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Abstract
Crosslinked high-density polyethylene (PEX) composites containing various amounts of graphite particles (1, 2.5 and 5 
mass% or 0.479, 1.206 and 2.445 vol%, respectively) were prepared to study the effect of filler loading on the crystalliza-
tion behavior of PEX. The crystallization of PEX and its composites was studied using differential scanning calorimetry in 
non-isothermal crystallization conditions at several cooling rates from 2.5 to 15 K min−1. The crystallization temperature, 
Tc, of the prepared composites was slightly higher than that of the neat PEX, especially for higher cooling rates, indicating a 
nucleating effect of graphite filler over the polymer matrix. The experimental data were analyzed using the Avrami modified 
by Jeziorny method, the Ozawa and the Mo methods. The Avrami modified by Jeziorny and Mo approaches describe more 
accurately the crystallization of neat PEX and PEX composites while the Ozawa equation fails to describe the non-isothermal 
crystallization of PEX and its composites. The activation energy (ΔE) of non-isothermal crystallization was calculated using 
the differential isoconversional method of Friedman. It was found that the introduction of the graphite in the matrix did not 
modify the crystallization mechanism of PEX. The PEX composite filled with 1 mass% graphite exhibited lower activation 
energy than neat PEX.
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Introduction

The interest of the industrial sector is increasingly focused 
on new types of polyethylene (PE) materials such as 
crosslinked or branched polyethylene. PE is one of the most 
widely used polyolefins in many application areas due to its 
attractive properties such as low cost production, high corro-
sion resistance, light weight and easy processing techniques 

[1]. Physical or chemical crosslinking of polyethylene can 
lead to improved properties regarding the resistance to 
thermal degradation, chemical resistance and mechanical 
properties among others [2]. Crosslinking of polyethylene 
can be employed using three main crosslinking methods: 
(1) radiation crosslinking, (2) peroxide crosslinking and (3) 
silane crosslinking which is cost-effective and industrially 
applicable, resulting at the same time a high crosslinking 
degree of polyethylene [3].

Mechanical and thermal properties of crosslinked pol-
yethylene synthesized with various methods have been 
extensively studied. More specifically, Sen et al. [4] have 
examined the grafting reaction kinetics, melting behav-
ior and thermal properties of silane-crosslinked LDPE 
(XLPE). Shieh et al. [5] have studied the silane grafting 
and crosslinking reactions of LDPE, HDPE and LLDPE, 
comparing the crosslinking degrees of each polyethylene. 
Silane-crosslinked HDPE (PEX) has been also studied in 
terms of its structural and thermal properties by Roumeli 
et al. [6]. According to Melo et al. and Oliveira et al. [7, 
8], crosslinked polyethylene presents enhanced thermal 
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stability and mechanical properties compared to the non-
crosslinked systems. Thus, PEX has a higher operating limit 
compared to common HDPE due to its three-dimensional 
network structure. Currently, PEX is massively produced 
and employed in many applications such as piping materi-
als, cables and wires, heat shrinkable materials and steam 
resistant for food packaging [8]. However, the main disad-
vantage of PEX is the low thermal conductivity which limits 
its application, especially regarding piping systems used for 
heating and cooling applications.

To further broaden the application fields of PEX poly-
mer and improve its properties, composite polymer mate-
rials have been produced and studied. These multiphase 
polymer systems present enhanced physicochemical prop-
erties depending on the filler material, morphology and its 
content in the matrix [9–11]. It has been shown that the 
use of carbon and its allotropic forms, at both micro- and 
nanosize as a filler in a polymer matrix, can lead to enhanced 
physical, thermal, mechanical and electrical properties of 
the matrix [12–18]. Graphite is one of the hardest materials 
found in nature and has excellent strength and outstanding 
thermal and electrical conductivity [12] making it an attrac-
tive candidate as a filler material for the synthesis of com-
posite polymers with superior properties. PEX composites 
filled with carbon nanotubes and nanodiamonds have been 
extensively studied [19–22] regarding their structural, ther-
mal and mechanical properties. It was found that the PEX 
composites filled with carbon nanotubes and nanodiamonds 
present higher thermal stability and thermal conductivity 
and improved mechanical properties compared to neat PEX. 
Nevertheless, graphite particles are cost-effective compared 
to the high prices of carbon nanotubes, graphene and nano-
diamonds which eventually increase the cost of the indus-
trial scale production of polymer composites. PEX/graphite 
composites are synthesized and studied for the first time in 
this work, since no study on such composites has been con-
ducted, to the author’s knowledge.

