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Abstract

The isothermal and non-isothermal crystallization kinetics of modified rape straw flour/high-density polyethylene (MRSF/HDPE) composites
were investigated by means of differential scanning calorimetry (DSC). The Avrami model was applied to describe the process of isothermal
crystallization. According to Hoffman–Weeks theory, the values of the equilibrium melting point (T 0

m) increased with an increase in the content
of MSRF in the composites. The nucleation constant Kg was obtained through the use of the Hoffman and Lauritzen theory. Several theoretical
models were applied to describe the process of non-isothermal crystallization. The results showed that the Avrami analysis modified by Jeziorny
and a method developed by Mo could describe the non-isothermal crystallization of the composites very well. However, the Ozawa analysis did
not give an adequate description. Kinetic parameters such as the Avrami exponent (n), the kinetic crystallization rate constant (Zc), the peak
temperatures (Tpeak), the half-time of crystallization (t1/2), and the like were determined at various scanning rates.
Crown Copyright © 2008 Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

High-density polyethylene (HDPE) is currently the most
widely used commercial polymer due to its superior mechan-
ical and physical properties. However, its toughness, weather
resistance, processability, and environmental stress cracking re-
sistance are not good enough, which have thus limited its appli-
cation in many high-technology fields. Reinforcing it with some
fillers to form a composite has been found to be one measure to
improve its properties [1–3].

Wood fiber plastic composites (WPCs) have gained signif-
icant popularity in the last decade [4–7]. However, there have
been few recent investigations on rape straw flour/high-density
polyethylene composites as WPCs. When rape straw flour is
added to plastics, stiffness is enhanced which is an advantage
in certain areas of use. When proper coupling agents are used
to improve fiber-matrix adhesion, rape straw flour can also be
used to reinforce the plastic. There are also economical and en-

* Corresponding author. Tel.: +86 2763 215853; fax: +86 2787 286608.
E-mail address: xionghanguo@163.com (H. Xiong).
1290-0729/$ – see front matter Crown Copyright © 2008 Published by Elsevier Ma
doi:10.1016/j.ijthermalsci.2008.06.010
vironmental reasons for replacing part of the plastic with rape
straw flour.

The crystallization behavior of polymer is a basic problem
in polymer physics. Particularly, the filler in a polymer will
affect extensively the crystallization behavior of the polymer-
based composites [8]. Crystallization of polymers is usually
studied by the DSC method. The crystallization process can
proceed under either isothermal condition or non-isothermal
conditions. From the practical view, the non-isothermal crys-
tallization is more useful than the isothermal crystallization.
There are many papers on studying the crystallization kinetics
of polyethylenes or polyethylene composites [9–12]. Zheng et
al. [13] investigated the crystallization behavior of rare earth
neodymium-iron-boron (NdFeB) magnetic powder/high den-
sity polyethylene composite. The results showed there was a
remarkable heterogeneous nucleation effect of NdFeB on the
HDPE matrix. Run et al. [14] reported non-isothermal crystal-
lization kinetics of ternary blends of the mPE/LDPE/LLDPE
using DSC at various scanning rates. The results speak that Mo
method is successful in describing the non-isothermal crystal-
lization process of mPE/LLDPE/LDPE ternary blends, while
Ozawa theory is not accurate to interpret the whole process of
sson SAS. All rights reserved.
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nonisothermal crystallization. But few publications have been
found concerning the crystallization kinetics of WPCs, espe-
cially rape straw flour/high-density polyethylene composites. In
this paper, the isothermal and non-isothermal crystallization ki-
netics of HDPE and MRSF/HDPE composites are investigated.
From DSC measurements, a study on isothermal crystallization
kinetics is performed using the Avrami theory, and the crystal-
lization activation energy is also calculated using the Hoffman
and Lauritzen theory. It is well known that polymer and com-
posites usually undergo a non-isothermal crystallization pro-
cess, especially in practical processing. The investigation of
crystallization behavior can serve to guide the process and ap-
plication. Tonset is relevant to industrial processing so it is thus
desirable to study the crystallization of MRSF/HDPE compos-
ites under non-isothermal conditions. This is especially impor-
tant because isothermal crystallization conditions are rarely met
during practical processing. In our study, several theoretical
models were applied to describe the process of non-isothermal
crystallization.

