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ABSTRACT: The molecular diffusion and the diffusion-controlled kinetics during curing of an epoxy-amine
resin have been studied. The diffusivity was estimated using an approach based on the dielectric analysis
of the resin system. At low conversions, the decline of the diffusion coefficient is relatively slow while, at
higher conversions, the diffusivity drops significantly even with a small advancement of cure. The normalized
diffusion coefficient was in agreement with the predictions of the free-volume model of Huguenin and Klein
but disagrees with those of the cooperative rearrangement model of Havli¢ek and Dusdek. This discrepancy
was attributed to an assumption of the cooperative rearrangement model. Based on the Rabinowitch model
and the diffusion coefficient obtained, a diffusion-controlled kinetic model has been developed which accounts
for the diffusional limitations on the cure kinetics and adequately predicts the experimental conversion

profiles even at high conversions.

Introduction

The ultimate properties of thermosetting polymers are
attained at the final stages of cure when the cross-linking
reactions are limited by diffusion of the molecular species
in the curing systems. To optimize the processing condi-
tions, it is of practical importance to delineate the cure-
dependent diffusion phenomena. Epoxy-amineresins are
typical thermosetting polymers and have been widely used
as structural and insulating materials. The major curing
reactions of epoxy-amine resins are the addition of a
primary or secondary amine with an epoxide to yield a
hydroxyl group and a secondary or tertiary amine.l?
Although the rate constants for the reaction with primary
amine and the reaction with secondary amine are not
exactly the same,? it is often insignificant to distinguish
between them.24 The reactions are autocatalytic with
proton donors as the catalyst.> The rate of reaction may
be written as?

da/dt = (kpa +E)1-a)r-a) (6}

where « is the epoxide conversion, kj; is the intrinsic rate
constant, &; is the rate constant due to the catalysis of the
impurity proton donors, r is the stoichiometric ratio
{number of amine hydrogens/number of epoxides), and ¢
is the time.

The objective of the present work was to characterize
the cure-dependent diffusion of an epoxy-amine resin
using a newly developed modeling approach® and to
examine the diffusion-controlled reaction kinetics. The
ionic conductivity and dipole relaxation time of the resin
were first obtained from dynamic dielectric analysis and
the molecular diffusion coefficient was estimated.® Then
the diffusion coefficient was compared to the predictions
of two existing models: the free-volume model of Huguenin
and Klein” and the cooperative rearrangement model of
Haviitek and Dusek.? Finally, the Rabinowitch model®
for small-molecule reactions was employed to examine the
diffusion-controlled kinetics of the epoxy resin.

Experimental Section

The epoxy resin used in this study was highly purified DGEBA
(diglycidyl ether of Bisphenol A) supplied by the Shell Develop-
ment Co. under the trade name X-22. The epoxide equivalent
weight, as determined by titrating with hydrogen bromide in
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glacial acetic acid,!? was 172 g/mol, which corresponds to a purity
of 99%. 4,4-Diaminodiphenylmethane (DDM), provided by
Aldrich with 99% purity, was used as the amine cross-linking
agent. The samples were prepared by melting the epoxy at 70
°C, cooling to 55 °C, and then adding a stoichiometrically balanced
amount of the diamine. The mixture was mechanically stirred
at ahigh speed for 15 min, when it became clear and transparent,
and was then cooled and stored at -21 °C,

The curing kinetics of the resin was studied using an IBM
Instruments IR/32S FTIR (Fourier transform infrared spec-
troscopy) spectrometer. In each experiment, the sample holder
was first heated to slightly higher than the cure temperature.
Then the liquid sample between a pair of NaCl cells was placed
intheholder. The cell temperature reached the cure temperature
in less than 2 min, and the infrared scans were initiated when
the cell temperature was 2 °C below the cure temperature. Each
IR spectrum consists of 15 coadded interferograms at 2 cm-!
resolution. The disappearance of the epoxide peak at 916 cm-!
was monitored and the aromatic ring-carbon-aromatic ring
stretch at 1184 cm-! was chosen as the reference peak. The
epoxide conversion was then calculated using the following
equation:

=1- Agie(t) Ap1py(0)

= 2
Agig(0) Apyg(8) @

where Agj¢ is the area of the epoxide peak at 916 cm-! and Aj;a
is the area of the reference peak at 1184 cm-1.

