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ABSTRACT: The cure behavior of unsaturated polyes-
ter(UP)/organo-montmorillonite (Org-MMT)/methyl ethyl
ketone peroxide (MEKP)/cobalt octoate intercalated nano-
composites at varying temperatures and Org-MMT loadings
was investigated by the Dynamic Torsional Vibration
Method (DTVM). The apparent kinetic parameters of the
cure reaction, including the gelation time t,, apparent acti-
vation energy E,, and curing rate, etc., were estimated by
Flory’s gelation theory, non-equilibrium thermodynamic
fluctuation theory, and Avrami equation. The theoretical
prediction is in good agreement with the experimental re-

sults obtained by the DTVM. The gelation time £, increases,
and the rate of curing reaction decreases, with increasing
Org-MMT loadings, but there is no obvious effect of Org-
MMT on the apparent activation energy E, and the curing
process of nanocomposites. A two-step cure process of UP
was observed due to the addition of Org-MMT. © 2005 Wiley
Periodicals, Inc. ] Appl Polym Sci 97: 1-7, 2005
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INTRODUCTION

A great deal of attention has been paid to the organic—
inorganic hybrid nanocomposite recently.’ The nano-
composite is not the simple mixture of organic polymer
matrix and inorganic filler only, but is a composite in
which two components disperse into one another in
nanometer scale. The nano- scale effect leads to strong
interfacial interactions and exhibits many positive phys-
ical and mechanical properties of nanocomposites. In
general, the dispersion of clay particles in a polymer
matrix can result in the formation of three general types
of composite: (a) conventional composites; b) interca-
lated composites formed by the insertion of polymer
molecules into the clay host galleries (although the basal
spacing rises, the clay remains in a regular gallery struc-
ture); and (c) exfoliated nanocomposite, in which the
individual 10 A thick silicate layers are dispersed in a
polymer matrix and segregated from one another, and
the gallery structures are completely destroyed. Lots of
reports about the layer silicate-epoxy nanocomposite
and the epoxy- clay nanocomposite can be found in the
literature.*~® However, no report, to the authors’ knowl-
edge, could be found on the cure process in situ of the
unsaturated polyester (UP)-clay system in the literature.

Curing of a resin system is the critical and productiv-
ity controlling step in the fabrication of the thermoset-
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ting-matrix composites. However, the cure process of an
epoxy resin is the crosslinking of linear macromolecules
with a complicated mechanism. As soon as the crosslink-
ing forms, the resin will not be softened and melted,
leading to a difficulty to study. Traditionally, chemical
analysis, Fourier transformed infrared spectroscopy,’
and differential scanning calorimetry ®° detecting the
degree of conversion of reaction groups were used to
study the cure process. The sensitivity and function of
these analysis techniques are much reduced at the last
curing stage due to the increased consumption of reac-
tive groups. The cure process can be studied successfully
by mechanical methods, and the dynamic torsional vi-
bration method (DTVM) developed in our lab has suc-
cessfully been used to investigate the cure behavior in
several resin sys’fems.m_17

In this presentation, the cure behavior of UP/Org-
MMT/MEKP nanocomposites was studied with the
DTVM. The apparent kinetic parameters of the cure
reaction, including the gelation time t,, apparent acti-
vation energy, and curing rate, etc., were estimated by
Flory’s gelation theory, non- equilibrium thermody-
namic fluctuation theory, and Avrami equation. The
effect of Org-MMT loading on the cure process was
studied as well.

EXPERIMENTAL
Materials

Na " -montmorillonite with a cation exchange capacity
value of about 100 mmol/100 g was purchased from



Qingshan Chemistry Agent Factory in Lin’an, China.
Unsaturated polyester resin was donated by the Glass
Fiber Reinforced Plastic Factory in Anhui. Methyl
ethyl ketone peroxide (MEKP), produced in Huifeng
Chemistry Agent Material Factory in Jiangyin, China,
was used as curing agent. The surfactant of clay,
(CH;);5(CH,)1(NH,Br, was purchased from the Re-
search Institute of Xinhua Active Material in Chang-
zhou. The organo-montmorillonite (Org- MMT) was
prepared by ion exchange.

For the isothermal cure experiment, UP, the initiator
MEKRP, and its promoter of cobalt octoate were mixed
in the stoichiometric ratio of 100 : 2 : 0.15 (by weight).
Then, the mixture was mixed with Org-MMT powder
with the loadings of 0, 2, 5, and 7phr, respectively.

