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ABSTRACT: The nonisothermal crystallization kinetics of
high-density polyethylene (HDPE) and polyethylene (PE)/
PE-grafted maleic anhydride (PE-¢-MAH)/organic-mont-
morillonite (Org-MMT) nanocomposite were investigated
by differential scanning calorimetry (DSC) at various cool-
ing rates. Avrami analysis modified by Jeziorny, Ozawa
analysis, and a method developed by Liu well described the
nonisothermal crystallization process of these samples. The
difference in the exponent #n, m, and a between HDPE and
the nanocomposite indicated that nucleation mechanism
and dimension of spherulite growth of the nanocomposite
were different from that of HDPE to some extent. The values
of half-time (t,,,), K(T), and F(T) showed that the crystalli-
zation rate increased with the increase of cooling rates for

HDPE and composite, but the crystallization rate of com-
posite was faster than that of HDPE at a given cooling rate.
Moreover, the method proposed by Kissinger was used to
evaluate the activation energy of the mentioned samples. It
was 223.7 k] /mol for composite, which was much smaller
than that for HDPE (304.6 k]/mol). Overall, the results in-
dicated that the addition of Org-MMT and PE-g-MAH could
accelerate the overall nonisothermal crystallization process
of PE. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
3054-3059, 2004
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INTRODUCTION

Crystallization is one of the most important behaviors
of crystallizable polymer. The final properties of com-
posites based on polymer in an engineering applica-
tion are critically dependent on extent of crystallinity
and the nature of crystalline morphology of polymer,
which in turn depend on the processing conditions. It
is, therefore, necessary to understand the relationship
between processing conditions and the development,
nature, and degree of crystallinity of composites based
on polymer.

Crystallization process of polymers can be studied
under either isothermal condition or nonisothermal
condition. Isothermal experiments are generally car-
ried out'™ because the theoretical analysis is easy to
handle and problems associated with cooling rates
and thermal gradients within specimens are avoided.
In practice, however, crystallization in a thermal en-
vironment being continuously changing is of great
interest because industrial processes generally pro-
ceed under nonisothermal conditions. Therefore, more
and more attention has been paid to the nonisothermal
crystallization process of polymers.*™
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Polyethylene (PE) is a typical crystallizable polymer
and is widely used because of its high strength, cheap
cost, and excellent processibility. Crystallization be-
havior of PE has been well studied because of its great
significance in academic and engineering aspects.'?~'*

Because the Toyota group developed a montmoril-
lonite/nylon nanocomposite with excellent mechani-
cal properties, the use of a clay mineral as a reinforce-
ment material for polymer nanocomposites has
aroused great interest.">'” Nanocomposites based on
PE were also prepared because of prospect.'®'* How-
ever, most of the reports concentrated on the physical
and mechanic properties of nanocomposites. In our
previous work, we successfully prepared PE/PE-
grafted maleic anhydride/organic-montmorillonite
(PE/PE-¢-MAH/Org-MMT) via direct melt intercala-
tion. In this article, nonisothermal crystallization ki-
netics were investigated and data obtained were ana-
lyzed with several modified Avrami equations. The
crystallization activation energies of high-density
polyethylene (HDPE) and PE/PE-g-MAH/Org-MMT
were also calculated by an evaluation proposed by
Kissinger.?

EXPERIMENTAL
Materials

HDPE used was purchased from Yanshan Petrochem-
ical Co. Ltd. (Beijing, China) and used without any



PE/PE-g-MAH/Org-MMT NANOCOMPOSITES. 1II

-104 c
204

=304

endo

HDPE

T T
380 400
Temperature (K}

T
340 360 420

3055

0 a
104 c
d
204
.30
40
1 PE/PE-g-MAH/Org-MMT
-50 T T T T T
340 360 380 400 420
Temperature (K)

Figure1 DSC patterns for HDPE and PE/PE-¢-MAH/Org-MMT (88 : 9 : 3) during the nonisothermal crystallization process
at the following cooling rates: (a) 5 K/min, (b) 10 K/min, (c) 20 K/min, (d) 40 K/min.

treatment (the brand was 5000s). Montmorillonite was
available from Lin’an Chemistry Agent Factory (Zhe-
jiang, China). Surfactants used were purchased from
Shanghai Cleansing Agent Factory (Shanghai, China).
PE-¢-MAH (with 1.09 wt % maleic anhydride grafted
level) and organic montmorillonite (300 mules) were
synthesized by our laboratory.

Preparation of PE/PE-MAH/Org-MMT

PE-g-MAH and Org-MMT were melt mixed in a roller
mill at 145-150°C for 15 min at a certain prescription
(3:1) to make a master batch; then the master batch
and conventional PE were melt mixed at a certain
prescription (12 : 88) in a roller mill at 150-155°C for
15 min. The resulting sheet was compression molded
at 160°C for 30 min into a plate with a thickness of 4
mm.