A Mettler DSC-30 differential scanning calorimeter (DSC)
was used to determine the glass transition temperature of the
resin at variousstages of cure. Ineach DSC test,an approximately
10 mg sample was first placed in an aluminum pan, cured
isothermally for a period of time, cooled to -70 °C, and then
scanned at a heating rate of 10 °C/min. The temperature
corresponding to the onset of the endothermic deflection of the
baseline was taken as the glass transition temperature of the
sample.

Dielectric experiments were performed using a Micromet
Eumetric System II microdielectrometer. When equipped with
a low conductivity sensor, the dielectrometer can generate
measurement signals ranging from 10000 to 0.005 Hz. Two types
of isothermal experiments—curing experiments and frequency-
scan tests—were conducted. In a curing experiment, the oven
containing the dielectric sensor was heated to the cure tem-
perature and a small amount of sample was used to cover the
entire sensing area. While the cure proceeded, the sample was
scanned repeatedly by the dielectrometer from high to low
frequencies between 10000 and 0.01 Hz.

The frequency-scan tests were conducted to measure the ionic
conductivity and dipole relaxation time of the pregel samples.
Because these samples have relatively short relaxation times,
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Figure 1. Epoxide conversion measured with FTIR at various
cure temperatures.

low temperatures were used so that the relaxation peaks were
located within the frequency window of the dielectrometer. To
conduct & frequency-scan test, the sample was cured at 75 °C for
a period of time. Then the sample and sensor were removed
from the oven and left at room temperature for 20—-30 min, during
which period the over temperature was cooled to the room
temperature. Next the sample and sensor were reinserted into
thesealed oven. A constantstream of liquid nitrogen was utilized
as a cooling source, and an Omega controller was used to regulate
the electric heating to maintain the system at the desired
temperature. In each test, the sample was scanned once from
high to low frequencies.

Up to 32 frequencies ranging from 10000 to 0.005 Hz were
used in the frequency-scan tests. Depending on the low
frequencies used, 5-30 min was needed for each scan. These
tests may be classified into two groups—those at temperatures
below 20 °C and those above 20 °C. For a sample tested below
20 °C, the scans were performed at several temperatures. After
each scan, the temperature was raised and a new scan was
conducted. For a sample tested above 20 °C, several scans were
performed at a constant temperature after the sample was held
at the temperature for various periods of time.

Efforts were made to prevent the temperature profiles in the
oven/cell of one instrument from deviating from those of the
other instruments, and the cure times in different heating
environments are considered equivalent.

Results and Discussion

The curing of the epoxy—~amine resin was studied using
FTIR at temperatures ranging from 55 to 115 °C. Figure
1 shows the IR data. The reaction is slow at the early
stages, then accelerates significantly, and finally becomes
slow again close to the end of the cure, which is typical of
autocatalytic reactions. The glass transition temperature
of the resin was measured over the same range of
temperature and isshown in Figure 2. Theglass transition
temperature continues to increase, i.e., the resin continues
to cure, even after the resin vitrifies, when the glass
transition temperature reaches the cure temperature.

Extraction of Ionic Conductivity and Dipole Re-
laxation Time. Curing experiments using the microdi-
electrometer were conducted between 55 and 115 °C.
Figure 3 illustrates the dielectric permittivity and the
dielectric loss factor obtained during the curing at 115 °C.
The permittivity decreases as the cure proceeds and
approaches a limiting value at long cure times. The loss
factor is high initially and exhibits a peak after the resin
cures for approximately 30 min.

The loss factor is composed of two parts—an ionic
contribution and a dipole contribution.!! Since the ionic
contribution is independent of frequency, while the dipole
contribution is not, the ionic conductivity was extracted
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Figure 2. Glass transition temperature of the resin after curing
for various periods of time.