2. Experimental method

2.1. Materials

Rape straw flour (RSF) with a size of 74 µm was pro-
vided by the National Engineering Research Center of Rape-
seed, China. It was first dried in 170 ◦C for 24 hours, then the
surface of RSF was modified by a silane coupling agent (SG-
Si900) (RSF/SG-Si900 100/2 by weight) which was purchased
from Nanjing Shuguang Chemical Co. before use. Meanwhile,
HDPE (5000 s) which was used without any treatment and has
a melt index of 0.7 g/10 min is a product of Daqing Petrochem-
ical Co.

2.2. Preparation of the MRSF/HDPE composites

The HDPE and rape straw flour modified with a silane cou-
pling agent were mixed in a roller at 145–150 ◦C for 15–20 min.
The resulting sheet was compression molded at 170 ◦C into a
1 mm-thick sheet under a pressure of 9 MPa for 15 min and then
was kept at room temperature. The ratios of HDPE/modified
rape straw flour (MRSF) particle are 100/0, 100/20, 100/40,
100/60, 100/80, and 100/100 according to weight, respec-
tively.

2.3. Thermal measurements

The isothermal and non-isothermal crystallization kinetics
of MRSF/HDPE composites was carried out on a Nexus DSC
204F1 in nitrogen atmosphere. The temperature and melting en-
thalpy were calibrated with standard indium at each cooling rate
in the measurement. As to the isothermal crystallization kinet-
ics, the samples of 5–10 mg were encapsulated into aluminum
pans and were rapidly heated at a rate of 40 ◦C/min to 170 ◦C
above the melting temperature. They stayed there for 1 min to
eliminate any residual crystals, and then were rapidly cooled
to the designated crystallization temperature (Tc) at a rate of
40 ◦C/min. The three different temperatures were in the range
of 120–122 ◦C for each sample in the isothermal crystallization
process. After which, the samples were held at their desig-
nated temperature for 10 min until crystallization was complete.
The specimens were subsequently heated to 170 ◦C at a rate
of 10 ◦C/min. As to the non-isothermal crystallization kinetics,
the samples of 5–10 mg were encapsulated into aluminum pans
and were heated first up to 170 ◦C rapidly from 50 ◦C, and this
temperature was maintained for 5 min in order to eliminate the
thermal history of the samples. Then the samples were cooled
down to 50 ◦C at four different cooling rates of 2.5, 5, 10 and
15 ◦C /min, respectively.

2.4. Polarized optical microscopy (POM) measurements

The spherulite growth process and the developed crystal
morphology were observed on an Olympus polarized optical
microscopy (POM) with BX51 M system, which is equipped
with a Mettler Toledo FP82HT hot stage and a Mettler Toledo
FP90 controller. The samples were firstly melted between two
glass slides at 200 ◦C for 10 min in a hot stage and then trans-
ferred fleetly into another hot stage in the microscopy, which
was preheated and kept at 123 ◦C. The digital images of crys-
tallization process were recorded with the integrating BX51 M
video camera system.

3. Results and discussion

3.1. Isothermal crystallization kinetics of MRSF/HDPE
composites

3.1.1. Isothermal crystallization behavior of the HDPE and
MRSF/HDPE composites

The isothermal thermograms of the HDPE and MRSF/HDPE
composites obtained by cooling a molten polymer to the crys-
tallization temperature (Tc) are shown in Fig. 1. It can be seen
that the crystallization of HDPE is strongly affected by Tc. With
an increase in Tc, the exothermic peaks shifted to a higher
value, the crystallization exothermic peak became flatter, and
the time to reach the maximum degree of crystallization in-
creased. This indicates that the crystallization rate decreases
with an increase in Tc . The influence of crystallization tem-
perature on crystallization is similar for both the HDPE and
MRSF/HDPE composites. However, adding MRSF prolongs
the time to reach the half degree of crystallization shown in
Table 1, indicating a decrease in crystallization rate. This im-
plies that the MRSF cannot act as a nucleating agent for the
HDPE matrix, and a large MRSF size can lessen the adsorption
of MRSF to the HDPE chain due to steric hindrance.