Many studies have been published regarding the iso-
thermal and non-isothermal crystallization of polyethylene 
composites [23–25] because the crystallization process 
influences the crystal structure and morphology, and thus 
the properties of the final material. It has been reported that 
solid-state particles in a polymer matrix can induce het-
erogeneous nucleation during the crystallization process 
resulting in an improved crystallization rate [26–30]. How-
ever, according to the literature, crystallization studies on 
crosslinked polyethylene are mostly focused on crosslinked 
LDPE and LLDPE [31–34], while crystallization studies of 
crosslinked polyethylene composites are limited [35]. It is 
important to notice that no crystallization kinetics study has 
been conducted for composites with PEX as a matrix, to the 
knowledge of the authors.

The main scope of this work is to examine the effect of 
graphite loading on PEX non-isothermal crystallization at 
various cooling rates from 2.5 to 15 K min−1. Therefore, 
PEX composites with 1, 2.5 and 5 mass% of graphite micro-
particles (0.479, 1.206 and 2.445 vol%, respectively) were 
prepared by the melt mixing method. The non-isothermal 
crystallization kinetics of neat PEX and its composites was 
investigated using the Avrami modified by Jeziorny method 
and Ozawa equations as well as the method proposed by Mo. 
Furthermore, the effective crystallization activation energy 
as a function of the relative degree of crystallinity was cal-
culated using the isoconversional Friedman method.

Experimental

Materials

Chemically crosslinkable high-density polyethylene com-
pound made by silane-grafted ethylene polymer was kindly 
provided by SILON (Planá nad Lužnicí, Czech Republic) 
under the trade name of TABOREX TA 1132 HD. It has a 
melt flow index of 1.9 g × 10 min−1 and 1000 kg × m−3 den-
sity. A catalyst masterbatch containing the crosslinking cata-
lyst and a stabilizer package was also supplied by SILON 
under the trade name of TABOREX TA 2111 HD with a 
melt flow index of 5.5 g × 10 min−1 and 965 kg × m−3 den-
sity. This catalyst batch can accelerate either the hydrolysis 
reaction of the grafted silyl groups leading to the formation 
of silanols or the reaction condensation of silanols to form 
Si–O–Si bond, or both.

Spherical graphite filler under the trade name 
GraphTHERM® was supplied by Georg H. Luh Company 
(Walluf, Germany). The average diameter of the particles 
was 23 μm, and they have a C-content of 99.9%.

Composites preparation

PEX composites were prepared by the melt mixing method. 
Mixtures of 95 mass% grafted HDPE and 5 mass% of 
crosslinking catalyst together with 1, 2.5 and 5 mass% 
(0.479, 1.206 and 2.445 vol%, respectively) graphite filler 
were physically mixed. Afterward, each of the mixture was 
melt mixed in a Haake–Buchler Reomixer (model 600) with 
roller blades and a mixing head with a volumetric capacity 
of 6.9 × 10−5 m3 for 600 s at 468 K with a torque speed of 
30 rpm. The prepared samples were immediately molded 
using an Otto Weber, Type PW 30 hydraulic hot press con-
nected with an Omron E5AX Temperature Controller, at 
a temperature of 453 ± 5 K, in order to prepare films of 
350–450 μm thickness. The crosslinking process in the bulk 
of the polymer was completed by immersing the prepared 
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films in a hot bath at 363 K for 24 h. The composites sam-
ples are referred to this manuscript as PEX/THERM.