6. |
<
= ]
> =]
gio [
€ 2
@ Q
a i}
40
L | H 1 -
3.0 520 30 0 50 " Bd°

Time {min)

Figure 3. Permittivity (- - -) and loss factor (—) at 115 °C.
From left to right, the measurement frequencies are 10000, 1000,
100, 10, 1, and 0.1 Hz.
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Figure 4. Plot of log (27fee") vs cure time for the cure at 75 °C.

from the loss data following a standard method.}? The
loss profiles at various frequencies were transformed into
2nfee” curves (f is the frequency, ¢ is the loss factor, and
e is the permittivity of free space with a value of 8.85 x
10-12 F/m) and were superimposed to form a single plot.
Such a plot is shown in Figure 4 for the resin cured at 75
°C. Over certain periods of time, two or more curves
overlap, which indicates frequency independence and
negligible dipole contributions. Thus, those experimental
data that belong to the overlapped portions of the curves
were converted into the ionic conductivity.

Figure 5 is a plot of the ionic conductivity, o, versus the
epoxide conversion at four temperatures. The epoxide
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Figureb5. Ionicconductivity vs epoxide conversion. The arrows
indicate the gel conversion.

conversions corresponding to the conductivity data were
determined using the IR data by linear interpolation. The
arrows in the figure indicate the 58 % gel conversion of the
system evaluated using the recursive approach (assuming
equal reactivity of the hydrogen atoms in the diamine).1314
The ionic conductivity drops approximately 3 orders of
magnitude from the onset of cure to the gel point. With
the conductivity and the conversion data, the overall
diffusion coefficient of the molecular species in the pregel
stage was estimated using the diffusion model:6

K2 = -1
D =3 0% 3)

where D is the overall diffusion coefficient or the average
diffusion coefficient of a monomer unit, K; and K, are
constants for isothermal cure, and %, is the number-average
degree of polymerization. Because the constants, K; and
K, are unknown, the diffusion coefficient obtained was
normalized with respect to the value at 0% conversion.
For the epoxy-amine resin, £, = 1/(1 - 4a/3) by assming
no cycle formation!3 and its value at the gel conversion is
only about 4 times the value at 0% conversion. Thus, the
ionic conductivity changes much faster than the other
three factors (K, K, and %,) in the model and is the
dominating factor.

The dipole relaxation time may be directly obtained
from the maxima of the dipole loss peaks, such as those
in Figure 3, by evaluating the cure times at which the
maxima are reached. The inverse frequency is the
relaxation time at the particular cure time. Thus, each
frequency used in the experiment yields only a single
relaxation time. By following a single-frequency approach
based on the work of Mangion and Johari,!5 many more
relaxation data have been obtained for the epoxy resin.16
This method includes the following steps: (i) fitting the
complex permittivity obtained with a single frequency
during isothermal cure to a modified Williams—~Watts
relaxation function; (ii) evaluating the relaxation time of
the Williams-Watts function corresponding to each of the
permittivity data; and (iii) converting the Williams—Watts
relaxation time to the dipole relaxation time.

Figure 6 shows the dipole relaxation time obtained from
the two methods. The data determined using the single-
frequency approach are in agreement with those obtained
directly from the loss peaks but cover a much wider range.
These data were utilized to estimate the post gel diffusivity
based on the free-volume relationship:®
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Figure 6. Dipole relaxation times extracted using the single-
frequency approach as compared to those obtained directly from
the maxima of the loss peaks.

D" =K, 4

where n, the power-law index, is a constant independent
of conversion and temperature and K3 is a constant.
Determination of the Power-Law Index n. Equation
4 is useful only when the power-law index n is known.
Substituting eq 3 into eq 4 and rearranging yields

log(c%, ™) = -n log 7 + log Ky’ )

where K3’ (=K;K3/K3) is a constant. Thus, n may be
obtained by determining both the diffusion coefficient
and the relaxation time over the same stages of cure, e.g.,
in the pregel stage.