Ion exchange process

Na"-montmorillonite was added to a three-necked
1000 mL round-bottom flask loaded with distilled wa-
ter, and mixed using a mechanical stirrer equipped
with a glass stirring rod in room temperature; 30 g
(CH;);5(CH,);(NH,Br per hundred grams clay by
weight was added and placed in a 90° water bath for
2 h. The exchanged clays were washed with deionized
water until no bromide was detected with 0.1N
AgNO; solution and dried in the air. The clays were
ground with a mortar and pestle, and the 40-60_m
fraction was collected. The product made in this way
was identified as 16-Mont [11].

X-ray diffraction (XRD)

The lattice spacing of montmorillonite was measured
by a Rigaku D/max-yB X-ray diffractometer with the
CuK, line (A = 0.1542 nm), a tube voltage of 40 kV,
and a tube current of 100 mA. The scanning range is
from 2.2° to 10° with a rate of 2°/min.
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Figure1 Schematic representation of the dynamic torsional
vibration apparatus.
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Figure 2 Analysis of isothermal cure curve.
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Dynamic torsional vibration method and
experimental curve analysis

Dynamic torsional vibration is a non-resonant forced
vibration. The schematic diagram of a homemade ex-
perimental setup-HLX-I Resin Curemeter is shown in
Figure 1. The lower mold 3, having a heater within it
and used as the torsional vibrator, is filled with the
resin materials. When the motor 6 is switched on, the
upper mold 2, having a heater within it too, comes
down, and the molds close with a gap that can be
adjusted. The cure temperature is controlled with
thermistors. Thus, the isothermal cure process can be
performed. As soon as the upper and lower molds
close, the motor 5 is on, and the lower mold starts a
torsional vibration with a frequency of 0.05Hz at an
angle below 1°, which also can be adjusted according
to the hardness of the cured resin materials, by means
of ecentric disc 4 on the speed change gear 7. The
torque amplitude of the torsional vibration is trans-
formed into electric signals by means of the strain
gauge load cell 1, amplified through the amplifier 10
and recorded by the recorder 11. The UP resin system
with a different degree of cure has a different torque
(or viscosity, modulus, etc.). Therefore, the change in
the mechanical properties, that is, the degree of cure of
the resin system, can be monitored and determined by
measuring the changes in torque, and a continuing
curve reflecting the whole cure process can be ob-
tained.

The typical experimental curve obtained by the dy-
namic torsional vibration apparatus is shown in Fig-
ure 2. The abscissa is the curing time, and the ordinate
is the torque required to turn the resin system by a
small angle, which corresponds to the modulus or
viscosity of the resin system, and can be thought of as
a relative parameter of the degree of cure. The time of
closure of the molds is taken as the starting time of
cure point O. In the range of OA of the curing time, the
network structure formed during the cure reaction is
not enough to cause forced vibration of the upper
mold. As a result, the strain gauge load cell will not
have any signal to input, so that the experimental
curve is a linear line corresponding to the abscissa. At
point A, the viscosity of the resin system is high
enough (i.e., the network formed is complete enough)
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Figure 3 XRD patterns of UP/Org-MMT/MEKP/cobalt
octoate system.

for the gelation in the resin system to occur, and the
torque appears and the strain gauge load cell inputs
some signal. Thus, point A is the gel time ¢, for the
resin system. After point A, the torque increases with
increasing of the curing time. The increasing ampli-
tude of the torque (slope of the curve) reflects the rate
of the curing reaction. The increasing trend of the
torque tends to steady with increasing curing time,
and the equilibrium torque G.. is thus reached (point
C). In the meantime, the curing reaction is completed
and a cup-like experimental curve is obtained. The
envelope of the experimental curve corresponds to the
change of mechanical behavior of the resin system
during cure. Since the cup-like experimental curve is
symmetric to the time axis, for convenience we can
just take the upper- half of the envelope as the isother-
mal cure curve to analyze the cure process.

