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ABSTRACT: Poly(ethylene-co-glycidyl methacrylate)
(PEGMA)/clay nanocomposites with clay concentrations
of 1, 3, or 5 wt % were prepared via y melt blending in a
twin-screw extruder. Wide-angle X-ray diffraction
showed that the clay layers were intercalated by PEGMA.
Differential scanning calorimetry was used to analyze the
isothermal crystallization, and the equilibrium melting
temperature was determined with the Hoffman-Weeks
method. The Avrami, Tobin, Malkin, and Urbanovici—
Segal models were applied to describe the kinetics of
crystallization from the melt state under isothermal con-

ditions. The crystallization kinetics showed that the addi-
tion of clay facilitated the crystallization of PEGMA, with
the clay functioning as a heterophase nucleating agent; at
higher concentrations, however, the physical hindrance of
the clay layers to the motion of PEGMA chains retarded
the crystallization process. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 97: 1051-1064, 2005
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INTRODUCTION

Recent interest in polymer/clay nanocomposites
stems from the dramatic improvements in their
thermal and mechanical properties achievable by
the addition of just a small fraction of clay to a
polymer matrix. These composites exhibit improved
modulus, a lower thermal expansion coefficient and
gas permeability, higher swelling resistance, and
enhanced ionic conductivity in comparison with
pristine polymers because of the nanoscale structure
of the hybrids and the synergism between the poly-
mer and the silicate.'™"°

The intercalation of layered silicates has proven to
be a versatile approach for the preparation of nano-
composites. The preparation involves the intercala-
tion of a suitable monomer and the exfoliation of the
layered galleries into their nanoscale elements by
subsequent polymerization. However, this method
requires a proper monomer or solvent as a medium,
and such a requirement puts a strong restraint on
the selection of polymers used for the composites.
Thus far, only a few polar polymers, such as epox-
ide polymer,'""'* poly(ethylene oxide),'* and poly-
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styrene,'* have been successfully prepared with in-
tercalation. These polar polymers have been suc-
cessful because they can be intercalated between
smectic layers of the clay, from which the nanocom-
posites are derived.'”™'®

Several researchers have successfully prepared
nanocomposites by direct melt blending in a twin-
screw extruder with maleic anhydride grafted
polypropylene'®*and polyethylene.” In this study,
the nanocomposites were prepared through the blend-
ing, in a twin-screw extruder, of poly(ethylene-co-gly-
cidyl methacrylate) (PEGMA) and clay. PEGMA con-
tained epoxy groups that could intercalate between
smectite layers. Models proposed by Avrami, Tobin,
Malkin, and Urbanovici and Segal were used to ana-
lyze the isothermal crystallization kinetics of the nano-
composites.

EXPERIMENTAL
Materials

Commercial-grade PEGMA (CG5004) was supplied
by Sumitomo Chemical Co, Ltd. (Tokyo, Japan); it
contained 81 wt % ethylene and 19 wt % glycidyl
methacrylate. Modified montmorillonite clay (KH-
yc) was purchased from Vulchem (Taipei, Taiwan).
Both materials were used as received without puri-
fication:
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Sample preparation

All the materials were dried at room temperature in a
vacuum oven for 6 h before compounding. PEGMA
and 20 wt % clay were compounded with a twin-
screw extruder (CM-MTE, Continent Machinery Co.,
Tainan, Taiwan) at 180°C and 300 rpm to make a
master batch. The master batch was then mixed with
PEGMA and recompounded at 160°C and 300 rpm to
prepare 1 (PEGMA /clayl), 3 (PEGMA /clay3), and 5
wt % (PEGMA /clay5) nanocomposites.

Characterization
Wide-angle X-ray diffraction (WAXD)

X-ray diffraction (XRD) was performed with a Shi-
madzu (Kyoto, Japan) XD-D1 with Cu Kea radiation
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(wavelength = 1.54051 A). The generator was oper-
ated at 40 kV and 20 mA. The samples were placed
inside an aluminum sample holder at room tempera-
ture and were scanned at diffraction angles ranging
from 2 to 10° at a scanning rate of 1°/min.