The frequency-scan tests were conducted at tempera-
tures ranging from —11.1 to 40 °C to measure the ionic
conductivities and dipole relaxation times of pregel
samples. DSC experimentsindicate that the samples were
typically scanned at temperatures at least 10 °C above the
corresponding glass transition temperatures. For the tests
below 20 °C, the samples were cured at 75 °C for up to 100
min and scanned at 4 or 5 temperatures with a 4.4 °C
increment. Figure 7shows theloss factor measured during
scans at —4.4, 0.0, 4.4, and 8.9 °C for a sample cured at 75
°C for 60 min. The dipole loss peaks are located at
relatively high frequencies and the ionic contribution is
evident atlow frequencies. Atrelatively high temperatures
(4.4 and 8.9 °C), the dipole losses were negligible at low
frequencies and the data were used to determine the ionic
conductivity. For a sample tested above 20 °C, several
scans were conducted while the sample was kept at a
constant temperature. Because the scan temperatures
were relatively high, significant changes in the dielectric
data were observed for the samples kept for different
periods of time. Figure 8 shows the loss factor measured
at 31.1 °C after curing at 75 °C for 99 min. The ionic
conductivity was calculated using the low-frequency loss
data with negligible dipole contributions. The dipole
relaxation time was evaluated by locating the maxima of
the dipole loss peaks; the detailed procedure has been
given elsewhere.16

The epoxide conversions of the samples scanned below
20 °C were found to range from 0 to 34 %, which were the
IR conversions after the curing at 75 °C. For the samples
scanned above 20 °C, the epoxide conversions were between
31 and 48%, which were IR conversions at the beginning
of each scan and were obtained from the IR experiments
that followed the same test schedules as those of the
scanned samples. Because the time taken in each fre-
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Figure 7. Loss factor for a sample cured at 75 °C for 60 min.
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Figure 8. Loss factor (O) at 31.1 °C. The sample was cured at
75 °C for 99 min and then kept at 31.1 °C for various periods of
time.

quency-scan test was short and the reaction was slow, any
reaction during the dielectric measurements was not
considered. Based onthe sample conversion, the number-
average degree of polymerization %, was then calculated
by assuming no cycle formation.

The above results allowed construction of the plot of
the diffusion coefficient (¢%,™!) vs the dipole relaxation
time for the pre gel samples. Such plots are shown in
Figure 2 of ref 6 for nine temperatures. The data at each
temperature exhibit linear dependence and the best linear
correlations form parallel lines. This result is consistent
with eq 5. The average slope of the lines was -0.81,
indicating n = 0.81.

Cure-Dependent Diffusion and Diffusion-Con-
trolled Kinetics. The above results were then used to
estimate the diffusion coefficient of the epoxy—amine resin.
Figure 9 is a plot of the normalized diffusion coefficient
(D/D,=¢) versus the cure time. For the pregel stage, the
data (shown by the open circles) were obtained using the
diffusion model, eq 3, by assuming no cycle formation so
that £, = 1/(1-4a/3). Inthe postgel stage, the datashown
by the open triangles were calculated using the free-volume
relationship, eq 4. Because the range of frequencies
covered by the dielectrometer is limited, at a relatively
high temperature, e.g., 82 or 115 °C in the figure, the
shortest dipole relaxation time was obtained in the postgel
stage; i.e.,, a gap was created between the range of
conversions covered by eq 3 and that covered by eq 4. In
such cases, the diffusion coefficient close to the gel

Macromolecules, Vol. 27, No. 18, 1994

ficient
o O O
o 0 oD
o OOQ
o
/a
. j

E <
__EZ 300 Ooo
. i % %
a a [+]
c Eﬁ . g kS '
& 10 »5_ a a s e
.= a a a
a b e115 .82 488 2 60 & 535°%¢ |
=10 . - 2 i
%= 4 a e -
S i " s R B s ‘
o = s a |

© 10 d R 5 4 e ‘
N £ e o a » 2
= o & a é N
c 10 o a " o e
-~ a a & & |
£ I e " [ o
510 1 . 2 . |
Z 15" | ; | Lo |8 | i

0 80 120 180 240 300 360 420 480 540

Time (min)

Figure 9. Normalized diffusion coefficient vs cure time: (O) eq
3; (A) eq 4; and (A) eq. 6. The arrows indicate the vitrification
times.

conversion was estimated by neglecting the contribution
of the gel. Since the diffusion coefficient of starlike
polymers is much smaller than that of linear chains!? and
the gel fraction is small close to the gel point, the diffusion
in the cure system is dominated by the diffusion of the sol
and the gel contribution may be neglected.® Therefore

D=wD, =2z
= wst = I?—ax‘“ Wy 6)
1

where D, is the diffusion coefficient of the sol, w, is the
weight fraction of solubles, and Z,, is the number-average
degree of polymerization of the sol. In this work, both w,
and %, were calculated based on the recursive approach!314
(see Appendix). The normalized diffusion coefficient
obtained using eq 6 is shown by the closed triangles in
Figure9. The weight fraction of solubules involved in the
calculations was always larger than 50%.