Nonisothermal DSC crystallization

A Mettler Toledo DSC-821E apparatus was used to
measure nonisothermal crystallization kinetics of
HDPE and PE/PE-g-MAH/Org-MMT (88 :9 : 3). The
temperature and heat flow were calibrated with in-
dium at a corresponding cooling rate. All measure-
ments were carried out in nitrogen atmosphere. The
raw samples were held at 180°C for 5 min to eliminate

any previous thermal history and then were cooled at
constant rates of 5, 10, 20, or 40°C/min. The exother-
mic crystallization curves were then recorded as a
function of temperature.

RESULTS AND DISCUSSION

Crystallization behavior of HDPE and PE/PE-g-
MAH/Org-MMT nanocomposite

The crystallization exotherms of HDPE and PE/PE-g-
MAH/Org-MMT nanocomposite at various cooling
rates are presented in Figure 1. Some useful parame-
ters, such as the crystallization peak temperature (T}
and relative degree of crystallinity (X,) as a function of
crystallization temperature, can be obtained from
these curves to describe the nonisothermal crystalliza-
tion behavior of HDPE and PE/PE-¢-MAH/Org-
MMT. At a given cooling rate, T, of PE/PE-g-MAH/
Org-MMT nanocomposite is higher than that of HDPE
as shown in Table I. This phenomenon can be ex-
plained by the heterogeneous nucleation effect of the
Org-MMT particle and PE-g-MAH on PE macromole-
cule segments. Melted PE macromolecule segments
can be easily attached to the surface of the Org-MMT
particle, which leads to crystallization of PE molecules
at a higher crystallization temperature.

TABLE I
Nonisothermal Crystallization Kinetic Parameters for HDPE and PE/PE-g-MAH/Org-MMT Nanocomposite

Sample ¢ (K/min) n Z, t1,5 (s) T, (K) AE (kKJ/mol)

HDPE 5 1.51 0.94 45.0 390.3 304.6

10 1.51 1.04 33.6 387.9

20 1.57 1.05 222 384.7

40 1.60 1.06 18.0 381.8
PE/PE-g-MAH/Org-MMT 5 1.76 0.96 354 392.8 223.7

10 1.73 1.05 26.4 389.2

20 1.74 1.06 19.8 386.4

40 1.80 1.09 15.0 382.5
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Figure 2 Patterns of X, versus T during the nonisothermal
crystallization process of PE/PE-g-MAH/Org-MMT (88:9: 3).

Nonisothermal crystallization kinetics of PE and
PE/PE-g-MAH/Org-MMT nanocomposite

The relative degree of crystallinity, X,, as a function of
crystallization temperature, T, is defined as

X, = J (dH./dT)dT/ j (@H./dT)dT (1)

To To

where Ty and T, represent the onset and end of crys-
tallization temperatures, respectively, and H, is the
enthalpy of crystallization. The development of the
relative degree of crystallinity as a function of temper-
ature for nanocomposite (PE/PE-g-MAH/Org-MMT
= 88:9:3) at various cooling rates is shown in Figure
2. The plots of X, versus T for HDPE (not presented
here) are similar. All these curves have the same sig-
moidal shape, implying that only the lag effect of
cooling rate on crystallization is observed. The hori-
zontal temperature axis in Figure 2 can be transferred
into a time scale (Fig. 3) by the equationt = (Ty — T)/ ¢
(where T is the temperature at crystallization time ¢,
and ¢ is the cooling rate). The results show that the
faster the cooling rate, the shorter the time for com-
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Figure 3 Patterns of X, versus ¢ during the nonisothermal
crystallization process of PE/PE-g-MAH/Org-MMT (88:9: 3).
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Figure 4 Plots of In[-In(1 — X,)] versus In ¢ during the
nonisothermal crystallization process for PE/PE-g-MAH/
Org-MMT (88:9:3).

pleting crystallization. The half-times of nonisother-
mal crystallization (t,,,) obtained from Figure 3 for
HDPE and PE/PE-g-MAH/Org-MMT are listed in Ta-
ble I. As expected, the value of t,,, decreases with
increasing cooling rate for HDPE and PE/PE-g-MAH/
Org-MMT. Moreover, at a given cooling rate, the
value of t, ,, for PE/PE-g-MAH/Org-MMT composite
is lower than that for HDPE, showing that the addition
of Org-MMT and PE-g-MAH can accelerate the overall
crystallization process.