Isothermal crystallization

The crystallization behaviors of the PEGMA/clay
nanocomposites were investigated with a PerkinElmer
(Wellesley, MA) DSC-1 differential scanning calorim-
eter. The differential scanning calorimeter was cali-
brated with indium with sample weights of 8-10 mg.
All operations were carried out in a nitrogen atmo-
sphere. Before the data gathering, the samples were
heated to 120°C and held in the molten state for 5 min
to eliminate the influence of the thermal history. The
sample melts were then quenched at a rate of 100°C/
min to reach the specific temperature and were kept at
that temperature for 1 h. When the isothermal crystal-
lization was completed, the samples were heated to
120°C at a rate of 10°C/min to measure the melting
temperatures (T,,’s).

Polarized optical microscopy

The sample morphologies were observed under polar-
ized light with a Nikon (Tokyo, Japan) polarized op-
tical microscope. The samples, on glass slides covered
with slips, were heated to 120°C to melt, were held for
5 min at that temperature, and then were set to the
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Figure 1 WAXD patterns of PEGMA and PEGMA /clay nanocomposites.
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Figure 2 Hoffman-Weeks plot for PEGMA and PEGMA /clay nanocomposites.

crystallization temperature (T.) for complete crystalli-
zation.

RESULTS AND DISCUSSION
WAXD analysis

XRD is an effective technique for detecting the exis-
tence of stacking layers in a polymer/clay system. The
characteristic diffraction peak corresponding to the
stacking of the clay layers (001 plane) can be observed
at low angles (i.e., 26 < 10°). The peak shifts to lower
angles when intercalation occurs, and the peak disap-
pears if some exfoliation has occurred.

Figure 1 shows XRD patterns for clay and PEGMA /
clay nanocomposites. The interlamellar spacing for the
(001) plane of the neat clay is 12.15 A (20 = 7.27°).
However, there are no diffraction peaks for PEGMA /
clayl, PEGMA/clay3, and PEGMA /clay5, and this
suggests that there are no stacking layers present in
those PEGMA /clay blends and that layers have been
homogeneously dispersed. Molecular chains of
PEGMA could have been intercalated into the clay
interlayer by the interactions between the epoxy
groups and the clay surface.

Equilibrium melting temperature (T9,)

The Hoffman-Weeks relation®® has been extensively
accepted for estimating T9;:

1\ T.
T,=Ty1—-—]+— (1)
y) oy

The constant vy is equal to [/I*, | and [* being the
lamellar thickness at the time of melting and the thick-
ness of the critical nucleus at T,, respectively.”” T}, is
the observed melting temperature. Figure 2 shows
plots of T,, versus T, for PEGMA and PEGMA /clay
nanocomposites. A good linear correlation between
T,, and T. can be observed. According to eq. (1), T9,
could be determined by the extrapolation of T,, versus
T.to T,, = T.. The results are shown in Table I. The T°,
value of PEGMA was strongly reduced by the blend-
ing with clay, and this indicated that the crystals
formed in the blends were smaller and less perfect
than the crystals of neat PEGMA, probably because of
the interaction of the epoxy group of PEGMA and the
clay surface. Kuo et al.®® reported that the ion—ion
interactions in the clay nanocomposites could reduce

to T?n.

Crystallization kinetics
Avrami analysis

Figure 3 shows the relative crystallinity [X(t)] at dif-
ferent T.'s. X(t) is defined as the ratio of crystallinity

TABLE 1
T?, of PEGMA and PEGME/Clay Nanocomposites
Sample T (K)
PEGMA 402
PEGMA and 1% clay 386
PEGMA and 3% clay 384
PEGMA and 5% clay 381
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developed at crystallization time t to that developed at
time t — . The Avrami equation® " can be used to
analyze the isothermal melt crystallization of PEGMA
and PEGMA /clay nanocomposites:

