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ABSTRACT: The nonisothermal crystallization of poly-
(ethylene-co-glycidyl methacrylate) (PEGMA) and PEGMA /
clay were studied by differential scanning calorimeter, at
various cooling rates. Avrami model modified by Jeziorny,
Ozawa mode and Liu model could successfully describe the
nonisothermal  crystallization process. = Augis—Bennett
model, Kissinger model, Takhor model, and Ziabicki model
were used to evaluate the activation energy of both samples.
It was found that the activation energy of PEGMA/clay

nanocomposite was higher than that of neat PEGMA. Ex-
perimental results also indicated that the addition of modi-
fied clay might retard the overall nonisothermal crystalliza-
tion process of PEGMA. © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 100: 1335-1343, 2006
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tion; kinetics

INTRODUCTION

Thermal and mechanical properties can be improved
by adding a small fraction of clay to a polymer matrix.
These composites exhibit an improved modulus, a
lower thermal-expansion coefficient and gas perme-
ability, higher swelling resistance, and enhanced ionic
conductivity as compared with those pristine poly-
mers because of the nanoscale structure of the hybrids
and the synergism between the polymer and the sili-
cate.'1°

Intercalation of layered silicates has been proven to be
a versatile approach to prepare a nanocomposite. The
preparation involves intercalation of a suitable monomer
and exfoliating the layered galleries into their nanoscale
elements by subsequent polymerization. However, this
method requires a proper monomer or solvent as a me-
dium, and such requirement puts a strong restraint on
the selection of polymers used for the composites. Many
nanocomposites based on polar polymers, such as epox-
ide polymer'"'? and poly(ethylene oxide) (PEO),*'*
have been successfully prepared with intercalation tech-
nique. These polar polymers are much more successful
due to the fact that they can be intercalated between
smetic layers of the clay, from which the nanocomposite
is derived.'>™'®
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Some researchers prepared nanocomposites by di-
rect melt blending in a twin-screw extruder using
maleic anhydride graft polypropylene'®™' and poly-
ethylene.”” In our previous article, nanocomposites
based on poly(ethylene-co-glycidyl methacrylate)
(PEGMA) and commercial modified clay had been
successfully prepared via direct melt intercalation,
and the isothermal crystallization process was also
studied.” In this paper, nonisothermal crystallization
of PEGMA and PEGMA /Clay nanocomposite were
both studied by DSC, and several nonisothermal crys-
tallization models were used to describe the crystalli-
zation process. In addition, the activation energies of
crystallization were also estimated by Augis—Bennett
model, Kissinger model, and Takhor model.

EXPERIMENTAL
Materials

Commercial grade PEGMA (CG5004) was supplied by
Sumitomo Chemical Co Ltd. (Tokyo, Japan), which
contains 81 wt % ethylene and 19 wt % glycidyl
methacrylate. Commercial modified montmorillonite
clay was purchased from Vulchem (Trade Name :
KH-vyc; Taipei, Taiwan). Both materials were used as
received without further purification.

Sample preparation

All materials were dried at room temperature in a
vacuum oven for 6 h before compounding. PEGMA
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Figure 1 DSC nonisothermal measurement curves for
PEGMA and PEGMA /clay nanocomposite. (a) PEGMA; (b)
PEGMA /clay.

and 20 wt % modified clay were compounded with
twin-screw extruder (Continent Machinery Company,
Model CM- MTE; Tainan, Taiwan) at 453 K and 300
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rpm to make a masterbatch. The masterbatch was then
mixed with PEGMA and re-compounded at 433 K and
300 rpm conditions to prepare 3 wt % nanocomposite
(PEGMA /clay).” The neat PEGMA went through the
same thermal history as PEGMA /clay for comparison.