Characterization method

Non-isothermal crystallization of the PEX/THERM com-
posites was studied using a differential scanning calorim-
eter (DSC) Pyris Diamond from PerkinElmer, in a nitrogen 
atmosphere. To achieve the optimal thermal contact between 
the sample and the sample container, a rectangular alu-
minum foil was used to wrap each sample. An aluminum foil 
of the same dimensions and wrapped the same way was used 
on the reference holder. The samples were weighed about 
4 ± 0.5 mg, and their thermal history was erased by heating 
from 323 to 473 K at a heating rate of 10 K min−1 and stay-
ing at this temperature for 5 min. During non-isothermal 
crystallization measurements, the samples were cooled to 
323 K at cooling rates of 2.5, 5, 10 and 15 K min−1.

Results and discussion

Crystallization behavior of PEX and PEX/THERM 
composites

The effect of graphite loading on the non-isothermal crystal-
lization behavior of PEX was carried out using DSC. The 
cooling curves of neat PEX and PEX/THERM composites 
at cooling rates of 2.5, 5, 10 and 15 K min−1 are shown 
in Fig. 1. In all cases, the curves present one exothermal 

peak. At the lowest rates (2.5, 5 K min−1), narrow crystal-
lization peaks appear for all samples, while wider crystal-
lization curves are induced by the highest cooling rates (10, 
15 K min−1). It can be seen that the curves and the crys-
tallization peaks shift to lower temperatures as the cooling 
rate increases. This is due to the shorter time for the nuclei 
formation at higher cooling rates. The polymer molecular 
chains have limited mobility, and thus, the diffusion and 
chain configuration into more perfect crystallites become 
more difficult for higher cooling rates [25]. The crystalliza-
tion peak temperature (Tc) and the crystallization enthalpy 
(ΔHc) of neat PEX and PEX/THERM composites are pre-
sented in Table 1. Figure 2 shows the crystallization peak 
temperature of PEX and its composites versus the cooling 
rate. It is observed that the crystallization peak temperature 
of PEX composites is slightly higher than that of neat PEX 
at a given cooling rate, especially for the cooling rates of 
10 and 15 K min−1. This indicates that the presence of the 
graphite particles in the PEX matrix can induce heterogene-
ous nucleation by creating nucleation sites for the polymer 
chains, during the crystallization from the melt [36, 37], 
which is heightened at higher cooling rates.

Non‑isothermal crystallization kinetics of neat PEX 
and PEX/THERM composites

The crystallization heat can be transformed into the relative 
degree of crystallinity (XT) by the division of the heat at each 
crystallization temperature T (ΔΗΤ) by the total heat (ΔH0) 
corresponding to complete crystallization [38]:

Fig. 1   DSC cooling curves 
at cooling rates from 2.5 to 
15 K min−1 of a neat PEX, b 
PEX/1 THERM, c PEX/2.5 
THERM, and d PEX/5 THERM 
composites
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where T0, TC and T∞ are the initial and final crystallization 
temperature at time t and the ultimate crystallization tem-
perature, respectively, and dH is the crystallization enthalpy 
released during an infinitesimal temperature interval dT. The 
crystallization time t can be derived by the crystallization 
temperature using the following equation:

where T0 and T are the temperature at the beginning and at 
crystallization time t, respectively, and Φ is the cooling rate. 
The relative degree of crystallinity XT as a function of time 
t and temperature T is shown in Fig. 3.

There is a strong dependence of the crystallization pro-
cess on the cooling rate as it can be seen from these curves. 
As the crystallization progresses, the curves tend to resemble 
a flat line because of the spherulite impingement and crowd-
ing [39]. The time needed for the crystallization to complete 
becomes shorter as the cooling rate increases [40–42].

The half time crystallization t1/2 as a function of cool-
ing rate Φ of neat PEX and its composites was calcu-
lated as shown in Fig. 3, as the time from the onset of 
crystallization to the time at which the relative degree of 

(1)XT =

∫
TC

T0

(

dH

dT

)

dT

∫
T∞

T0

(

dH

dT

)

dT

(2)t =
T0 − T

�

crystallinity reaches 50%, shown in Fig. 4. The t1/2 value 
of PEX/THERM composites is slightly lower compared 
to neat PEX at a given rate, which is more noticeable at 
lower cooling rates. This indicates that the addition of the 
graphite filler accelerates the time needed for the polymer 
to reach the half degree of crystallization leading to higher 
crystallization rate by inducing heterogeneous nucleation 
as shown in Fig. 2. However, it seems that the filler load-
ing does not affect the value of t1/2.