X(t) =1 — exp[ — (K,t)"] (2)
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where K, is the Avrami crystallization rate constant
and #n, is the Avrami exponent. X(¢) can be calcu-
lated as the ratio of the area of the exothermic
peak at time f to the total measured area of
crystallization. The values of K, and n, were deter-
mined through the fitting of experimental data
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Figure 3 X(t) as a function of time: (A) PEGMA, (B) PEGMA/clayl, (C) PEGMA/clay3, and (D) PEGMA /clay5.
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of X(t) to eq. (2), and the results are shown in Ta-
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Figure 3 (Continued from the previous page)

In{—In[1-X®}=Inki+n‘Int

(4)

ble 1L
The Avrami expression is usually written as

X(t) =1 —exp(—Kt")

or

31,32

3)

The values of k, and 7, can be determined from the
slope and intercept with the y axis by the plotting of
In{—In[1 — X(t)]} versus In(t), as shown in Figure 4,
and the results are shown in Table II. Each curve
shows an initial linear portion and then subsequently
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In (-In(1-X(t)))

In (-In(1-X(t)))
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Figure 4 Avrami analysis from eq. (4) for PEGMA and PEGMA /clay nanocomposites: (A) PEGMA, (B) PEGMA /clayl, (C)
PEGMA /clay3, and (D) PEGMA /clay5.
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Figure 4 (Continued from the previous page)

tends to level off. This leveling off is thought to be due
to the effect of the secondary crystallization, which is
caused by spherulite impingement in the later stage of
crystallization.’*™® The Avrami rate constant k, is a
function of both the temperature and n, (i.e., k, = K).
The use of K,, is preferable because k,, is independent of
the Avrami exponent.”~*!

The crystallization half-time (t, ,,) is defined as the
time at which the extent of crystallization is 50%. The
crystallization rate constant can be derived from eq.

(2) and expressed as follows:***’

1
K, = (In 2 t;5 (5)
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TABLE 1I
Avrami Kinetic Parameters and £,,,
Sample T. (°C) n, K, (min~ 1 R? n,* k,* (min™") ty /5 (min) K, (min™")

PEGMA 84 1.55 0.1886 0.9996 1.53 0.0761 422 0.1871
85 1.56 0.1373 0.9993 1.52 0.0485 5.76 0.1373
86 1.55 0.0869 0.9986 1.46 0.0275 9.13 0.0865
87 1.58 0.0622 0.9987 1.50 0.0165 12.01 0.0660

PEGMA and 1% clay 91.5 1.81 0.5758 0.9994 1.76 0.3748 1.42 0.5751
92 1.86 0.5393 0.9997 1.84 0.3193 1.54 0.5332
92.5 1.74 0.4910 0.9996 1.73 0.2923 1.63 0.4970
93 1.76 0.4451 0.9997 1.73 0.2449 1.83 0.4437

PEGMA and 3% clay 91.5 1.77 0.5641 0.9997 1.76 0.3667 1.45 0.5607
92 1.74 0.4652 0.9995 1.80 0.2542 1.73 0.4682
92.5 1.70 0.3975 0.9996 1.69 0.2097 2.02 0.3990
93 1.52 0.3486 0.9989 1.65 0.1828 224 0.3508

PEGMA and 5% clay 91.5 1.71 0.5780 0.9996 1.71 0.3618 1.46 0.5528
92 1.56 0.4192 0.9995 1.60 0.2510 1.86 0.4251
92.5 1.56 0.3676 0.9997 1.55 0.2005 2.14 0.3694
93 1.73 0.2886 0.9993 1.68 0.1716 2.32 0.3487

There is good agreement between K/ and K, as shown
in Table II.

Table II shows Avrami kinetic parameters and ¢, ,,
values at different T,’s. Crystallization rate constants,
K, k, and K/ for neat PEGMA and PEGMA/clay
samples decreased with increasing T.. A higher T.
means a lower degree of supercooling and greater
difficulty for the formation of nuclei. The crystalliza-
tion rates of PEGMA /clay composites were faster than
those of neat PEGMA, and this could be ascribed to
the effects of clay as an efficient nucleating agent for
facilitating PEGMA crystallization. The crystallization
rate of PEGMA in PEGMA /clay3 and PEGMA /clay5
was slower than that in PEGMA /clay1, and this sug-
gested that a larger amount of clay tended to retard
the crystallization process. The overall isothermal
crystallization rate was governed by nucleation and
diffusion.*® When the content of clay was high, its
function as a nucleating agent was overwhelmed by
the physical hindrance to the diffusion, and thus the
overall crystallization rate was reduced. Similar effects
have been studied in other nanocomposite sys-
tem, 44—46

The n, and 1, values varied from 1.46 to 1.58 for neat
PEGMA and from 1.55 t01.86 for all three PEGMA /
clay systems. This indicated that the addition of clay
apparently did not change the crystallization mecha-
nism of PEGMA.