Nonisothermal crystallization

The nonisothermal crystallization behaviors of poly-
mer composite were investigated with a differential
scanning calorimeter, Perkin—Elmer DSC-1. The differ-
ential scanning calorimeter was calibrated using in-
dium with samples weights of 8-10 mg. All opera-
tions were carried out in a nitrogen atmosphere. Be-
fore the data gathering, the samples were heated to
393 K and held at this temperature in molten state for
5 min to eliminate the influence of thermal history.
The sample melts were then subsequently cooled to
308 K at a cooling rate of 2, 3, 4, 5, 8, 10, 12, and 14
K/min respectively.

RESULTS AND DISCUSSION

The crystallization processes of PEGMA and
PEGMA /clay nanocomposite were measured at a
range of cooling rates from 2 to 14 K/min. The DSC
curves of the samples were compared in Figure 1. The
cooling rate dependences of the onset (T,) and peak
(T,) temperatures of the crystallization exotherms
were shown in Table L. In both samples, the T, and T,
shifted to a lower temperature with increasing cooling
rate, which indicated that the lower the cooling rate,
the earlier the crystallization starts. For a given cooling
rate, T, and T, of PEGMA /Clay were higher than that
of neat PEGMA because modified clay acted as nucle-
ating agent and therefore PEGMA in PEGMA/clay
nanocomposites started to crystallize earlier. How-
ever, the crystallization peak width of PEGMA /clay
[Fig. 1(b)] was broader than that of neat PEGMA [Fig.
1(a)], which indicated that PEGMA /clay needed more
time to complete the crystallization; that is, the addi-
tion of modified clay retarded the crystallization.

TABLE I
Characteristic Data of Nonisothermal Melt Crystallization Exotherms
for PEGMA and PEGMA/Clay

Cooli PEGMA PEGMA /clay
ooling rate
@, K/min T, (K) T, (K) ty /» (min) T, (K) T, (K) ty /o (min)
2 351.7 348.3 1.83 362.9 352.6 418
3 351.0 347.0 1.40 361.7 352.2 2.59
4 350.9 345.9 1.16 361.3 351.9 1.96
5 349.6 345.1 0.87 360.7 351.5 1.54
8 348.5 343.2 0.63 359.3 350.6 0.94
10 347.7 342.0 0.53 358.8 350.1 0.77
12 346.7 3414 0.44 358.3 349.6 0.63
14 345.6 340.8 0.34 357.7 349.3 0.57
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Figure 2 Experimental relative crystallinity as a function of
temperature at different cooling rate. (a) PEGMA; (b)
PEGMA /clay.

The relative crystallinity as a function of tempera-
ture, X, was calculated as the ratio of the exothermic
peak areas* ¢

Xp=——""—"—"" )

where T is an arbitrary temperature, dH, is the en-
thalpy of crystallization released during an infinitesi-
mal temperature interval dT, Figures 2(a) and 2(b)
present the relative crystallinity (X,) as a function of
temperature for PEGMA and PEGMA /clay nanocom-
posite. During the nonisothermal crystallization pro-
cess, the time, f, and temperature exhibit the following
relationship:
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where @ is cooling rate. The abscissa of temperature in
Figures 2(a) and 2(b) could be transformed into a
timescale. The relative crystallinity (X,) of PEGMA
and PEGMA/clay nanocomposite as a function of
time were illustrated in Figures 3(a) and 3(b). It can be
seen clearly from Figures 3(a) and 3(b) that the higher
the cooling rate, the shorter the time for completing
the crystallization.

The half-time of nonisothermal crystallization, ¢, ,,,
can be obtained from the following relationship:

tijp =Ty = Typ|/® (3)
where T, ,, is the temperature at which X, = 50% and

® is the cooling rate. Table I also shows the t,,, for
PEGMA and PEGMA /clay. The inverse value of t, ,,
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Figure 3 Experimental relative crystallinity as a function of
time at different cooling rate. (a) PEGMA; (b) PEGMA/clay.
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Figure 4 Plots of reciprocal half-time of crystallization as a
function of cooling rate for PEGMA and PEGMA /clay.