The Avrami equation is used to describe the noniso-
thermal kinetics of HDPE and nanocomposite, which
is based on the assumption that the crystallization
temperature is constant”

1-X,= exp(—Zt" (2)

where the exponent n is a mechanism constant that
depends on the type of nucleation and growth process
parameters, and Z, is a composite rate constant involv-
ing both nucleation and growth rate parameters. By
using eq. (2) in the double-logarithmic form,

In[—In(1 — X},)] = InZ, + nint (3)

and plotting In[—In(1 — X,)] against In t for each
cooling rate, a straight line is obtained with the data
at a low degree of crystallinity (shown in Fig. 4).
Thus, two adjustable parameters, Z, and n, can be
estimated. It should be taken into account that in
nonisothermal crystallization, Z, and n do not have
the same physical significance as in isothermal crys-
tallization because the temperature changes under
nonisothermal condition, which affects the rates of
both nucleation and spherulite growth. In this case,
Z, and n are two adjustable parameters only to be fit
to data. Although the physical meanings of Z, and n
cannot be related in a simple way under nonisother-
mal condition, eq. (3) can still provide further in-
sight into the kinetics of nonisothermal crystalliza-
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Figure 5 Plots of In[-In(1 — X,)] versus In ¢ during the nonisothermal crystallization process for HDPE and PE/PE-g-

MAH/Org-MMT (88:9 : 3).

tion. The final form of the parameter characterizing
the kinetics of nonisothermal crystallization was
given by Jeziorny’

InZ.=InZ,/ ¢ (4)

The results obtained from the Avrami plots and the
Jeziorny method are listed in Table I. The exponent n
varies from 1.51 to 1.61 for HDPE and from 1.73 to 1.80
for PE/PE-¢-MAH/Org-MMT, respectively. Although
the exponent n in nonisothermal crystallization dis-
played a wide range of values and was more scattered
than those obtained from isothermal crystallization,*
it is interesting that the exponent n for PE/PE-g-
MAH/Org-MMT was larger than that for HDPE at the
corresponding cooling rate. This result shows that
Org-MMT and PE-g-MAH act as a nucleating agent in
the PE matrix just as in PP matrix.'®

Assuming that the nonisothermal crystallization
process may be composed of infinitesimally small
isothermal crystallization steps, Ozawa® extended
the Avrami equation to the nonisothermal case as

1= X, = exp[-K(T)/¢"] (5)

where K(T) is the function of cooling rate which is
related to the overall crystallization rate and indicates
how fast crystallization proceeds, ¢ is the cooling rate,
and m is the Ozawa exponent, which depends on the
dimension of the crystal growth. The double-logarith-
mic form of eq. (5) is

In[—In(1 — X))] = InK(T) —mIn ¢ (6)

A plot of In[-In(1 — X,)] against In ¢ at a given
temperature should result in a straight line if the
Ozawa method is valid. Thus, K(T) and m can be
estimated from the intercept and the slope, respec-

tively. The results based on Ozawa method are
shown in Figure 5 and Table II. The curves in the
plots of In[—In(1 — X,)] against In ¢ for HDPE and
PE/PE-g-MAH/Org-MMT exhibit a good linear re-
lationship. These results show that HDPE and PE/
PE-¢g-MAH/Org-MMT can be analyzed by the
Ozawa method. The exponent m varies from 0.91 to
1.63 for HDPE and from 1.17 to 2.22 for nanocom-
posite. Although the exponent m in nonisothermal
crystallization covers a wide range of values, it is
interesting that the exponent m for nanocomposite is
larger than that for HDPE at every crystallization
temperature. The difference in the exponent m be-
tween HDPE and the nanocomposite indicates the
dimension of crystal growth of the nanocomposite is
different from that of HDPE. The cooling rate func-
tion K(T) for both HDPE and the nanocomposite
increases systematically with decreasing the crystal-

TABLE 1II
Nonisothermal Crystallization Kinetic Parameters for
HDPE and PE/PE-g-MAH/Org-MMT Nanocomposite at
Different Crystallization Temperatures

Sample T(K) m K(T)

HDPE 388 1.67 17.98
387 1.51 18.36

386 1.37 18.45

385 1.26 19.05

384 1.15 19.18

382 1.01 19.93

380 0.91 19.81

PE/PE-g-MAH/Org-MMT 388 222 28.16
387 1.92 29.76

386 1.73 31.44

385 1.58 33.22

384 1.46 33.55

382 1.36 36.42

380 1.17 43.77
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Figure 6 Plots of In ¢ versus In t during the nonisothermal
crystallization process for PE/PE-g-MAH/Org-MMT (88 :
9:3).

lization temperature. At every certain crystalliza-
tion temperature, the cooling rate function K(T) for
nanocomposite is larger than that for HDPE, indi-
cating that nanocomposite crystallizes at a quicker
rate than HDPE at every crystallization tempera-
ture. This conclusion is consistent with that drawn
for analysis of t, /,.