The relative degree of crystallinity (Xt ) is obtained from the
area of the exothermic peak of isothermal crystallization analy-
sis in DSC. Xt is a function of time, which is plotted in Fig. 2.
It can be seen that all of the curves have the same “S” shape.
Furthermore, characteristic sigmoid isotherms shift to the right
with an increase in isothermal crystallization temperature, and
the crystallization rate becomes slower.
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Fig. 1. The DSC traces of samples isothermally crystallized at the specified temperature: (a) HDPE:MRSF = 100:0; (b) HDPE:MRSF = 100:20; (c) HDPE:MRSF =
100:40; (d) HDPE:MRSF = 100:60; (e) HDPE:MRSF = 100:80; (f) HDPE:MRSF = 100:100 (by weight).
Table 1
Avrami kinetic parameters from the Avrami equation for the isothermal crys-
tallization of samples

Samples Tc (◦C) t1/2 (s) n K (min−1)

HDPE/MRSF 120 38.2 2.4 1.21
(100/0 w/w) 121 60.6 2.3 0.67

122 68.2 2.3 0.52
HDPE/MRSF 120 65.3 2.6 0.57
(100/20 w/w) 121 76.9 2.7 0.27

122 86.0 2.2 0.42
HDPE/MRSF 120 76.6 2.8 0.36
(100/40 w/w) 121 91.8 2.9 0.20

122 95.4 2.7 0.20
HDPE/MRSF 120 51.4 2.3 1.00
(100/60 w/w) 121 57.0 2.3 0.79

122 68.1 2.2 0.54
HDPE/MRSF 120 51.5 2.3 1.01
(100/80 w/w) 121 55.9 2.3 0.82

122 65.2 2.4 0.58
HDPE/MRSF 120 62.2 2.6 0.63
(100/100 w/w) 121 62.8 2.3 0.63

122 68.1 2.2 0.53

Generally, the analysis of the isothermal crystallization ki-
netics of polymers and polymer composites was performed us-
ing the classical Avrami equation [15–17] as given in Eq. (1)

1 − Xt = exp(−Ktn) (1)
where the K and n values denote the crystallization rate con-
stant and the Avrami exponent, respectively. Both K and n de-
pend on the nucleation and growth mechanisms of spherulites.
Xt is the relative crystallinity of the polymers at different tem-
peratures or time, t is the time taken during the crystallization
process.

In order to deal conveniently with the operation, Eq. (1) is
usually rewritten as a double logarithmic form as follows:

ln
[− ln(1 − Xt)

] = lnK + n ln t (2)

Plotting ln[− ln(1 − Xt)] versus ln t for each cooling rate as
shown in Fig. 3, it can be seen that each curve shows an almost
linear relationship. This indicates that the Avrami equation can
properly describe the isothermal crystallization behavior of the
samples. From the slope and intercept of the lines, the Avrami
exponent n and the crystallization rate K can be determined.
Meanwhile, the crystallization half-time t1/2 is defined as the
time at which the extent of crystallization is 50%.

The Avrami exponent n, the crystallization rate K , and the
crystallization half-time t1/2 at different crystallization tem-
peratures are listed in Table 1. In the Avrami expression, the
Avrami exponent n provides qualitative information on the na-
ture of nucleation and the growth processes. The n values of
MRSF/HDPE composites are roughly larger than those of neat
HDPE at the same Tc (Table 1). The values of K , which is re-
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Fig. 2. Plots of Xt versus t for the isothermal crystallization of samples at the specified temperature: (a) HDPE:MRSF = 100:0; (b) HDPE:MRSF = 100:20;
(c) HDPE:MRSF = 100:40; (d) HDPE:MRSF = 100:60; (e) HDPE:MRSF = 100:80; (f) HDPE:MRSF = 100:100 (by weight).

