Rg(α)

)
− 5.331 − 1.053

(
E

RT

)
(5)

where:

Ln
(

AE
Rg(α)

)
− 5.331 = const (6)

The ln(β) vs. 1/T plot obtained from the curves reported at several heating rates is a
straight line, and Ea can be identified from the gradient’s value. If the Ea remains consistent
with the different values of α, it indicates the presence of a single-step reaction, and a
change in Ea value with an increase in the degree of conversion demonstrates a complex
reaction mechanism [49].

Different heating rates (10, 15, and 20 ◦C/min) were used in this study to evaluate
the “model-free” method, and the fractional conversion values ranging from 0.1 < α < 0.9
were applied to the OFW method. Figure 8a and b shows ln(β) vs. 1/T plots for the OFW
method for neat UHMWPE and the sample containing 2.1 wt.% graphene, respectively.
The correlation coefficient values obtained for all samples are greater or equals to 0.99,
indicating that the OFW method is valid for the applied conversion range.
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Figure 9 shows the plot of Ea vs. fractional conversion for different samples. Ea of the
nanocomposites containing up to 2.1 wt.% of graphene was higher than neat UHMWPE,
which means that graphene’s addition decreases the thermal degradation rate of UHMWPE.
This kind of behavior of nanocomposites was reported earlier [21,30].
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The thermal stability of nanocomposites first increases with the added amount of
graphene up to 2.1 wt.%. However, the nanocomposites with 0.9 and 3.4 wt.% showed
the lowest Ea value with a higher degree of conversion of α = 0.9 (90%), which is less than
the pure polymer. This can be due to the presence of some active groups such as hydroxyl
groups, epoxy bridges, and carboxyl groups on the surface of the graphene oxide, which
helps with the catalytic effects on thermal degradation [50]. Table 4 presents the average Ea
calculated over a wide range of conversions (0.1 < α < 0.9) using this method.

Table 4. Activation energy (Ea) values from Friedman, OFW, Kissinger, and Augis and Bennett
methods.

Friedman OFW Kissinger A and B

Sample Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol)

UHMWPE 222.7 228.8 224.4 218.3

UHMWPE/graphene 0.9 wt.% 262.9 269.1 252.5 248.6

UHMWPE/graphene 2.1 wt.% 262.7 268.9 274.6 269.2

UHMWPE/graphene 3.4 wt.% 216.1 222.7 264.5 256.7

3.5.2. Friedman Method

Equation 7 gives the differential isoconversion method proposed by Friedman [51]:

Ln
[
β

(
dα
dt

)]
= LnA + Ln f(α)−

(
Ea

RT

)
(7)

where β is the linear heating velocity (β = dT/dt), and it is a constant, α is the degree of
conversion, d(α)/dt is the speed of the isothermal process, A is a pre-exponential factor
or frequency factor (min−1), f(α) = conversion function, Ea is the activation energy, R is
gas constant, and T is the temperature (K). The plot of ln[β(dα/dt)] vs. (1/T) is a straight
line at several heating rates, and the Ea is measured from the slope. The equation used in
the OFW method was derived from the assumption of constant Ea, and an error can be
calculated by comparison with the Friedman results by incorporating a systematic error
in the measurement of Ea as E varies with α [21]. The Ea measured using the Friedman
method over a wide variety of conversions (10% < α < 90%) is displayed in Figure 10 and
Table 4. These values were slightly lower than those calculated by the OFW method. A
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systematic error could also describe the difference between the values of the Ea obtained
by the two methods due to inaccurate integration.
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3.5.3. Kissinger Method

This method considers that at the Tm, the maximum reaction rate occurs and assumes
a constant degree of conversion (α) at this temperature [52]. The α at Tm varies with the
heating rate (β) in some cases, and hence the precariousness is higher about putting this
method into the category of isoconversion [53].