Figure 9 illustrates how the diffusivity changes as the
liquid resin is transformed into a glassy material. The
vitrification times of the resin are shown by the arrows.
As the cure proceeds, the diffusion coefficient decreases
monotonically. Immediately after the onset of the cure,
the decline is small since the autocatalytic reaction is slow
and the main product of the polymerization is oligomers.
As the reaction accelerates, the diffusion coefficient starts
to decrease rapidly. The evolution of the structure of the
resin from a system of monomers and oligomers to one
with a growing network also contributes to the decline of
the diffusivity. After vitrification, the reaction is much
slower based on the IR data but the diffusivity continues
to drop. Depending on the cure temperature, the normal-
ized diffusion coefficient decreases by 7-10 orders of
magnitude before the system reaches the glassy state.

The normalized diffusion coefficient is plotted against
the epoxide conversion in Figure 10. At low conversions,
when condensation of monomers and oligomers is the major
curing event, the diffusion coefficient decreases slowly.
Starting from close to the gel point when chain branching
and cross-linking dominate, the diffusion coefficient
decreases rapidly even for a small advancement of the
reaction. This indicates that the diffusivity is very
sensitive to the structural changes, the network formation
and growth, of the system. It is also evident from Figure
10that the relationship between the normalized diffusion
coefficient and conversion is temperature dependent—the
diffusivity exhibits higher conversion dependence at alow
temperature than at a high temperature. This is because
the diffusion coefficient, a transport property, is dependent
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on the free-volume of the system or the difference between
the cure temperature and the glass transition temperature.

To compare the normalized diffusion data to those
predicted by the existing models, the cure kinetics needs
to be examined first.

One way to detect the diffusional effects on the reaction
kinetics is to superimpose the kinetic data or the glass
transition temperatures obtained at various cure tem-
peratures.!8!8 If a reaction is kinetically controlled, the
Arrhenius rate expression may be written as

d E,
T = ko exp(— R—T)g(a) ™

where E, is the activation energy, ko is a constant, and g
isa function of conversion. Integrating thisequation yields

E
G(a)=1nk0—EfT—,+lnt 8

where G = Ln(fda/g). Now, if the kinetic data at various
temperatures are shifted by (-E,/RT), the data should
form a master curve on the a—t plot. This is also true for
the glass transition temperature on the Tyt plot since
there exists a one-to-one relationship between conversion
and glass transition temperature. The diffusional effect
may be detected when the data at one temperature deviate
from the master curve.

In Figures 11 and 12, the a~t and Tg~t curves of various
temperatures are horizontally shifted to superimpose with
the curves at 75 °C. To determine the shifting factor for
an o~t and Tt curve, the equivalent cure time at 75 °C
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was calculated for each epoxide conversion or glass
transition temperature in the pregel stage. Then, a
univariable search was conducted to minimize the dif-
ferences between the actual cure times at 75 °C and the
equivalent cure times and the shifting factors were
calculated. The gel time at 75 °C was found to be 138 min
when the IR conversion reached the 58% gel conversion.
It is seen from the two figures that the curves overlap at
cure times shorter than the gel time, demonstrating that
the effect of diffusion on the reaction kinetics is unim-
portant in the pregel stage. Significant divergences of the
curves becomes evident about 20 min after the gel time,
indicating that the diffusional limitations are affecting
the cure kinetics. The onset of the deviation of one curve
from the master curve is more easily detected on the Ty
plot than on the conversion plot. The vitrification times
are also shown in Figure 12. The onsets of the deviations
approximately coincide with the vitrification times.

Since the effect of diffusion on the cure kinetics is
insignificant in the pregel stage, the pregel kinetic data
were then utilized to evaluate the intrinsic rate constants.
The IR data were fitted to the rate equation, eq 1, and k,
and k; were determined for each cure temperature. The
activation energy and the frequency factor were 48.8 kJ/
mol and 8.72 X 10% min~! for k; and 63.2 kJ/mol and 2.16
X 10 min-! for k;.