Fig. 3. Plots of ln[− ln(1 − Xt )] versus ln t for the isothermal crystallization of samples at the specified temperature: (a) HDPE:MRSF = 100:0; (b) HDPE:
MRSF = 100:20; (c) HDPE:MRSF = 100:40; (d) HDPE:MRSF = 100:60; (e) HDPE:MRSF = 100:80; (f) HDPE:MRSF = 100:100 (by weight).
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Table 2
Values of T 0

m , Kg and σ at various Tc for HDPE and MRSF/HDPE composites

Samples T 0
m (K) Kg (K2) σ (J/m2)

HDPE/MRSF 413.9 3.006 × 105 1.903 × 10−2

(100/0 w/w)
HDPE/MRSF 420.4 1.502 × 105 9.361 × 10−3

(100/20 w/w)
HDPE/MRSF 422.0 1.224 × 105 7.602 × 10−3

(100/40 w/w)
HDPE/MRSF 423.8 1.529 × 105 9.456 × 10−3

(100/60 w/w)
HDPE/MRSF 426.6 1.303 × 105 8.006 × 10−3

(100/80 w/w)
HDPE/MRSF 426.5 5.961 × 104 3.663 × 10−3

(100/100 w/w)

lated to nucleation rate and growth processes, decreased with
an increase in Tc in all the cases (Table 1). The incorpora-
tion of MRSF significantly increased the crystallization kinetic
constant K , suggesting that MRSF cannot act as effective nu-
cleating agents and decelerate the crystallization of HDPE in
the composites. Generally, t1/2 is used to characterize the crys-
tallization rate. The longer the t1/2, the slower the crystalliza-
tion rate. In all samples, t1/2 increases with an increase in Tc.
The t1/2 values of the composites are higher than those of neat
HDPE. This implies that MRSF decelerates the crystallization
of HDPE in the composites, which is in accordance with the
above result.

3.1.2. Equilibrium melting point (T 0
m)

To carry on with the quantitative analysis of crystallization
behavior, especially to investigate the temperature dependence
of crystallization rate, it is necessary to determine the equilib-
rium melting point as accurately as possible. The reliable esti-
mation of the equilibrium melting point can be made by careful
DSC studies. According to the Hoffman–Weeks theory [18],
the equilibrium melting point may be deduced by plotting the
observed apparent melting temperature (Tm) against the crys-
tallization temperature (Tc). The equilibrium melting point is
obtained by an extrapolation of the resulting straight line to in-
tersect the line Tm = Tc. The values of T 0

m are listed in Table 2.
As is shown in the table, the values of T 0

m increase with an in-
crease in content of MSRF in the composites.

3.1.3. Hoffman and Lauritzen theory
From the isothermal crystallization, the growth rate of crys-

tallization, G, defined as G = 1/(t1/2), is obtained from the
endotherm morphology of DSC analysis. The growth rate of
crystallization can be expressed as follows according to the
Hoffman and Lauritzen theory [19]:

G = G0 exp

[
− U∗

R(Tc − T∞)

]
exp

[
− Kg

Tc�Tf

]
(3)

where G0 is a pre-exponential term, �T is equal to T 0
m − Tc,

R is the universal gas constant, U∗ is the diffusional acti-
vation energy for the transport of crystallizable segments at
the liquid–solid interface, and the recommended values U∗ =
6280 J/mol [19]. Tc is the crystallization temperature, and
T∞ is the hypothetical temperature below which viscous flow
ceases. Meanwhile, Hoffman et al. found T∞ = Tg − 30 K;
f = 2Tc/(T

0
m + Tc).

It is most convenient to rearrange Eq. (4) as follows:

lnG + U∗/
[
R(Tc − T∞)

] = lnG0 − Kg/(Tc�Tf ) (4)

According to Eq. (4), a plot of lnG+U∗/[R(Tc −T∞)] against
1/(Tc�Tf ) should yield a straight line with an intercept lnG0
and a slope −Kg . The nucleation constant Kg is listed in Ta-
ble 2. The Kg for the MRSF/HDPE composites are lower than
those for pure HDPE.