The Avrami equation is usually applied to describe the 
isothermal crystallization kinetics of polymers [43]:

where Xt is the relative degree of crystallinity at time t, Zt 
is the rate constant for crystallization, and n is the Avrami 
exponent which provides information on the crystallization 
mechanism and the shape of the formed crystalline units 
[43]. The double logarithmic form of Eq. 3 gives the fol-
lowing equation:

the plot of log[− ln(1 − Xt)] versus logt for each cooling rate 
can be obtained. The Avrami exponent n and the rate con-
stant of crystallization Zt can be determined by the slope and 
the intercept of the plot, respectively. However, the Avrami 
approach cannot describe properly the non-isothermal crys-
tallization kinetics. Thus, Jeziorny, considering the non-
isothermal character of the process, made an assumption of 
a constant cooling rate during the crystallization and sug-
gested [44] that the parameter Zt should be divided by the 
cooling rate Φ as follows:

Figure 5 presents the plots of log[− ln(1 − Xt)] versus 
logt for neat PEX and PEX/THERM composites at 2.5, 
5, 10 and 15 K min−1. The crystallization area selected in 
this work was 5% < Xt < 95%. According to Fig. 5, there 
are two regions of slightly different slopes for all samples, 
especially at lower cooling rates (2.5, 5 K min−1). The 
deviation from linearity is related to a secondary crystal-
lization caused by the impingement of the spherulites on 

(3)1 − Xt = exp
(

−Ztt
n
)

(4)log
[

− ln
(

1 − Xt

)]

= logZt + n ⋅ log t

(5)log Zc =
logZt

�

Table 1   Crystallization 
temperature Tc and the 
crystallization enthalpy ΔHc of 
neat PEX and PEX/THERM 
composites, under non-
isothermal conditions

Cooling 
rate/K min−1

PEX PEX/1 THERM PEX/2.5 THERM PEX/5 THERM

Tc/K ΔHc/J g−1 Tc/K ΔHc/J g−1 Tc/K ΔHc/J g−1 Tc/ K ΔHc/J g−1

2.5 391.6 − 158.1 392.2 − 154.2 391.9 − 156 392.1 − 156.6
5 389.8 − 156.1 390.6 − 153.3 390.6 − 161.3 390.4 − 154.4
10 386.4 − 152.9 388.3 − 155.4 387.8 − 159.7 387.8 − 154.9
15 384.2 − 160.1 386 − 158.7 386.2 − 157.3 385.7 − 153.3
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Fig. 2   Crystallization temperature of neat PEX and PEX/THERM 
composites versus cooling rate
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later stages of the crystallization [45]. The linear fitting 
of two regions at 2.5 and 5 K min−1 and linear fitting of a 
single region at 10 and 15 K min−1 were conducted, and 
the results are shown in Table 2. The Avrami exponent 
of the first region n1 is between 2.1 and 2.4 for neat PEX 
and its composites while n2 at 2.5 and 5 K min−1 in the 

second region, is ranging between 1.9 and 2.3 suggest-
ing a two-dimensional crystal growth [46]. The value of 
n1 slightly decreases with increasing cooling rate for all 
samples, indicating that the nucleation mechanism was 
less complicated at higher cooling rates due to the shorter 
crystallization time [47]. Since the value of the Avrami 

Fig. 3   Plots of relative crystal-
linity as a function of tem-
perature: a neat PEX, c PEX/1 
THERM, e PEX/2.5 THERM 
and g PEX/5 THERM, and as 
a function of time: b neat PEX, 
d PEX/1 THERM, f PEX/2.5 
THERM and h PEX/5 THERM 
for non-isothermal crystalliza-
tion at cooling rates from 2.5 to 
15 K min−1
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exponent of PEX/THERM composites does not deviate 
significantly compared to those of neat PEX, it is con-
cluded that the presence of the graphite particles does not 
affect the nucleation mechanism of the PEX matrix. Fur-
thermore, the values of both Zc1 and Zc2 parameters of the 

studied materials increase with increasing cooling rate for 
neat PEX and its composites due to the higher crystalliza-
tion rate. At low cooling rates (2.5, 5), the Zc parameter of 
the PEX/THERM composites is slightly higher compared 
to that of neat PEX indicating that PEX composites have 
a higher crystallization rate. The standard errors of the n 
and Zc values are lower than 0.01 and 0.005, respectively, 
and for this reason the uncertainties of these parameters 
are considered insignificant. 