The cure-dependent diffusion of epoxy amine resins has
been modeled by Huguenin and Klein based on the free-
volume theory:’

_ 1
D =D, exp{bD[l TR Tg)]} ©)

where D, and bp are constants, f; is the fractional free
volume at Ty, and f¢ is the thermal expansion coefficient
of the free volume.

In this work, the two constants, Dy and bp, were
determined following a procedure similar to the one used
in ref 7. The diffusional limitations to the cure kinetics
were evaluated using the Rabinowitch model:?

+—= (10)

where k is the diffusion-corrected rate constant, k. is the
intrinsic rate constant, and kqo is another constant. Since
kpin eq 1is the rate constant of the major polymerization
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reaction, the diffusion-controlled kinetic model was for-
mulated as

da (1 1 )‘( ki)
Lol = +—)J1l-a)r-a) (11)
dt k, kgD * ky

This model was used to fit the kinetic data to determine
bp and kqoDy. f, was taken as 0.025. 3¢ was 4.8 X 104 K-!
for Ty < T < Ty + 100 and 4.8 X 10-5 K-! for T < T,."%
The glass transition temperatures were those obtained
from the DSC tests. As Figure 13 indicates, the kinetic
data are well fitted by this diffusion-control model, eq 11.
The values of bp obtained for all the cure temperatures
were then used to evaluate the diffusion coefficient using
the free-volume model, eq 9.

Another diffusion model was based on the Adam-Gibbs
theory of cooperative rearrangement,® which is given by

D=D, exp[—————-——-m——,f,—— (12)
Tln(-————-—)
T,-50

where Doand m are constants. For polymers, m is typically
108K. This value was also used in the present calculations.

Figure 14 illustrates the normalized diffusion coefficients
obtained from the three methods. The diffusion coefficient
determined using the newly developed approach is in
agreement with that of the free-volume model. Both

Macromolecules, Vol. 27, No. 18, 1994

MY

Conver

Epowide

| L |
120 180 240
Time (min)

Figure 15. FTIR kinetic data vs the model predictions: (Q,4)
IR data; (- --) intrinsic kinetic model, eq 1; (—) diffusion-
controlled kinetic model, eq 13. The arrows indicate the
vitrification times.

methods predict the same trend of the cure dependence
of the diffusion coefficient. The difference between the
two predictions is not significant considering the accuracy
of the data from the free-volume model. The diffusion
coefficient from the cooperative rearrangement model
disagrees with those from the other two approaches and
exhibits considerably slower decline with respect to the
cure time. The discrepancy may be due to one of the
assumptions made in the derivation of the cooperative
rearrangement model. The assumption states that the
discontinuity of the isobaric heat capacity at glass transi-
tion AC,is independent of conversion.? But, for the epoxy-
amine resin studied, AC, decreases gradually during cure;
its value for the fully cured sample was found to be less
than half of the value of the uncured sample. Since the
diffusion coefficient is an exponential function of m by eq
12 and m is inversely proportional to AC,, the diffusion
coefficient is an exponential function of 1/AC,. The
decrease of AC, may have caused the observed discrepancy
in the model predictions.

The normalized diffusion coefficient obtained from the
newly developed approach was also used to model the cure
kinetics of the epoxy-amine resin. The Rabinowitch
model, eq 10, which governs the diffusion-controlled
kinetics of small-molecule reactions, has been employed
in a number of studies involving reactions between
polymers.”82! In this work, the diffusion-controlled kinetic
model for the epoxy resin was also constructed based on
the Rabinowitch model. Again,since kpistherate constant
of the major polymerization reaction, the diffusional effect
is scaled with respect to kj to yield the following model:

da_[1 1 '1( E) _ -
E-(E«}-—k 5 ) a+kp l-a)-a) (13)
dOD
a=0

where D/D,=¢ is the normalized diffusion coefficient and
kao’ (=kagDs=0) is a constant. Thus, there is only one new
constant in eq 13, which is due to the constant k4g in the
Rabinowitch model. The newly developed approach has
not introduced extra adjustable constants into the dif-
fusion-controlled kinetic model. With the intrsinic rate
constants known, a univariable search was conducted to
fit the experimental kinetic data to eq 13.