In Kissinger method, the Ea is calculated in constant heating rate experiments by
plotting the heating rate logarithm. Without previous knowledge of the reaction order
or mechanism, the Ea is computed, and this is the advantage of this method [54]. The
Kissinger Equation is given by:

Ln
(

β

T2

)
= Ln

(
AR

Eg(α)

)
− E

RT
(8)

Where T = Tm is the temperature that corresponds to the curvature point of the DTG
peak at the thermal degradation curves and correlates to the maximum reaction rate. Ea
values for all samples are determined from the straight-line slope of ln(β/T2) vs. 1/T plots
with a correlation coefficient higher than 0.98, as seen in Figure 11 and Table 4.
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3.5.4. Augis and Bennett Method

The method proposed by Augis and Bennett (A and B) is given by Equation 9 [55]:

Ln
(

β

Tm − T0

)
= LnA − Ea

RTm
(9)

Where Tm and T0 are the peak temperature and the initial temperature of the DTG
peak, respectively. From the slope of the straight-line ln[β/(Tm − T0)] vs. 1/Tm plot, Ea
can be achieved. Like the Kissinger method, the Ea values determined from Augis and
Bennett method are related to the peak temperature of the DTG curve. These values are
equal to the values of the other isoconversion methods and are listed in Table 4.

The study of kinetic modeling and thermal degradation behavior of polymers in-
cluding UHMWPE helps with better understanding of predicting thermal degradation
to prevent the weaknesses of the polymeric products. As UHMWPE is an engineering
polymer which is used in different industries including aerospace, the information about its
thermal behavior is crucial. In addition, the kinetic studies provide information to develop
pyrolysis reactors used for thermal modification of polymeric wastes [56]. By comparing
the results of different kinetic methods in determination of Ea, it can be observed that all
five methods used in this study showed consistent values of Ea for neat UHMWPE and
the samples containing 0.9 and 2.1 wt.% of graphene. However, for the sample containing
3.4 wt.% of graphene, the Ea values determined by Friedman and OFW methods were
significantly different from the results obtained by other methods. This may be due to
some existing uncertainties over baselines of the thermal analysis data or limited accuracy
of determination of transformation rates [54]. Although rate-isoconversion methods like
Friedman and OFW do not make any mathematical approximation, they require for the rate
of transformation at temperatures that an equivalent stage of the reaction is obtained for
various heating rates [54]. Accordingly, any possible errors and inaccuracies in determina-
tion of transformation rates may result in significant errors in estimation of Ea. In addition,
the obtaining results from calculation of Ea using different methods confirmed this fact that
the presence of graphene and its interactions with the UHMWPE matrix generally increase
the thermal stability and Ea of the polymer. However, above a specific level of graphene
contents in UHMWPE matrix that the activation energy decreased is most probably due to
the destructive effect of active free radicals and agglomeration effects.

4. Conclusions

Thermal degradation behavior of UHMWPE/graphene nanocomposites was evalu-
ated with different graphene contents (0.9, 2.1, and 3.4 wt.%). The prepared nanocomposite
was characterized by SEM and XRD, and its thermal properties were investigated by TGA,
DSC, and DTG. It is concluded from the TGA results that the thermal stability of these
nanocomposites increased up to 370 ◦C without any significant mass loss via incorporating
graphene nanosheets. Thermal degradation kinetics were investigated using model-free
and model-fitting methods. The calculated Ea in all the methods showed a stabilizing
effect on the degradation of the polymeric matrix as the graphene loading increased up
to 2.1 wt.%. However, the graphene content of 3.4 wt.% or more decreased the Ea slightly.
Modeling of degradation kinetics of UHMWPE and its nanocomposites were conducted
using different methods, and the results demonstrated that although the auto-catalytic
nth-order mechanism was not able to be fitted accurately with the actual TGA curves, this
model could describe the degradation mechanism of UHMWPE and its nanocomposites by
accurately showing the order of magnitudes of temperature thermogram peaks as well as
by predicting activation energies consistent with model-free methods such as Kissinger.
Furthermore, all modeling approaches in this study estimated similar values for Ea except
the values obtained by Friedman and OFW methods for UHMWPE/graphene 3.4 wt.%,
which were not close to the values obtained by other methods, which can be due to some
existing uncertainties over baselines of the thermal analysis data or limited accuracy of
determination of transformation rates.
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