Non-isothermal crystallization kinetics was also ana-
lyzed using the Ozawa method. According to the Ozawa 
theory [48], the non-isothermal crystallization process is 
a result of infinitely small changes in isothermal crystal-
lization steps and the degree of relative crystallinity at a 
temperature T can be calculated as follows:

where Φ is the cooling rate, m is the Ozawa exponent that 
is related to the dimensions of the crystal growth, and K(T) 
is the crystallization rate constant. Equation  (6) can be 
expressed in a double logarithmic form as:

(6)1 − Xt = exp

[

−K(T)

�m
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A temperature range is taken into account for each 
peak of crystallization, in order to obtain the traces from 
Ozawa’s method. Thus, by drawing the plot of Eq. (7) 
at a given temperature within this range, a series of 
straight lines could be obtained, if the Ozawa analysis 
is adequate to describe the crystallization process. The 
kinetic parameters m and K(T) can be derived from the 
slope and the intercept of the plot log[− ln(1 − Xt)] ver-
sus logΦ at a given temperature. The m parameter of 
neat PEX and PEX/THERM composites increases with 
increasing temperature. The rate constant K(T) was found 
to decrease as a result of the slower crystallization of the 
polymer at higher temperatures (Table 3). However, as 
shown in Fig. 6, deviation from linearity is observed for 
all the samples when cooling rates varies, as the coef-
ficient of determination values (R-squared) is lower than 
0.98 in most cases. This is due to the fact that, at a given 
temperature, the crystallization process at different cool-
ing rates is at different stages, i.e., at the lower cooling 
rate the crystallization process is at its end, while at the 
higher cooling rate, the crystallization process is in its 
initial phase. This implies that the Ozawa equation fails to 
describe the non-isothermal crystallization of PEX and its 
composites. Also, it is important to note that the Ozawa 
method ignores secondary crystallization and transcrys-
tallization effect [49, 50]. 

To describe the non-isothermal crystallization process, 
Mo proposed a combination of the Avrami and Ozawa 
equations [51]:

(7)log
[

− ln
(

1 − Xt

)]

= logK(T) + m ⋅ log�

(8)log k + n ⋅ log t = logK(T) − m ⋅ log�

(9)log� = logF(T) − � ⋅ log t

Table 2   Avrami exponent 
and Zc of neat PEX and PEX/
THERM composites, under 
non-isothermal conditions 
for the linear fitting of two 
regions at 2.5 and 5 K min−1 
and of a single region at 10 and 
15 K min−1

Cooling 
rate/K min−1

n1 Zc1 R1
2 n2 Zc2 R2

2

PEX 2.5 2.3 0.6 0.9991 1.9 0.6 0.999
5 2.2 0.9 0.999 2 0.9 0.9992
10 2.1 1 0.9996 – – –
15 2.1 1.1 0.9994 – – –

PEX/1 THERM 2.5 2.4 0.7 0.9996 1.9 0.7 0.9991
5 2.2 1 0.999 1.9 1 0.9992
10 2.1 1.1 0.9995 – – –
15 2.1 1.1 0.9996 – – –

PEX/2.5 THERM 2.5 2.3 0.8 0.9996 1.9 0.8 0.9995
5 2.1 1 0.9991 1.9 1 0.9992
10 2 1.1 0.9996 – – –
15 2.1 1.1 0.9996 – – –

PEX/5 THERM 2.5 2.3 0.8 0.9995 1.9 0.8 0.9994
5 2.2 1 0.9991 1.9 1 0.9992
10 2.1 1.1 0.9995 – – –
15 2.1 1.1 0.9996 – – –

Table 3   Crystallization kinetic parameters based on the Ozawa 
method for neat PEX and PEX/THERM composites under non-iso-
thermal conditions