The nucleation constant Kg contains contributions from the
surface free energies, and it can be obtained from Eq. (5):

Kg = rb0σσeT
0
m

k�H 0
m

(5)

where σ and σe are the lateral and surface free energies of
the growing crystal, respectively, the value of σe is 9.3 ×
10−2 J/m2, the recommended values �H 0

m = 293 J/g [20], and
b0 is the distance between two adjacent fold planes, taken to be
the perpendicular separation of planes. This is 0.415 nm [20].
k is the Boltzmann constant, and r is a variable that consid-
ers the crystallization regime and assumes the value 4 for the
regimes I and III, and the value 2 for the regime II. This is 4.
According to Eq. (5), σ is obtained and listed in Table 2. As
compared to pure HDPE, the decrease in σ indicates that the
crystallization ability of MRSF/HDPE composites is lower than
that of HDPE.

3.2. Non-isothermal crystallization kinetics of MRSF/HDPE
composites

3.2.1. Theoretical background
Just like isothermal analysis, non-isothermal crystallization

can also be analyzed by the Avrami equation, but considering
the non-isothermal characterization of the process investigated
and the effect of the cooling rate, Jeziorny [21] thought that was
corrected by the cooling rate as follows:

lnZc = lnZt

φ
(6)

where φ is the cooling rate, and Zc is the kinetic crystallization
rate constant.

Ozawa [22] extended the Avrami equation to the non-
isothermal condition. Assuming that the nonisothermal crystal-
lization process may be composed of infinitely small isothermal
crystallization steps, the following equation was derived:

1 − Xt = exp
[−K(T )/φm

]
(7)

or

ln
[− ln(1 − Xt)

] = lnK(T ) − m lnφ (8)

where K(T ) is the crystallization rate constant, Xt is the rel-
ative crystallinity, φ is the cooling rate, and m is the Ozawa
exponent depending on the crystal growth and nucleation mech-
anism. According to Ozawa’s theory, the relative crystallinity,
Xt , can be calculated from these equations. By drawing the



842 P. Zou et al. / International Journal of Thermal Sciences 48 (2009) 837–846
Table 3
Tonset, Tpeak, t1/2, n, Zc at different cooling rates

Samples φ (◦C/min) Tonset
(◦C)

Tpeak
(◦C)

�Hc

(J/g)
t1/2
(s)

n Zc

Neat HDPE 2.5 120.9 119.5 171.9 37 2.4 1.41
5 119.8 118.0 166.2 24 2.3 1.44

10 118.6 116.2 161.7 16 2.2 1.28
15 118.4 114.9 158.9 15 2.3 1.23

HDPE/MRSF 2.5 121.9 119.1 157.5 65 2.5 0.81
(100/20 w/w) 5 120.8 117.1 153.3 46 2.5 0.94

10 119.6 115.0 149.3 29 2.4 1.15
15 118.5 112.5 147.4 26 2.2 1.11

HDPE/MRSF 2.5 122.3 118.6 129.7 84 2.6 0.63
(100/40 w/w) 5 120.8 116.4 129.6 51 2.4 1.01

10 119.6 113.1 128.9 38 2.4 1.08
15 118.3 110.7 122.8 29 2.3 1.09

HDPE/MRSF 2.5 122.3 119.3 99.5 74 2.6 0.73
(100/60 w/w) 5 121.3 117.4 97.7 47 2.5 1.06

10 119.6 114.9 94.4 31 2.3 1.14
15 118.3 112.9 86.6 28 2.3 1.10

HDPE/MRSF 2.5 122.4 118.8 104.1 73 2.4 0.71
(100/80 w/w) 5 121.2 116.6 97.5 49 2.3 1.02

10 119.6 113.6 97.5 34 2.2 1.10
15 118.3 111.7 94.6 28 2.2 1.09

HDPE/MRSF 2.5 122.3 119.2 92.4 77 2.4 0.69
(100/100 w/w) 5 121.3 117.2 88.9 50 2.3 1.02

10 119.6 114.2 86.0 34 2.2 1.10
15 118.3 110.8 81.8 31 2.2 1.08

plot of ln[− ln(1 − Xt)] versus logφ at a given temperature,
we should obtain a series of straight lines if the Ozawa analysis
is valid, and the kinetic parameters m and K(T ) can be derived
from the slope and the intercept, respectively.