RESULTS AND DISCUSSION
X-ray diffraction analysis

X-ray diffraction (XRD) patterns for UP/Org-MMT/
MEKP/cobalt octoate nanocomposites with varying
Org-MMT loadings cured at a temperature of 100° are
shown in Figure 3. The XRD patterns can reveal the
change of the lattice spacing of Org-MMT after the
cure of the UP/Org-MMT mixture. Generally, for in-
tercalated nanocomposites the lattice spacing in-
creases, but Bragg diffractions still exist in the diffrac-
togram, which shifted to a lower angle. If the lattice
spacing continues to increase, an exfoliated nanocom-
posite is formed, leading to the disappearance of the
Bragg diffraction.'® The (001) diffraction peak exists in
20 = 3.88°, related to the d-spacing of 22.7 A; while for
the nanocomposites, a lower (001) diffraction peak (26
= 2.58°) and higher d-spacing (d = 34.2 A) were ex-
amined. That is, as a function of the insertion of the
polymer chains into montmorillonite galleries and of
the polymerization force, the spacings of montmoril-
lonite, almost independent of its content, expand evi-

dently. The existence of a (001) diffraction peak with
an increase of gallery spacing is indicative of the for-
mation of interclated layered silicate nanocomposites.

The isothermal cure curve

The isothermal cure curves of the UP/Org-MMT/
MEKP/ cobalt octoate nanocomposites with Org-MMT
loadings of 0, 2, 5, and 7phr at temperatures of 20, 30,
40, and 50° a shown in Figure 4. Most of the cure
curves have similar shape, but obvious differences in
gelation time t,, cure rate, and maximum torque could
be observed. It is obvious from Figure 4 that the gela-
tion time decreases and the cure reaction will be faster
and faster with the increasing of temperature. Same as
the temperature dependence, the t, decreases with
increasing of Org-MMT loadings, which occurs espe-
cially beyond the loading of 5phr. The same phenom-
enon could also be found in ref. 17. The t, obtained
from Figure 3 and some related parameters a listed in
Table 1.

Flory’s gelatin theory

According to Flory’s gelation theory," the chemical
conversion at the gel point of the resin system is
constant and is not related to the reaction temperature
and other experimental conditions. As a result, the
apparent activation energy of cure reaction E, can be
calculated from gel time t,:

Int,=C+E,/RT (1)

where T is the curing temperature (K); R, the gas
constant; and C, a constant. Figure 5 shows a plot of
Int, versus 1/T for the nanocomposites with various
Org-MMT loadings. The apparent activation energy
E, can be calculated from the slope of the lines. The
ideal linearity demonstrates that Flory’s theory is ap-
propriate for the cure process.

Nonequilibrium thermodynamic fluctuation theory

Hsich’s non-equilibrium thermodynamic fluctuation
theory,” 2% by which we predicted the cure behavior
of our experimental systems, directly describes the
changes of physical or mechanical properties. Hsich
considered that there are similarities between the dy-
namic process of resin curing and the process of a
molecular structure becoming floppy,* so one can use
a function related with the time to describe the varia-
tion of physics’ mechanical properties in the curing
system. The curing reaction can be regarded as many
chemical reaction units, and each unit is related with a
dynamic ordered parameter. According to the theory,
the physical or mechanical properties of the UP resin
system during cure can be expressed as:



E, ] 0 phr g -
T 16} e
1—% 14+ 0""‘
= ya] T ILERET Ty

—_— 12 -

— r e s0FC

— 10 ¥ /

O ] ;r J 4CPC —
o I ,l'l )A"‘__‘_ _: o 7 20:‘;
4y " T a—w .

24 Mlﬂ:;
D ‘. - L) L) L) T L)
0 1000 2000 3000 4000 5000 8000
ts’
(a)
18
164 Sphr et arc
*
EM.- f,v
=2 # _T‘,SCFC
L K —
I

—f el -

Fogl A 20

O ¥l o~ s

o hiE e Vg
-| a .i »
24 J s e
¥ * e
e L] .I: ) ", LJ 3, L) L L) L L T T .
0 1000 2000 3000 4000 5c1|vuu 600D 7000 &000 9000 10000
tis

(c)

CHENG ET AL.