(i.e., 1/t,,,) signifies the bulk crystallization rate. The
higher the t,,, value (i.e., lower 1/t,,, value), the
slower the crystallization was. The t,,, value de-
creased with increasing cooling rate, indicating that
the polymer crystallized faster when the cooling rate
was increased. At given cooling rate, the value of ¢, ,,
for neat PEGMA was lower than that for PEGMA /
clay, signifying that the addition of modified clay
decreased the overall crystallization process. The
overall crystallization rate is governed by nucleation
and diffusion.”” As mentioned previously, the addi-
tion of modified clay acted as nucleating agent leading
to an increase in nucleation rate, onset, and peak tem-
peratures; however, the modified clay also hindered
the crystallization wunder nonisothermal condi-
tions.?® !

The crystallization rate parameter (CPR)***” is used
to quantitatively compare nonisothermal crystalliza-
tion rate, which can be determined from the slope of a
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line drawn through a plot of 1/¢, ,, versus the cooling
rate. The faster the crystallization rate, the higher the
slope is. Figure 4 shows plots of 1/t; ,, as a function of
cooling rate. The CRP (0.1856) of neat PEGMA was
higher than that (0.1283) of PEGMA /clay nanocom-
posite, indicating that neat PEGMA crystallized at a
higher rate than PEGMA in PEGMA /clay nanocom-
posite.

Avrami model

Avrami equation®*** can be used to describe the pri-

mary stage of nonisothermal crystallization. The
Avrami equation is expressed as follows:

Xy =1—exp(— (K;t)"™) (4)

where X, is the relative crystallinity, ¢ is crystallization
time, K, is the Avrami crystallization rate constant,
and 7, is the Avrami exponent. X, can be calculated as
the ratio between the area of the exothermic peak at
time t and the total measured area of crystallization.
Values of K, and n, were obtained by fitting experi-
mental data of X, into eq. (4) and the results were
shown in Table IL
Avrami equation is usually written as following;

X, =1— exp( — Kit") (5a)

or

In[-In(1-X)] =Ink; + nInt (5b)

Values of k, and n, could be determined from the
slope (X; = 0.1-0.8) and intercept with the y axis by
plotting In[ — In(1 — X,)] versus In(t) as shown in
Figure 5 and the results were also shown in Table II for

TABLE II
Avrami Kinetics Parameters
Cooling

Sample rate (K/min) n, K, K; R? n,* k,* R?
PEGMA 2 3.48 0.5002 0.7072 0.9992 3.20 0.1042 0.9985
3 3.63 0.6535 0.8678 0.9993 3.35 0.2299 0.9972
4 3.83 0.7901 0.9428 0.9993 3.55 0.4159 0.9972
5 3.45 1.0535 1.0105 0.9994 3.21 1.1350 0.9974
8 3.71 1.4436 1.0470 0.9995 3.47 3.4452 0.9974
10 3.73 1.7254 1.0561 0.9995 3.50 6.5339 0.9974
12 3.66 2.0923 1.0635 0.9996 3.47 12.6038 0.9977
14 3.40 2.6100 1.0709 0.9997 3.27 22.6011 0.9983
PEGMA/ 2 2.74 0.2126 0.4611 0.9993 2.52 0.0193 0.9986
Clay 3 2.68 0.3432 0.7001 0.9991 2.44 0.0702 0.9982
4 2.78 0.4547 0.8212 0.9992 2.54 0.1296 0.9984
5 2.75 0.5768 0.8958 0.9992 2.52 0.2391 0.9984
8 2.80 0.9441 0.9928 0.9993 2.58 0.4528 0.9986
10 2.92 1.1614 1.0151 0.9994 2.72 1.4508 0.9988
12 2.93 1.4137 1.0293 0.9995 2.72 2.4870 0.9988
14 2.63 1.5409 1.0314 0.9992 2.46 2.8123 0.9982
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Figure 5 Avrami analysis from eq.(5b) for PEGMA and
PEGMA /Clay. (a) PEGMA; (b) PEGMA /clay.

comparison. K, is more preferable than k, because it is
independent of Avrami exponent and its dimension is
given in (time) '.**7%¢

In nonisothermal crystallization, K, and n, do not
have the same physical significance as in the isother-
mal crystallization because under nonisothermal crys-
tallization, the temperature changes constantly. This
temperature changes affects the rate of both nuclei
formation and spherulite growth. However, eq. (4)
provided a good fit to experimental data, according to
the regression coefficient (R*) and Figure 3.