A method modified by Mo was also employed to describe
non-isothermal crystallization which combines the Avrami
equation with the Ozawa equation. Its final form is given as
follows [23]:

lnφ = lnF(T ) − α ln t (9)

where the parameter F(T ) = [K(T )/Zt ]1/m, and F(T ) refers
to the value of cooling rate chosen at unit crystallization time
when the system amounted to a certain degree of crystallinity.
The smaller the value of F(T ), the higher the crystallization
rate. Therefore, F(T ) has a definite physical and practical
meaning. Meanwhile, a refers to the ratio of the Avrami ex-
ponent n to the Ozawa exponent m (a = n/m). Plotting lgφ

versus ln t yields a linear relationship between lgφ and ln t . The
data of kinetic parameter F(T ) and a can be estimated from the
intercept and slope.

3.2.2. Non-isothermal crystallization behavior of HDPE and
MRSF/ HDPE composites

The non-isothermal crystallization exotherms of the neat
HDPE and MRSF/HDPE composites at four cooling rates of
2.5, 5, 10, and 15 ◦C/min are shown in Figs. 4 and 5. Some ki-
netic parameters can be derived from the DSC curves. They are
the peak temperature, Tpeak, the relative degree of crystallinity
Xt , crystallization enthalpy �Hc, starting crystallization tem-
perature Tonset, which is the temperature at the crossing point
of the tangents of the baseline and the high temperature side
Fig. 4. Non-isothermal crystallization exotherms of the neat HDPE.

Fig. 5. Non-isothermal crystallization exotherms of the HDPE/MRSF compos-
ite (100/60 W/W).

of the exotherm, and the half crystallization time, t1/2, which
are listed in Table 3. The effect of the different cooling rates
is as follows. The faster the cooling rate, the lower the tem-
perature range at which the crystallization occurs, and at a
slower cooling rate, there is sufficient time to activate nuclei
at higher temperature. On the contrary, at faster cooling rates,
the activation of the nuclei occurs at a lower temperature. t1/2

showed that the crystallization rate of HDPE was higher than
the MRSF/HDPE composites with given cooling rates, indi-
cating that the MRSF cannot act as a nucleating agent for the
HDPE matrix, and larger size of MRSF can lessen the adsorp-
tion of MRSF to HDPE chain due to steric hindrance. The
peak temperature Tpeak shifts to a lower temperature with an
increasing cooling rate for both the neat HDPE and the MRSF/
HDPE composites. For a given cooling rate, the Tpeak of the
MRSF/ HDPE composites is slightly higher than that of the
neat HDPE, indicating that the addition of MRSF into HDPE
increases the crystallization rate of HDPE. The half crystalliza-
tion time t1/2 decreased with the increasing cooling rate. The
crystallization enthalpy �Hc decreases as the cooling rate in-
creases, but is shifted to lower values when the MRSF loading
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Fig. 6. Plots of Xt versus T for crystallization of the neat HDPE.

Fig. 7. Plots of Xt versus T for crystallization of the HDPE/MRSF composite
(100/60 W/W).

in the composites increases. This means that the crystallization
of MRSF/HDPE composites becomes more imperfect than that
of the neat HDPE. The relative degree of crystallinity Xt is a
function of temperature which is plotted in Figs. 6 and 7. It can
be seen that all of the curves have the same reversed “S” shape.
However, because of shorter crystallization time at a faster cool-
ing rate, the values of Xt are lower than those that do at a slower
cooling rate at the same crystallization temperatures.

3.2.3. Avrami method
The plots of ln[− ln(1 − Xt)] versus ln t for the non-

isothermal crystallization of the neat HDPE and the MRSF/
HDPE composites (100/60 W/W) at four cooling rates of 2.5,
5, 10, and 15 ◦C/min are shown in Figs. 8 and 9. A good
linear relationship is shown. Two adjustable parameters, Zt

and n, can be obtained by linear regression. The Zt and n

parameters do not have the same physical meaning as in the
isothermal crystallization because the temperature varies con-
stantly in non-isothermal crystallization. This affects the rates
of both nuclei formation and spherulite growth ascribed to their
temperature dependence. Therefore, Zt must be calibrated by
the Jeziorny method. The reported values of n for polyethylene
in the literature range from 2 to 4 (mostly for isothermal crys-
Fig. 8. Plots of ln[− ln(1 − Xt )] versus ln t for the non-isothermal crystalliza-
tion of the neat HDPE.