A method developed by Liu and coworkers® was
employed to describe the nonisothermal crystalliza-
tion to make a comparison. The physical variables
relating to the nonisothermal crystallization process
are relative degree of crystallinity (X,), cooling rate
(¢), and crystallization peak temperature (T,). At a
given crystallinity X;, both Ozawa and Avrami equa-
tions give the relationship

Ing=InF(T)—alnt (7)

where F(T) = [K(T)/Z,]"/™ refers to the value of cool-
ing rate which must be chosen within a unit of crys-
tallization time when the measured system amounts
to a certain degree of crystallinity, and a is the ratio of
the Avrami exponent n to Ozawa exponent m (n/m).
According to eq. (7), at a given degree of crystallinity,
plotting In ¢ versus In t yields a linear relationship.
The kinetic parameter F(T) and a are determined from
the intercept and the slope of the lines, respectively.
This method has been proven to be applicable in PP/
PP-g-MAH/Org-MMT nanocomposites and POM/
Org-MMT nanocomposites.'®!” The results of such an
analysis for HDPE and PE/PE-g-MAH/Org-MMT are
listed in Figure 6 and Table IIL. The value of a varies
from 2.03 to 2.14 for HDPE, and from 2.41 to 2.54 for
PE/PE-¢-MAH/Org-MMT. The value of F(T) system-
atically increases with increasing relative degree of
crystallinity. At the same relative degree of crystallin-
ity, the F(T) for PE/PE-g-MAH/Org-MMT is smaller
than that for PE, indicating that PE/PE-g-MAH/Org-
MMT crystallizes at a quicker rate than HDPE. This

LIANG, XU, AND XU

TABLE III
Nonisothermal Crystallization Kinetic Parameters for
HDPE and PE/PE-g-MAH/Org-MMT Nanocomposite at
Different Relative Degree of Crystallinity

Sample X, (%) a F(T)

HDPE 20 2.03 0.80
40 2.14 1.77

60 2.09 3.83

80 2.04 8.12

PE/PE-g-MAH/Org-MMT 20 2.54 0.34
40 2.50 1.13

60 241 3.00

80 242 7.39

conclusion agrees with the one drawn from Avrami
and Ozawa analysis.

Another method often used to evaluate activation
energy at various cooling rates, based on eq. (8), was
proposed by Kissinger®’

dlin(¢/Td]  AE
i1/T) - R (®)

where R is the universal gas constant and AE is the
activation energy of crystallization. The activation
energies of the nonisothermal crystallization of
HDPE and the nanocomposite (listed in Table III)
are calculated with the data from the plot of In(¢T5)
versus 1/T, (Fig. 7). The value of AE for PE/PE-g-
MAH/Org-MMT is 223.7 J/mol, which is much
smaller than that for HDPE (304.6 J/mol). A possi-
ble reason is that in nanocomposite the layers of
Org-MMT dispersed in PE matrix at nanoscale pos-
sess high aspect ratio and are inclined to absorb the
segments of macromolecule, which makes the crys-
tallization easier. In addition, the carboxyl groups
can also act as a nucleation agent during the crys-
tallization process. These facts result in a decrease in
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Figure 7 Plots of In(¢/ Tf,) versus 1/T, during the noniso-

thermal crystallization process for HDPE and PE/PE-g-
MAH/Org-MMT (88:9 : 3).
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the activation energy of the nanocomposite com-
pared with HDPE.

CONCLUSION

The nonisothermal crystallization kinetics of HDPE
and PE/PE-¢g-MAH/Org-MMT nanocomposite were
investigated by DSC at various cooling rates. Avrami
analysis modified by Jeziorny, Ozawa analysis, and a
method developed by Liu were used to describe the
nonisothermal crystallization behavior of the samples.
The good linear relationship in every analysis indi-
cated that these methods were successful in describing
the nonisothermal crystallization process of these
samples. The difference in the exponent n, m, and a
between HDPE and nanocomposite indicated that nu-
cleation mechanism and dimension of spherulite
growth of the nanocomposite was different from that
of HDPE to some extent. The values of half-time (¢, ,,),
K(T), and F(T) showed that the crystallization rate
increased with the increasing of cooling rates for
HDPE and composite, but the crystallization rate of
composite was faster than that of HDPE at a given
cooling rate. Moreover, the method proposed by Kiss-
inger was used to evaluate the activation energy of the
mentioned samples. It was 223.7 k] /mol for the com-
posite, which was much smaller than that for HDPE
(304.6 kJ/mol). Overall, the results indicated that the
addition of Org-MMT and PE-g-MAH could accelerate
the overall nonisothermal crystallization process of PE.
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