16
E:ﬁ' 2 phr , .":{Y.E — |
EE = ——
d - a—
=12 f‘Eaf:_-v—'—'/-)_J,I 3FC
"'an- ‘/".r .}/
= N o
D, ] 4 Y A
2 -f'; ,(’_’: -t 8
4 ;’:'_,.l--:r ;
2o 4 i ¢,0' //'
) 4 o
D -, ) L L) L) ¥
o 1000 2000 3000 4000 5000 G000
tis’
(b)
12
1 7 phr
e ok 50°C e
E " A P o
=8 5 & " 30°C
-2 i A 7 ’
by 2 - A
= vf - - ,w"
T "‘ 3
o /
4 -‘}' .- (_/’"‘2‘?0
b ¥ 9 ....'_ -
bl | - *
2= ? ‘,A ./., e -t
17 4 - i
n . A I..-) h LJ - L] L] L]
8] 2000 A000 30001 BOOOD 10000 12000
tis
(d)

Figure 4 Cure curve of UP/Org-MMT/MEKP/cobalt octoate system at various temperatures: (a) 0 phr, (b) 2 phr, (c) 5 phr,

and (d) 7 phr.

G.. — G(t) £\P
G-~ Gy ‘e"p[_(r)]
where G.. and G, are the final and initial physical and
mechanical quantities (torque or modulus, viscosity,
etc.) during cure, respectively; G(t), the property at
time f; 7, the time parameter (relaxation time) of the

(2)

reaction system; and (3, the constant describing the
width of the relaxation spectrum.

In our experiment, the mechanical quantity is
torque. As seen from the isothermal cure curve in
Figure 4, G, is zero, the torque beginning to appear
only after the gel time t,. Eq. (2) describing the curing

curve after ty

would be

TABLE I
Kinetic Parameters for the UP/Org-MMT/MEKP/Cobalt Octoate Systems

Org-MMT T(°C) G.. to(s) 7(s) B n k

0 phr 50 12.62 38.1 124.1 0.88 0.87 1.53E-02
40 6.27 130.6 374.8 0.68 0.70 2.43E-02
30 16.90 400.4 1042.9 1.03 1.04 2.13E-03
20 9.36 587.3 4103.7 0.96 0.97 1.87E-03

2 phr 50 7.63 88.6 388.4 1.42 1.43 5.16E-04
40 9.32 244.9 613.0 0.75 0.76 1.13E-02
30 14.45 766.5 1334.6 1.35 1.34 1.99E-04
20 15.38 1952.2 3288.0 1.80 1.78 2.76E-06

5 phr 50 12.36 119.3 416.3 1.24 1.31 5.21E-04
40 10.36 390.5 765.7 1.04 1.02 2.20E-02
30 16.67 1254.6 2281.6 1.33 1.36 1.16E-02
20 10.84 2547.8 5225.7 1.75 1.80 5.04E-07

7 phr 50 10.41 144.5 158.2 1.07 1.08 1.65E-03
40 9.75 499.9 367.5 1.36 1.52 1.57E-04
30 10.4 1465.1 757.2 2.33 2.28 1.75E-08
20 7.13 4203.0 1073.9 243 242 9.35E-10
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Figure 5 Plots of Int, versus 1/T for UP system with dif-
ferent Org-MMT fillers.
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Eq. (3) describes the changes in the torque of the resin
system during cure in which t, and G.. can be read
directly from the isothermal cure curve.

In order to obtain the relaxation time tlet f = ty + 7,
thus:

T T
0.0031 0.0032 0.0035

G(t) = G(ty + 7) =G.(1 —e ) =0.63G. (4)

From a measurement of time corresponding to 0.63 G..
in the experimental curing curve, the relaxation time 7
can be obtained by Eq. (5):

T=t—t, (5)

Having determined 7, eq. (3) is reduced to an equation
with a single parameter 8 only. A non-linear regres-
sion is used to fit Eq. (3) to all experimental cure
curves. The values of B at various temperatures or
Org-MMT loadings can be determined by using the
line of best fit. With this 8 value, the torque G(t) at any
time, that is, the theoretically predicted value, can be
calculated according to Eq. (3) provided that the gel
time t, and the relaxation time 7 are already known.

Analysis of cure curves with the Avrami equation

The Avrami theory is most often used to describe the
kinetic process of polymer crystallization. Since many
molecular aggregates (microgels) or high-molecular-
weight particles have been observed during an infinite
network formation as a result of crosslinking,23, Lu*
considered that in a broad sense, crystallization can be
considered as a physical form of crosslinking and in
some aspects the behavior of amorphous crosslinking
polymers is similar to that of crystals. Therefore, it is
possible to predict the cure process of thermosets us-

ing the Avrami equation. The cure kinetics of the
epoxy resin®**° and unsaturated polyester”® have been
analyzed with the Avrami equation earlier, and good
agreement between the theoretical predictions and the
experimental DSC data was achieved.