Fig. 9. Plots of ln[− ln(1 − Xt )] versus ln t for the non-isothermal crystalliza-
tion of the HDPE/MRSF composite (100/60 W/W).

tallization). The values reported by Rabesiaka and Kovacs [24]
were in the range of 2.8–3.8. The results are listed in Table 3. As
can be seen from the table, the simplified assumption that crys-
tallization occurs under continuous temperatures is satisfied.
That the range of the n value is 2–3 suggests that the non-
isothermal crystallization of the neat HDPE and the MRSF/
HDPE composites corresponds to a tridimensional growth with
heterogeneous nucleation. The value of Zc increases roughly
while increasing the cooling rates for the neat HDPE and the
MRSF/ HDPE composites.

It is found that n displays a range of values, and decreases
as the crystallization temperature decreases. This result is con-
sistent with that of Eder and Wlochowicz’s work [25]. At least
two factors may affect the values of n. One factor is that the
fast crystallization rate of HDPE at lower temperatures (higher
supercoolings) prevents the spherulites from their full devel-
opment. Thereby the value of n is lowered. Another one is
that the growth site impingement, truncation of spherulites and
secondary crystallization may change the crystallization mech-
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anism. At higher crystalline volume fractions, the effects of
impingement, truncation of spherulites and secondary crystal-
lization become very important and decrease the overall crys-
tallization rate. Finally, the value of n is reduced.

At a given crystallization temperature, the values of n for
filled HDPE are lower than those for unfilled HDPE. It has been
reported that organic and inorganic pigments might accelerate
the non-isothermal and isothermal crystallization of HDPE and
decrease the Avrami exponent. However, the presence of min-
eral fillers in HDPE melt does not change the type of nucleation
and growth geometry. A possible explanation for the gradual
decrease in the value of n at lower crystallization temperatures
is that due to the non-isothermal nature of the experiment, the
overall crystallization rate would increase as the decrease of
temperature (higher supercooling). If nuclei are distributed in
clusters (non-uniformly), then the impingement effect may oc-
cur. As a result, the values of n are reduced [26].

3.2.4. The Ozawa method
The non-linear dependence of ln[− ln(1 − Xt)] upon lnφ

shows that the Ozawa equation is not suitable to describe
the non-isothermal crystallization in the neat HDPE and the
MRSF/HDPE composite. For polyethylene and its composites,
the crystallization is complicated due to an additional slow pro-
cess, referred to as secondary crystallization, which is consid-
ered to involve the improvement of the crystalline order. The
secondary crystallization effect for polyethylene may be due to
the unfulfilled Ozawa equation.

3.2.5. The Mo method
The plots of the lnφ versus ln t for the non-isothermal crys-

tallization of the neat HDPE and the MRSF/HDPE composites
at various relative crystallinities are shown in Figs. 10 and 11
from which the values of a and F(T ) can be obtained by the
slopes and the intercepts of these lines, respectively (Table 4).
It can be seen from Table 4 that the values of F(T ) systemat-
ically increase with an increase in the relative degree of crys-
tallinity. At a given degree of crystallinity, the higher the F(T )

value, the higher the cooling rate needed within unit crystal-

Fig. 10. Plots of the lnφ versus ln t for the non-isothermal crystallization of the
neat HDPE.
lization time, indicating the difficulty of polymer crystalliza-
tion. By comparing the values of F(T ) of different samples,
we have found that the values of neat HDPE are lower than
those of composites, indicating that the crystallization rate of
virgin HDPE is faster than that of MRSF/HDPE composites.
This is in accordance with the result obtained from the Avrami
approach.