T/K m logK R2

PEX 389 1.8 0.9 0.984
388 1.5 0.9 0.99
387 1.4 1 0.9941
385 1.3 1.2 0.9998
383 1.6 1.6 0.9777

PEX/1 THERM 390 2 1 0.954
389 1.6 1 0.9738
388 1.5 1.1 0.9872
387 1.4 1.2 0.9951
386 1.7 1.6 0.9797

PEX/2.5 THERM 391 2.5 1.2 0.9551
390 2 1.1 0.9847
389 1.7 1.2 0.944
388 1.6 1.3 0.9998
387 1.8 1.6 0.9943

PEX/5 THERM 391 3.2 1.4 0.8908
390 2.2 1.1 0.9512
389 1.8 1.1 0.9743
388 1.6 1.1 0.9869
387 1.5 1.3 0.9954
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where F(T) = [K(T)/Zt]1/m, Φ is the cooling rate and α is the 
ratio between the Avrami and Ozawa exponents n/m. Param-
eter F(T) has a definite physical and practical meaning and 
represents the necessary value of cooling rate to reach a cer-
tain degree of crystallinity at unit crystallization time [51].

The plots of logΦ as a function of logt at various degrees 
of crystallinity for neat PEX and PEX/THERM composites 
are shown in Fig. 7. In all cases, good linearity of the plots 
is observed since the coefficient of determination values 
(R-squared) is larger than 0.98 at any case [52, 53]. The 

Fig. 6   Plots of log [− ln 
(1 − Xt)] versus logΦ for the 
non-isothermal crystalliza-
tion of a neat PEX, b PEX/1 
THERM, c PEX/2.5 THERM, 
and d PEX/5 THERM com-
posites
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values of parameters α and F(T) were obtained by the inter-
cepts and the slopes of the fitted lines, respectively, as shown 
in Table 4. It was found that the value of F(T) increases with 
increasing degree of crystallinity because, at low values of 
X(t), the polymer matrix is at its melt state and the crys-
tallization rate is high. Furthermore, F(T) parameter of the 
PEX/THERM composites presents lower values compared 
to neat PEX until the 60% of relative degree of crystallin-
ity. This indicates that the graphite particles facilitate the 
crystallization process of PEX composites leading to higher 
crystallization rates, as it was earlier proposed by the results 
from the Avrami modified by Jeziorny approach (Table 2). 
Parameter α remains almost constant for each of the sample 
at different degrees of crystallinity, and it takes values from 
1.6 to 2 similar to the literature results for the crosslinked 
polyethylene [33]. 

Crystallization activation energy

Activation energy is the energy required for a phase transfor-
mation process to happen. Since there are multiple simulta-
neous steps during the crystallization process, the activation 
energy should be described as an effective activation energy 
[54]. Crystallization of polymers is a process controlled by a 
dynamic factor associated with the activation energy for the 
transport of the macromolecular segments to the surface of 
crystal growth and a static factor related to the free energy 
barrier for nucleation [55]. The effective activation energy 
for crystallization is usually evaluated using isoconversional 
methods. A characteristic isoconversional method to evalu-
ate the dependence of activation energy on the degree of 
relative crystallinity and temperature during non-isothermal 
crystallization is Friedman’s method given by the following 
equation [56]:

where dXt/dt is the instantaneous crystallization rate at a 
given relative degree of crystallinity Xt, R is the universal gas 
constant 8314 J mol−1 K−1, and ΔEXt is the effective energy 

(10)ln

(

dXt

dt

)