To meet the requirement of Avrami model, Jezi-
orny47 assumed constant or approximately constant
cooling rate and proposed the final form of the param-
eter characterizing the kinetics of nonisothermal crys-
tallization:

In K, .
o (6)
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The values of K; were listed in Table II. It was found
that K; increased with increasing cooling rate for both
neat PEGMA and PEGMA /clay nanocomposite. At
the same cooling rate, K; of PEGMA/clay nanocom-
posite was lower than that of PEGMA, indicating that
the addition of modified clay might hinder the crys-
tallization under nonisothermal conditions.

Ozawa model

Ozawa extended the Avrami theory from isothermal
crystallization to the nonisothermal crystallization by
assuming that crystallization occurs at a constant cool-
ing rate and the equation is as following*®**:

Xr=1- exp[—(q)) ] (7)

Where K, and n, are Ozawa crystallization rate con-
stant and Ozawa exponent, respectively. Figure 6 il-
lustrates the plots of In[ — In(1 — X,)] as a function of
In @ for a fixed temperature. The K, and 1, could be
estimated from the y-intercept [(K, = exp(y-intercept/
n,)) and slope. The Ozawa kinetic parameters as well
as regression coefficient (R?) were listed in Table III.
Based on the Figure 6 and regression coefficient (R?)
listed in Table III, it is suggested that Ozawa model
provided a satisfactorily good fit to the experimental
data of both samples studied. Ozawa exponent 1, was
found to range from 3.12 to 3.63 for neat PEGMA
within 340-348 K, and from 0.68 to 1.25 for PEGMA /
clay within 348-356 K. n, Increased with increasing
crystallization temperature, indicating the change of
nucleation during the crystallization process.”®”" The
Ozawa crystallization rate constant K, was found to
show a reduction with increasing temperature, sug-
gesting that PEGMA displayed a slower crystalliza-
tion rate with increasing temperature.

Liu model

Liu et al. ®2 combined the Avrami model and Ozawa
model to deal with the nonisothermal crystallization
behavior, and its form is given as follow:

1

R L N
n =1n Kig” —*Unt (8a)
F(T) = K 8b
nﬂ
a = I’TO (8C)
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Figure 6 Ozawa analysis based on the nonisothermal crys-
tallization of PEGMA and PEGMA/clay (a) PEGMA; (b)
PEGMA/clay.

Where the kinetic parameter, F(T), refers to the value
of the cooling rate, which has to be chosen at the unit
crystallization time when the measured system

TABLE III
Ozawa Kinetics Parameters
Temperature
Sample (K n, K, R?
PEGMA 340 3.12 1598218 0.9861
342 3.19 9.862254 0.9928
344 3.58 6.181175 0.9908
346 3.62 3.806615 0.9984
348 3.63 2.131924 0.9987
PEGMA /Clay 348 0.68 26.56014 0.9308
350 0.68 10.37818 0.9426
352 0.78 4.070827 0.9575
354 0.98 2.041685 0.9594
356 1.25 1.214679 0.9540
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Figure 7 Plots of In ®; verus In t for different relative
degree of crystallinity for PEGMA and PEGMA/clay (a)
PEGMA; (b) PEGMA/clay.