3.3. Morphological observation

Fig. 12 shows POM images of pure HDPE and four MRSF/
HDPE composites with different sizes of RSF. In Fig. 12,

Fig. 11. Plots of the lnφ versus ln t for the non-isothermal crystallization of the
HDPE/MRSF composite (100/60 W/W).

Table 4
Non-isothermal crystallization kinetic parameters based on the Mo method

Samples Xt F(T ) α

Neat HDPE 0.2 0.38 1.84
0.4 0.72 1.90
0.6 1.15 1.94
0.8 1.90 1.91

HDPE/RSF 0.2 1.45 1.63
(100/20 w/w) 0.4 2.41 1.75

0.6 3.61 1.86
0.8 5.49 1.94

HDPE/RSF 0.2 2.01 1.63
(100/40 w/w) 0.4 3.45 1.71

0.6 5.13 1.78
0.8 7.51 1.85

HDPE/RSF 0.2 1.58 1.63
(100/60 w/w) 0.4 2.77 1.71

0.6 4.25 1.78
0.8 6.49 1.86

HDPE/RSF 0.2 1.55 1.72
(100/80 w/w) 0.4 2.84 1.80

0.6 4.44 1.86
0.8 6.90 1.90

HDPE/RSF 0.2 1.59 1.77
(100/100 w/w) 0.4 2.97 1.84

0.6 4.77 1.88
0.8 7.44 1.93



P. Zou et al. / International Journal of Thermal Sciences 48 (2009) 837–846 845
Fig. 12. Polarized optical micrographs at different time crystallizing at 123◦C
for: (a) neat HDPE; (b) HDPE:MRSF = 100:100 (by weight), size of RSF
is 245 µm; (c) HDPE:MRSF = 100:100, size of RSF is 149 µm; (d) HDPE:
MRSF = 100:100, size of RSF is 74 µm; (e) HDPE:MRSF = 100:100, size of
RSF is 37 µm (all white bars in images are 10 µm).

volume filling spherulites can be seen for pure HDPE and
the MRSF/HDPE composites (HDPE:MRSF = 100:100 by
weight). As compared with pure HDPE, the smaller sizes of
spherulites for four MRSF/HDPE 100/100 composites suggest
that the MRSF cannot act as a nucleating agent for the HDPE
matrix resulting as supported by DSC data. The reason can be
that MRSF with big size of respective 245, 149, 74, 37 µm can
be not nucleating centres and high ratio of MRSF and HDPE
lessen the adsorption of MRSF to the HDPE chain and HDPE
matrix is difficult to grow due to steric hindrance.

4. Conclusions

A systematic study of the isothermal and non-isothermal
crystallization kinetics of the neat HDPE and the MRSF/HDPE
composites has been performed by DSC.

For isothermal studies, as compared to the crystallization
process of neat HDPE, the values of the Avrami exponent n of
the MRSF/HDPE composites roughly increased. The t1/2 val-
ues of the composites are higher than those of neat HDPE. This
implies that MRSF decelerates the crystallization of HDPE in
the composites. According to the Hoffman–Weeks theory, the
values of the equilibrium melting point (T 0
m) increase with an

increase in the content of MSRF in the composites. Moreover,
according to the Hoffman theory, MRSF/HDPE composites had
a lower lateral free energy of the growing crystal for crystalliza-
tion than neat HDPE, which was related to the heterogeneous
nucleation effect of MRSF.

For non-isothermal studies, the crystallization kinetics of
each sample was investigated according to three various kinetic
models, namely, the Avrami method, the Ozawa method, and
the Mo method. The Avrami equation modified by Jeziorny’s
method and the Mo method are successful for describing the
non-isothermal crystallization process of the neat HDPE and
the MRSF/HDPE composites. Meanwhile, the Ozawa equa-
tion fails to provide an adequate description of non-isothermal
crystallization. In the Avrami method, the parameters Zc and
t1/2 suggest that for all samples, the rates of crystallization in-
crease with an increase in cooling rate. The changes in the n

value illustrate that the crystallization mechanism of the neat
HDPE and the MRSF/HDPE composites is different. Partic-
ularly, t1/2 showed that the crystallization rate of HDPE was
higher than that of the MRSF/ HDPE composites with given
cooling rates.
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