Xt

= constant −
ΔE

Xt

R ⋅ T
Xt

barrier of the crystallization process for a certain value of 
Xt. By plotting ln(dXt/dt) versus 1/TXt, the value of −ΔEXt/R 
for a given degree of crystallinity can be obtained by the 
slope of the fitted line. Figure 8 presents the dependence 
of the effective activation energy on the degree of relative 
crystallinity for the neat PEX and PEX/THERM composites. 
The values of ΔEXt were found to be negative because the 
crystallization rate increases as the temperature decreases as 
a result of the decrease in the free energy barrier to nuclea-
tion [25]. Moreover, ΔEXt increases with increasing relative 
crystallinity indicating the difficulty of the polymer system 
to crystallize as the crystallization proceeds. The ΔEXt val-
ues of PEX/1 THERM composite are lower than neat PEX, 
PEX/2.5 THERM, and PEX/5 THERM composites when the 
degree of crystallinity is lower than 90% suggesting that the 
introduction of 1 mass% of the filler accelerates the crystal-
lization process. When Xt value reaches 90%, the ΔEXt of 
PEX/1 THERM composite takes almost equal value with the 
activation energy of neat PEX. The crystallization process is 
controlled by two stages, nucleation and crystal growth. The 
graphite particles in the matrix act as nucleation agent mak-
ing the early stage of crystallization easier. However, when 
the nuclei have been formed at the later stage of crystalliza-
tion, the effect of particles on the crystallization process is 
weakened [38] leading to higher values of ΔEXt. Composites 

Table 4   Crystallization kinetic 
parameters based on the Mo 
method for neat PEX and PEX/
THERM composites, under 
non-isothermal conditions

Relative 
Crystallin-
ity/%

PEX PEX/1 THERM PEX/2.5 THERM PEX/5 THERM

a logF R2 a logF R2 a logF R2 a logF R2

20 1.7 0.3 1 1.7 0.2 0.9993 1.9 0.4 0.9912 1.7 0.3 1
40 1.7 0.6 0.9992 1.8 0.5 1 2 0.4 0.9917 1.7 0.6 0.9992
60 1.7 0.8 0.9991 1.7 0.7 0.9994 1.9 0.6 0.9892 1.7 0.8 0.9991
80 1.6 1 0.9994 1.7 0.9 0.9992 1.9 0.9 0.9876 1.6 1 0.9996
100 1.6 1.4 0.9977 1.7 1.3 0.9961 1.9 1.3 0.9804 1.6 1.4 0.9977
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Fig. 8   Dependence of the effective activation energy on the relative 
crystallinity for PEX and its composites
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with 2.5 and 5 mass% filler content present slightly lower 
ΔEXt values than neat PEX until 20% degree of relative crys-
tallinity suggesting that the nucleating effect takes place in 
the early stages of the crystallization, and thus, the presence 
of the filler facilitates nucleation process. For Xt greater than 
20%, the activation energy of PEX/2.5 and PEX/5 THERM 
composites has almost the same value as neat PEX.

Figure 9 presents the variation in the effective activa-
tion energy with the average temperature of neat PEX and 
PEX/THERM composites at specific Xt for different cooling 
rates. The value of ΔEXt increases as the average temperature 
decreases due to the difficulty of the matrix to crystallize at 
such low temperatures. It is also observed that the crystalli-
zation of PEX/THERM composites begins at slightly higher 
temperatures compared to neat PEX due to the nucleating 
effect as was previously suggested.

Using the variation in the ΔEXt values with the average 
temperature, the parameters related to crystal growth can 
be estimated by associating the isoconversional principle 
with the Hoffman–Lauritzen theory [57]. According to Vya-
zovkin et al. [58], who combined the Hoffman–Lauritzen 
theory and the isoconversional approach, the effective acti-
vation energy is dependent on the temperature according to 
the following equation:

(11)ΔEXt
= −R ⋅

d ln (G)

dT−1
= U

∗
⋅

(

T2

(

T − T∞

)2

)

+ Kg ⋅ R ⋅

(
(

T
0
m

)2
− T2 − T0

m
⋅ T

(

T0
m
− T

)2
⋅ T

)

where G is the spherulite growth rate, U* is the activa-
tion energy of the segmental jump which characterizes the 
molecular diffusion across the interfacial boundary between 
melt and crystalline phases, and is usually set equal to 
6.28 kJ mol−1 [59]; T∞ = Tg-30 (where T∞ = 135 K in this 
work [60, 61]) is the temperature at which the diffusion 
stops and all segmental motion is frozen, while T0

m
 is taken 

equal to the equilibrium melting temperature of polyethyl-
ene [62] since it has been reported that the crosslinks do 
not affect the melting point of PE [63]. Using Eq. (11), the 
Lauritzen–Hoffman parameter Kg- can be calculated from 
the overall rates of non-isothermal crystallization by fitting 
of the equation above to the experimental data obtained by 
the isoconversional method of Friedman.