To test the efficiency of the models in describing the
isothermal crystallization kinetics, we reconstructed
X(t) as a function of time for each model. The recon-
struction was carried out for all clay compositions, but
only PEGMA /clay3, crystallized at 92°C, is presented
to simplify the presentation. A comparison of the var-
ious models (Fig. 5) indicated that the Avrami model
provided a good fit to the experimental data.

Tobin analysis

The Avrami analysis is only appropriate for early
stages of crystallization. To improve the Avrami equa-
tion for the later stages of crystallization, Tobin*"~*
proposed a theory of phase transformation kinetics
with growth site impingement:

X(t) = R (6)
1+ (K™

where K, is the Tobin rate constant and 7, is the Tobin
exponent. 71, does not need to be a integer and is
mainly governed by different types of nucleation and
growth. The Tobin crystallization parameters (K, and
n,) were determined by the fitting of the X(f) data
obtained for each T, to eq. (6), and the results are
shown in Table III.

Equation (6) can also be written in a simplified form:

X(t) = krt 7

1+ ken )
or

1 7(0 =Ink'+ nlnt 8

n g X0 n n;In (8)

Tobin rate constant k; is written in a composite form
(i.e., k; = K/") and is a function of the temperature and
n,. The use of K, is preferable because K, is indepen-
dent of n,.**~*"* The crystallization parameters (k,and
n,) were found by the drawing of a least-square line
[from X(t) = 0.1 to X(¢t) = 0.8] to fit the double loga-
rithmic plot of In{X(t)/[1 — X(t)]} versus In(t). k; was
taken as the antilogarithmic value of the y intercept,
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Figure 5 Experimental data for PEGMA/clay3 isothermal crystallization at 92°C fitted to the Avrami, Tobin, Malkin, and

Urbanovici-Segal models.

and n, was the slope. The results are shown in Figure
6 and Table III. The simplified form of eq. (7) provided
a good fit to the experimental data for a major portion
of X(t), but eq. (7) always gave X(t) values lower than
the experimental data. The underprediction has been
attributed to an overemphasis of the impingement
effect and the mathematical simplification of eq.
(7).°°°! K| can be estimated directly from the reciprocal
of t,,, as follows:

The estimated K; values are also listed in Table III for
comparison, and a good agreement can be observed
between K; and K,.

n, is always lower than 7, at an arbitrary crystalli-
zation. Taking the average of the difference between
the two values, we find n, = n, + 1, which agrees with
the observations of others.”>* According to Figure 5,
the Tobin model appears to underestimate X(f) at the
early and later stages and overestimate it at the middle
stage. Regression coefficient (R?) analysis also indi-

K| = 1 9) cated that the Tobin model was not satisfactory in
172 describing the experimental data.
TABLE III
Tobin Kinetic Parameters
Sample T. (°C) 1, K, (min~") R? n* k* (min™") K, (min™")
PEGMA 84 2.48 0.2469 0.9898 2.03 0.0582 0.2369
85 2.47 0.1841 0.9884 2.01 0.0319 0.1736
86 2.42 0.1152 0.9855 1.94 0.0152 0.1095
87 2.47 0.0874 0.9863 1.99 0.0078 0.0832
PEGMA and 1% clay 91.5 2.84 0.7343 0.9897 2.32 0.5356 0.7042
92 2.96 0.6832 0.9921 2.34 0.3753 0.6493
92.5 2.79 0.6318 0.9912 2.28 0.3511 0.6134
93 2.74 0.5703 0.9910 2.27 0.2788 0.5464
PEGMA and 3% clay 91.5 2.80 0.7289 0.9916 2.34 0.5156 0.6896
92 2.77 0.5985 0.9947 2.40 0.2892 0.5780
92.5 2.69 0.5146 0.9913 2.25 0.2332 0.4955
93 2.34 0.4644 0.9902 2.03 0.2096 0.4464
PEGMA and 5% clay 91.5 2.70 0.7177 0.9921 2.23 0.5028 0.6849
92 2.51 0.5541 0.9931 2.15 0.2799 0.5376
92.5 2.49 0.4860 0.9911 2.07 0.2238 0.4679
93 2.73 0.3727 0.9916 2.30 0.1019 0.4310
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Figure 6 Tobin analysis from eq. (8) for PEGMA and PEGMA /clay nanocomposites: (A) PEGMA, (B) PEGMA /clay1, (C)