amounts to a certain degree of crystallinity; a is the
Avrami exponent (1,) to the Ozawa exponent (1,). At
a given degree of crystallinity, plotting In ® versus In
t (Fig. 7) yielded a linear relationship between In ®
and In t and the values of F(t) and a could be obtained
from the slopes and intercepts of these lines, respec-
tively, listed in Table IV. The value of a varies from
1.18 to 1.20 for neat PEGMA and 0.97 to 0.99 for
PEGMA /clay nanocomposite. The value of F(T) in-
creased with increasing degree of crystallinity, indi-
cating that at unit crystallization time, a higher cooling
rate should be applied to reach a higher degree of
crystallinity. At the same relative degree of crystallin-
ity, the value of F(T) for PEGMA /clay nanocomposite
was higher than that of neat PEGMA, that is, to reach
the same relative degree of crystallinity, PEGMA /clay
nanocomposite required higher cooling rate, which
indicated that PEGMA /clay nanocomposite crystal-
lized at a slower rate than neat PEGMA.
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TABLE IV
Value of F(T) and a for PEGMA and PEGMA/Clay
Sample X, F(T) a R?
PEGMA 0.2 2.94 1.20 0.9875
0.4 3.99 1.18 0.9890
0.6 4.84 1.19 0.9912
0.8 5.74 1.19 0.9932
PEGMA /Clay 0.2 4.96 0.99 0.9983
0.4 6.96 0.98 0.9987
0.6 8.57 0.97 0.9983
0.8 10.28 0.97 0.9977

Ziabicki analysis

Ziabicki®™° suggested that the kinetics of polymer
phase transformation can be described by a first-order
kinetic equation:

X,
= KO-X) 9

where X, is the relative degree of crystallinity as a
function of time and K, is a temperature-dependent
crystallization rate function. Ziabicki suggested a con-
cept of kinetic crystallinity as follows:

Tm
G= J K.dT (10)

Tg

The kinetic crystallizability, G, characterizes the de-
gree of crystallinity obtained when the polymer is
cooled at unit cooling rate from the melting tempera-
ture (T,,) to the glass transition temperature (T,). Jezi-
orny’**” derived a simple equation to calculate the
kinetic crystallizability, G:
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where K_ .., is the value of K, at the maximum crys-
tallization rate, and D is the half-with of the crystalli-
zation curve.

In nonisothermal crystallization, crystallization rate
function K, is replaced with a derivation function of
the relative crystallinity, (dX/dT)y, specific for each

cooling rate. Equation'’ is replaced by**>°

T ar 1/2 Dd’
G(p = J (dX/dT)tb T = (11’12) (dX/dT)d),maxT
Ty
(12)

where (dX/dT)g max is the maximum crystallization
rate, and Dy, is the half-with of the derivative relative
crystallinity as a function of temperature. Gg, is the
kinetic crystallizability at an arbitrary cooling rate, ®.
Because of the effect of cooling rate, G4, must be cor-
rected properly as follows:

G=4 (13)

After normalizing the effect of the cooling rate, the
values of kinetic crystallizability at the unit cooling G,
are shown in Table V. Since the physical meaning of
the G, parameter is to characterize the ability of a
polymer to crystallize when it is cooled from the melt-
ing temperature to the glass transition temperature at
unit cooling rate, the higher the G, value, the more
readily the polymer crystallizes. As shown in Table V,
PEGMA /clay nanocomposite had a lower value of G,
which indicated the nanocomposite had a lower crys-
tallize rate. The results are similar to the afore-men-
tioned other models.

Comparison of kinetic models

Tm T 1/2 D
G= J K.dT = (ln2> Kz,muxz (11) All these four models (Avrami, Ozawa, Liu, and Zi-
T, abicki) provided good fits to experimental data and
TABLE V

Characteristic Data of Nonisothermal Melt Crystallization Exotherms for PEGMA and PEGMA/Clay

Cooling rate (K/min)