As shown in Fig. 9, the ΔEXt values of all the samples 
present a breaking point, and two regions of the effec-
tive activation energy dependence on the temperatures 
are noticeable. For this reason, Eq. (11) was fitted to the 
experimental data for the two different temperature ranges, 
for each sample. Table 5 presents the temperature ranges 
of neat PEX and its composited as well as the calculated 
values of Kg corresponding to different temperature ranges. 
It has been reported that a breaking point on the ΔEXt(T) 
dependence could indicate a change in the crystallization 

mechanism[64]. However, according to Phillips et al. the 
crosslinked polyethylene generally follows crystallization 
regime III [31, 65]. In addition, the ratio of the calculated 
Kg values derived from the two different regions A and B is 
almost equal to 1 for all the samples, which is considerably 
smaller than the theoretical value 2, which corresponds to 
the change in the crystallization mechanism from regime II 
to regime III [59]. Therefore, the existence of the breakpoint 
on the ΔEXt(T) plot cannot be assigned to this transition 
and could be attributed to a change in the crystallographic 
orientation of the growth front [66].

According to Table 5, the Kg values of PEX/THERM 
composites present a minor decrease compared to the ones 
of neat PEX. This indicates that the formation of critical 
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Fig. 9   Dependence of the effective activation energy on the tempera-
ture for PEX and its composites

Table 5   Calculated Kg values 
of PEX and PEX/THERM 
composites for the two different 
temperature regions, according 
to the Hoffman–Lauritzen 
theory combined with the 
isoconversional approach

T range of 
region A/K

Kg of region A/K2 T range of 
region B/K

Kg of region B/K2

PEX 390–386 0.55 × 105 385–381 0.63 × 105

PEX/1 THERM 390–387 0.54 × 105 386–383 0.6 × 105

PEX/2.5 THERM 390–387 0.52 × 105 386–383 0.53 × 105

PEX/5 THERM 390–387 0.51 × 105 386–382 0.55 × 105
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size of PEX nuclei required slightly less energy in case of 
the PEX/THERM composites. These results are consistent 
with the analysis of crystallization kinetics which indicates 
a higher crystallization rate of PEX composites.

Conclusions

Crosslinked high-density polyethylene composites with 
various loadings of graphite particles were prepared, in this 
work, using the melt mixing method. The non-isothermal 
crystallization kinetics of neat PEX and PEX composites 
filled with graphite particles was studied using differential 
scanning calorimetry, for the first time. The incorporation 
of the graphite particles resulted in a slightly higher crystal-
lization temperatures suggesting a nucleation effect on PEX. 
Both modified Avrami’s and Mo’s methods were effective 
to describe the non-isothermal crystallization of PEX and 
its composites. Particularly, from the Avrami modified by 
Jeziorny analysis it is concluded that the incorporation of the 
graphite particles did not affect the crystallization mecha-
nism of the matrix but resulted in higher crystallization rates 
of PEX. Mo analysis, which was conducted for the first time 
for PEX and PEX graphite composites, indicates that the 
presence of the filler facilitated the crystallization process. 
The isoconversional method of Friedman was applied in 
order to evaluate the effective activation energy of the crys-
tallization of PEX and its composites. The incorporation 
of 1 mass% filler led to lower values of activation energy 
suggesting that the crystallization of PEX was facilitated. 
Composites with 2.5 and 5 mass% filler content presented 
slightly lower ΔEXt values at low degree of relative crystal-
linity due to the nucleating effect of the graphite particles. 
The Hoffman–Lauritzen theory combined with the isocon-
versional approach was also applied on the experimental 
data. It was found that the crystallization mechanism was not 
affected by the incorporation of the filler as was suggested 
by the Avrami’s analysis. Kg parameter of PEX composites 
presented slightly lower values compared to neat PE suggest-
ing that less energy was needed for the formation of critical 
size of PEX nuclei in the composites. Further research is 
currently conducted on the effect of the graphite loading on 
the thermal conductivity and mechanical properties of PEX 
and will be presented in a future article.
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