PEGMA /clay3, and (D) PEGMA /clay5.

Both Avrami and Tobin crystallization rate con-
stants suggested that the rate of isothermal crystal-
lization increased as T. decreased and that clay fa-
cilitated the crystallization process if present in a
small amount, but too much clay slowed down the
process.

Malkin analysis

Malkin et al.>® derived the following equation based
on the assumption that the overall crystallization rate
equals the summation of the rate at which the degree
of crystallinity varies with the emergence of the pri-
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mary nuclei and the rate of variation in the degree of
crystallinity varies with the crystal growth rate:

X()=1

Gy + exp(Cyt)

Cy+1
(10)
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where C, is the Malkin exponent defined as the
ratio of the crystal growth rate to the primary nu-
cleation and C; is the Malkin crystallization rate
constant, which is related to the overall crystalliza-
tion. C, and C; were found by the fitting of experi-
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TABLE IV
Malkin Kinetic Parameters

Sample T. (°C) Co C, (min™1) R? Co* C* (min™ 1)
PEGMA 84 432 0.4287 0.9988 434 0.4499
85 4.46 0.3185 0.9987 422 0.3302
86 423 0.1983 0.9984 3.57 0.2073
87 4.65 0.1558 0.9984 4.00 0.1519
PEGMA and 1% clay 91.5 8.50 1.6349 0.9988 7.47 1.6439
92 9.65 1.5911 0.9989 8.82 1.5854
92.5 7.12 1.3216 0.9987 7.00 1.3423
93 7.70 1.2217 0.9992 7.00 1.2324
PEGMA and 3% clay 91.5 7.78 1.6153 0.9987 7.47 1.5717
92 7.36 1.2652 0.9980 8.13 1.2718
92.5 6.53 1.0411 0.9986 6.41 1.0586
93 3.97 0.7800 0.9976 5.85 0.8113
PEGMA and 5% clay 91.5 6.59 1.5190 0.9992 6.70 1.5496
92 443 0.9720 0.9982 5.19 1.0081
92.5 4.38 0.8487 0.9989 457 0.8840
93 6.92 0.7607 0.9979 6.27 0.7839

mental data to eq. (10), and the results are shown in
Table IV.

Unlike the Avrami and Tobin models, there is no
direct analytical procedure for the determination of
the Malkin kinetic parameters.”® The most important
feature for the Malkin model is not its physical mean-
ing but the convenience of its analytical form.”® From
the original article, the Malkin model seems to have a
better correlation to the experimental data than the
Avrami model in some polymer systems; Figure 5 and
the regression coefficient, however, show that the
Avrami model provided a slightly better fit than the
Malkin model in this study.

Estimated values of C, and C; can be related to 7, as
follows:™

Co=4"—-4 (11)

In(4" —2)

Ci=— 1K (12)
(In 2)m

The estimated Malkin exponent and Malkin crystalli-
zation rate constant are shown in Table IV for com-
parison.

Urbanovici-Segal analysis

157

Urbanovici and Segal™ suggested a kinetic equation:

X(H)=1—-[1+(r— DK™V (13)
where K,,; and n,,, are the Urbanovici-Segal crystalli-
zation rate constant and exponent, respectively. When
r approaches unity, the Urbanovici-Segal equation re-
duces to the Avrami model,”® and this suggests that r
is indicative of the deviation of the Urbanovici-Segal

equation from the Avrami equation. K, and 7, have
a physical meaning similar to that of K, and n, of the
Avrami equation.