2 3 4 5 8 10 12 14
PEGMA
Dy (K) 3.16 3.43 3.28 3.41 3.67 3.77 3.81 3.95
(@X/dT)g 0.67 091 1.26 2.1 2.77 3.1 3.47 3.95
Ga 225 3.32 4.40 7.62 10.82 12.43 14.07 16.60
G. 113 111 1.10 152 1.35 1.24 117 1.19
T (K) 348.37 347.00 345.96 345.05 343.09 342.02 341.32 340.65
PEGMA + 3% Clay
Dy (K) 851 8.46 8.25 8.36 8.41 8.4 8.6 9.1
(@X/dT) g o 0.22 0.35 0.47 0.6 0.9 127 1.42 157
Ga 1.9 3.15 413 5.34 8.86 11.35 12.99 15.20
G. 1.00 1.05 1.03 1.07 1.11 1.14 1.08 1.09
T (K) 353.81 353.09 35257 352.12 351.14 350.74 350.07 349.33
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the kinetic parameters from these models (K, K, F(T),
and G,) predicted correctly that the crystallization rate
of PEGMA was greater than that of PEGMA /Clay. It
is difficult, however, for Ozawa, Liu, and Ziabicki
models to reconstruct the nonisothermal crystalliza-
tion process (e.g. Fig. 3) with those kinetic parameters.
Avrami model, on the other hand, has provided a
simple method to describe a nonisothermal crystalli-
zation process although the physical meanings of its
kinetic parameters (K, and n,) are not yet clear. To be
able to simulate a nonisothermal process is of great
interest because industrial operations involve mostly
nonisothermal crystallization. Avrami model, with the
highest R? value, also provided the best fit among the
four models.

Crystallization activation energy

To estimate the effective energy barrier (AE) for
nonisothermal melt crystallization process, many
models®®® were proposed to estimate the crystalliza-
tion activation energy from nonisothermal thermo an-
alytical investigations. Considering the influence of
the various cooling rate in the nonisothermal crystal-
lization with the peak temperature (T),), the activation
energy AE could be determined as following:

1. Augis-Bennett model®

AIn[®/(T,-T)l}  AE

a1/T) R (14
2. Kissinger model”’
d[in(®/T)]  AE
i/T) ~ R (15)
3. Takhor model™®
d[In(® AE
[In(®)] 6

d1/T) R

where R is the universal gas constant. Figures 8(a)—
8(c) show the plot of Augis—Bennett model, Kissinger
model, and Takhor model, respectively. The activation
energy AE can be calculated from the slopes (—AE/R)
of these plots and the results are listed in Table VI. AE
is the activation energy required to transport molecu-
lar segments to the crystallization surface. The higher
the AE value, the lower the crystallization ability of the
polymer becomes. The three models all showed that
PEGMA /clay nanocomposite had a higher value of
AE than that of neat PEGMA, which indicated the
nanocomposite had a lower crystallize rate.
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Figure 8 Determination of the crystallization activation
energy for PEGMA and PEGMA/clay (a) Augis—Bennett
model; (b) Kissinger model; and (c) Takhor model.

CONCLUSIONS

The investigation of nonisothermal crystallization ki-
netics of neat PEGMA and PEGMA /clay nanocom-
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TABLE VI
Crystallization Activation Energy AE (kJ/mole)
Calculated from Augis—-Bennett, Kissinger, and
Takhor Models

Samples
PEGMA PEGMA /Clay
Augis-Bennett —199.57 —625.66
Kissinger —254.57 —579.04
Takhor —248.84 —573.20

posite were carried out by DSC. The t,,, and CRP
showed that the crystallization rate of PEGMA was
higher than that of PEGMA /clay nanocomposite at a
given cooling rate. Avrami model modified by Jezi-
orny, Ozawa modem, and Liu model could success-
fully describe the nonisothermal crystallization pro-
cess. All rate parameters suggested that neat PEGMA
crystallizes faster than PEGMA /clay nanocomposite.
The ability for PEGMA to crystallize from the molten
state under a unit cooling rate under Ziabicki’s model,
from which it was found that PEGMA /clay nanocom-
posite had a lower value of G, which indicate the
nanocomposite has a lower crystallize rate than neat
PEGMA. The energy barrier of governing the noniso-
thermal melt-crystallization based on Augis-Bennett
model, Kissinger model, and Takhor model, all
showed PEGMA /clay nanocomposite had a higher
value of AE than that of neat PEGMA which indicated
the nanocomposite has a lower crystallize rate.
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