Figure 15 shows the conversion profiles of the diffusion-
controlled kinetic model for the curing at 75 and 90 °C,
respectively. The experimental kinetic data are in agree-
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ment with the model predictions. The curing reaction
becomes significantly slower close to vitrification. Starting
from the same period, the rate of reaction predicted by
the intrinsic kinetic model is too large as compared to the
experimental data. The diffusion-controlled kinetic model,
however, shows continued but decelerated reactions rather
than fast reaction or cessation of the curing. By altering
the apparent rate constant, this model successfully predicts
the deceleration of reactions due to the diffusional
limitations, which also demonstrates that the Rabinowitch
model and the diffusion coefficient obtained following the
newly developed approach are useful in modeling the
overall cure kinetics.

Depending on the cure system and the processing
conditions, the diffusion control may occur at different
stages. To accurately control the end properties of the
resin and to completely characterize its processability, it
is of practical importance to construct a quantitative
kinetic model that is valid over the entire range of cure.
The current modeling approach forms the basis for the
study of the overall cure kinetics and the optimization of
the processing conditions of thermosetting resins.

Conclusions

The molecular diffusion during the curing of the epoxy-
amine resin was characterized following the approach
based on the dielectric analysis.6 The diffusion coefficient
was estimated using the diffusion model, eq 3, and the
free-volume relationship, eq 4, by measuring the ionic
conductivity and dipole relaxation time of the resin. From
the onset of cure to vitrification, the diffusivity in the
resin system decreases by 7-10 orders of magnitude
depending on the cure temperature. At low conversions,
when condensation of monomers and oligomers prevails,
the diffusivity decreases slowly, whereas, at higher con-
versions, when chain branching and cross-linking dominate
and, later, the infinite network forms and grows, the
diffusion coefficient drops quickly for even a small
increment in conversion. Such a trend continues into the
postvitrification stage. Thus, the diffusivity is highly
sensitive to the structural changes in the system.

The estimated normalized diffusion coefficient is in
agreement with the predictions of the free-volume model.
The predictions of the cooperative rearrangement model
exhibit slower decline of the diffusivity. This discrepancy
was attributed to the changing AC, at T during cure since
asmall change in ACp, may lead to large fluctuation in the
predicted diffusion coefficient.

A diffusion-controlled kinetic model was established
based on the Rabinowitch model of small-molecule reac-
tions and the normalized diffusion coefficient obtained
from the newly developed approach. This kinetic model
predicted continued but decelerated reactions starting
from the vicinity of vitrification and was found to fit the
experimental conversion profiles well. The current find-
ings form the basis for the control and optimization of the
processing conditions of thermosetting systems.
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Appendix

The polymerization of the epoxy—amine resin is an Ay~
B, copolymerization, where A corresponds to an amine
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hydrogen and B an epoxide. For a stoichiometrically

balanced system (r = 1), the weight fraction of solubles
isl¢

B, outy 2
4

__Ma P(F,h* +
ST M, +2M, A
4

w,

where My, and Mg, are the molecular weights of the
diamine and the diepoxide and P(F,°*t) and P(Fg°®) retain
the same meanings as those in ref 14.

By assuming no cycle formation in the solubles, the
number-average degree of polymerization is simply

2
M MA‘ + ;;MBZ

ns

M (p=0)
(0=0) 1+ 2

3
pB' M A‘ + 2M82
4_

T Ty

(A2)

Xns =

where M, is the number-average molecular weight, My, is
the number-average molecular weight of the sol, p is the
extent of reaction, pp, is the extent of reaction of epoxides
in the sol which is equivalent to the epoxide conversion
of the sol, and r, is the stoichiometric ratio of the sol. Note
that %, is defined with respect to M,(p=0), or the average
molecular weight of the monomers. This is because %p,
represents the ratio of the diffusion coefficient at certain
conversion to the diffusion coefficient of monomer.
re and pg, may be written as??

_ P ( FAout) 4

P( FAout) 8 D
rg=——— =
P( FBout)Z

=— A3
N P( FBout) ( )

Pp
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