The Urbanovici-Segal kinetic equation was also
conducted by the fitting of the experimental X(t) data
to eq. (13), and the results are shown in Table V. When
r was greater than 1, the values of the Urbanovici-
Segal kinetic parameters were greater than those of
Avrami. When r was 1.12 (in PEGMA /clay3 at 92°C),
the difference between n,, and n, was 6.9%, and that
between K,,; and K, was 4.5%. When r was less than 1,
the values of the Urbanovici-Segal kinetic parameters
were less than those of Avrami. When r was 0.73 (in
neat PEGMA at 86°C), the difference between n,,, and
n, was —13.5%, and that between K,; and K, was as
much as —11.3%.

K, was also estimated from ¢, ,, as follows:

. 0‘5(1—7) _ 1 1/1us »
K = R ti/a

(14)
The estimated values of K, are listed in Table V. The
results of the Urbanovici-Segal analysis showed a
crystallization trend similar to those revealed by the
Avrami, Tobin, and Malkin models, and the Urbanovi-
ci-Segal model provided the best fitting with the high-
est R* value.

Crystallite morphology

Figure 7 shows polarized optical photomicrographs of
the neat PEGMA and PEGMA /clay nanocomposites.
Spherulites of neat PEGMA [Fig. 7(a)] were larger than
those of the PEGMA /clay composites [Fig. 7(b—d)].
The average dimension of the spherulite in the com-
posite decreased dramatically with the addition of
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Sample T. (°C) M, r K, (min~1) R? K,* (min™ 1)
PEGMA 84 1.47 0.89 0.1788 0.9998 0.1894
85 1.43 0.83 0.1279 0.9997 0.1342
86 1.34 0.73 0.0771 0.9997 0.0781
87 1.38 0.75 0.0595 0.9997 0.0611
PEGMA and 1% clay 91.5 1.66 0.91 0.5615 0.9998 0.6111
92 1.79 0.93 0.5269 0.9998 0.5956
92.5 1.66 0.91 0.4755 0.9997 0.5323
93 1.68 0.9 0.4292 0.9999 0.4773
PEGMA and 3% clay 91.5 1.71 0.91 0.5595 0.9997 0.6108
92 1.86 1.12 0.4846 0.9996 0.5509
92.5 1.64 0.93 0.3873 0.9997 0.4278
93 1.45 0.89 0.3336 0.9990 0.3540
PEGMA and 5% clay 91.5 1.68 0.92 0.5517 0.9997 0.6001
92 1.61 1.05 0.4288 0.9996 0.4671
92.5 1.51 0.95 0.3600 0.9998 0.3853
93 1.68 0.95 0.2833 0.9997 0.3792

clay, and the spherulites in the nanocomposite were less
perfect than those in the neat PEGMA. The polymer
spherulite dimension was governed by the number of
nuclei formed in a unit of volume at the time of crystal-
lization. The addition of clay resulted in a high nucleus
density and smaller spherulites through the impinging
effect. The presence of clay also distorted the crystalline
phase structure and rendered spherulites less perfect.

CONCLUSIONS

The montmorillonite clay used in this study was
easily intercalated via melt blending in a twin-screw

(©

extruder with PEGMA to form homogeneous and
stable PEGMA /clay nanocomposites. The Avrami,
Tobin, Malkin, and Urbanovici-Segal models were
used to describe the isothermal crystallization pro-
cess of neat PEGMA and PEGMA /clay composites.
The kinetic analyses of all four models indicated
that the addition of clay facilitated the crystalliza-
tion of PEGMA and that clay could be considered a
nucleating agent. When added in greater amounts,
however, clay physically hindered the diffusion of
molecular chains and retarded the overall crystalli-
zation of PEGMA.

(D)

Figure 7 Polarized optical micrographs for (A) PEGMA, (B) PEGMA /clayl, (C) PEGMA /clay3, and (D) PEGMA /clayb5.
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