The relative degree « of cure at ¢ time can be calcu-
lated according to the curing curve as follows:

a=G(t)/G. (6)

and the isothermal curing curves can be changed into
the relationship between the degree of cure « and the
curing time (t — t,) after the gel point. The isothermal
cure process can be analyzed using the following
modified Avrami equation 27:

a=1—exp [ —k(t—t)"] (7)
or
In[ —In(1 — a)] = nIn(t — t,) + Ink (8)

where 7 is the Avrami exponent that is a reflection of
the nucleation and growth mechanisms, and k is a
temperature dependent kinetic constant.

The plots of In[~In(1—a] versus In(t—t,) for the data
obtained on the cure process of UP/Org- MMT/
MEKP/cobalt octoate are shown in Figure 6. The re-
sults treated by the Avrami equation are reported in
Table 1. The good linearity justifies that it is valid to
illustrate the cure process after f, by the Avrami equa-
tion. Meanwhile, it is found that the values of kinetic
constant k increased as the cure temperature in-
creased, that is, the higher temperature, the faster the
cure rate, which is in good agreement with the general
rule of chemical reactions.

The activation energy can also be estimated by the
Avrami method. An empirical approach can be used
to describe the temperature dependence of kinetic
constant k. Assuming that k is thermally activated®:

k'/" = Aexp ( —E,/RT) 9)
or
n-'Ink = InA — E,/RT (10)

where E, is an activation energy associated with the
cure process, and A is a pre-exponential constant. The
logarithmic plots of n~ ! Ink as a function of 1/T are
shown in Figure 7. The good fit to linearity allows
calculation of the activation energy from the slope of
the straight line.

The values of the activation energy obtained by the
above two methods are listed in Table II. We can find
out that the values of activation energy became higher
as the concentration of Org-MMT increased. Obvi-
ously, the differences between one another are not
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Figure 6 Avrami plots of In [—In(1—a)] versus In(t—t,) of UP system with different Org- MMT fillers: (a) O phr, (b) 2 phr,

(c) 5 phr, and (d) 7 phr.

insignificant. The reason may be attributed to the ex-
istence of different mechanisms at various cure stages.
Before (or at) the gel point, the polymerization is ki-

7 phy
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O.OIO33 :‘ O.OIO 4
TI/K
Figure 7 Plots of 1/nlnk versus 1/T of UP/ Org-MMT/
MEKP/ cobalt octoate system.

T T
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netic-controlled and the cure reaction is relatively
easy. After the gel point, the cure reaction is predom-
inantly diffusion-controlled as the retardation of vis-
cosity and a mass dispersion limitation eventually set
in, and the cross-linking reaction of unsaturated poly-
ester resin becomes more difficult. Therefore, the ac-
tivation energies at the gel point obtained from the
gelation time are distinctly higher than those after the
gel point obtained from the apparent rate constant.

TABLE 11
Activation Energy of Epoxy UP/Org-MMT/MEKP/Cobalt
Octoate Systems

Loadings
(phr) E, (kJ/mol) E.* (kJ/mol)
0 73.38 4421
2 81.98 47.35
5 81.48 71.04
7 87.96 72.16

E, and E_* are the apparent activation energies obtained
from Flory’s theory and the Avrami equation, respectively.
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CONCLUSION

The Dynamic Torsional Vibration Method investi-
gated the cure behavior of UP/Org- MMT/MEKP/
cobalt octoate intercalated nanocomposites with dif-
ferent Org-MMT loadings. From the experiment, we
conclude: Temperature increase reduces the gel time
tes and increases the cure rate and the value of k; and
the addition of organo-montmorillonite reduces the
cure rate of UP to a considerable extent. The addition
of Org-MMT has no considerable effect on the appar-
ent activation energy of the cure reaction, judging
from the similarity of cure curves with and without
Org-MMT, Org-MMT has no specific effects on the
formation of the nanocomposites. Also, the prediction
based on Flory’s gelation theory, the non-equilibrium
thermodynamic fluctuation theory, and the Avrami
equation is in ideal agreement with the experimental
results, which verifies the theory in a reverse way. We
observed twi-cure under most experimental condi-
tions, but the ultimate cause of this phenomenon
needs further exploration.
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