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The curing reaction of stoichiometric mixtures of the diglycidyl ether of bisphenol-A with difunctional
diamino diphenyl methane and monofunctional aniline was studied using isothermal differential scanning
calorimetry over a range of temperatures. High temperature data, beyond the diffusion controlled range,
was used to fit the kinetics to an autocatalytic rate equation to determine the chemically-controlled rate
constants. In order to model the effect of diffusion on reaction rate, the Couchman—Karasz equation was
used to fit the glass transition temperature (T}) of partially cured samples to the degree of conversion. This
T,/conversion relationship was used in the Williams—Landel-Ferry (WLF) equation to calculate the
diffusional rate constant during cure. The chemical and diffusional rate constants were combined in the
Rabinowitch equation to model the overall rate constant for the reaction. This model predicts rate/
conversion data and has reasonable agreement with the experimental curves. Differences between theory
and experiment were discussed in terms of the dependence of the diffusion coefficient on molecular size and

the non-universality of the WLF constants. © 1997 Elsevier Science Ltd.
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INTRODUCTION

Epoxy resins are thermosetting polymers commonly used
as adhesives and as composite materials for structural
components. Due to the brittle nature of many tightly
crosslinked epoxies, some form of toughening is desir-
able, while maintaining rigidity and high gllass transition
temperature (7). A common approach’ has been to
dissolve a low molecular weight liquid rubber in the
liquid epoxy resin. During cure the rubber precipitates
because the accompanying increase in molecular weight
of the epoxy raises the free energy of mixing, resulting in
a fine dispersion of rubber particles in the epoxy matrix.
Thus precipitation is controlled by both the curing
kinetics (faster cure causes earlier precipitation), and
the miscibility of the rubber (higher miscibility reduces
precipitation), both of which depend on the cure
temperature, but with opposite dependencies. In order
to understand the process of rubber precipitation, these
two factors must be studied. Thus, in this study the
polymerization kinetics of an amine-cured epoxy resin
is studied, to provide a better understanding of the
rubber toughening process.

The mechanism of the epoxide—amine reaction
process is shown in Figure 1. At the beginning of the
polymerization process, small linear or branched
molecules form, and this process is characterized by a
gradual increase in molecular weight®. As the reaction
proceeds, chain branching becomes more extensive
until the gel point is reached where an infinite three-
dimensional network is formed and the weight-average

* To whom crorrespondence should be addressed

molecular weight becomes infinite?. Further polymer-
ization causes additional reactions in the sol and gel
fractions, leading to a more highly crosslinked
structure’.

The cure of an epoxy resin is controlled by the
temperature dependence of both the rate of diffusion and
the rate of molecular collisions which lead to the
formation of the network. As cure proceeds, the
increasing size and complexity of the epoxy oligomers
restrict diffusion, as does the three-dimensional con-
nectivity that forms in the later stages of cure. In
addition, the curing process causes a reduction in the free
volume and an increase in Ty, and so an additional
decrease in the diffusion rate occurs. When the material
is cured at a temperature much greater than the T, of the
fully cured polymer, diffusion may not affect the overall
rate of reaction. However in many cases, epoxies are
cured at lower temperatures, where diffusion can
influence the overall reaction rate and may even
determine the degree of cure that is achieved, because
once the material has vitrified, the reaction will
effectively cease®*. Thus the study of the effect of
diffusion on the reaction of epoxies is necessary to
predict the properties of the cured polymer.

Autocatalytic reaction kinetics

The epoxide group can react with primary and
secondary amines, as shown in Figure 1. These reactions
are catalysed“’5 by a species which hydrogen bonds to
the epoxy group, thereby weakening the C—-O bonds
and facilitating ring opening. The source of the
hydrogen-bonding species is considered*® to arise
from two distinct origins. The first source can be any
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Figure 1 Reaction of epoxide with primary, secondary and tertiary amine

catalytic hydrogen-donating impurity present in the
epoxy (e.g. hydroxyl groups in epoxy adducts) while the
second catalyst source can be hydrogen bonding species
formed (e.g. hydroxyl) or depleted (e.g. amine) during
the reaction. Thus the reaction of an epoxy with
primary and secondary amines via autocatalysis and
impurity catalysis may be expressed as:

RNH, + E+EOH . RR'NH+EOH (1)
RNH, + E+ ROH %S RR'NH+ROH  (2)
RR'NH + E+EOH 3 RRR'N +EOH  (3)
RR'NH + E + ROH % RRR'N + ROH  (4)

where RNH,, RR'NH and RR'R”N represent the
primary, secondary and tertiary amines, E is the epoxy
group and EOH and ROH are, respectively, the catalytic
hydrogen bonding species which are generated (or
depleted) in the reaction or are present in impurities.
The rate constants k; (equation (1)) and k, (equation (3))
refer to the autocatalysed reaction of epoxy with primary
and secondary amine respectively, whereas the rate
constants k. (equation (2)) and k,. (equation (4))
relate to the impurity-catalysed reaction of an epoxy
with primary and secondary amines, respectively.

The concentration of the adventitious impurity
catalyst is assumed to remain constant during the
reaction while the concentration of the autocatalytic
hydroxyl and amino-hydrogen groups will vary in direct
proportion to the amount of epoxy that has reacted. In
the analysis first published by Smith> and later by Horie
et al.*, the etherification reaction (Figure I) is assumed to
be insignificant, and catalysis is either by impurities or by
hydroxyl groups generated during the reaction. Thus the
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rate of consumption of epoxy time ¢ is given by:

E
- dEZ = kyEA,[OH] + k,EA4,[OH]

+ ki EA Cy + ky EA,Cy (5)

where E is the concentration of epoxide groups, 4; and
A, are the concentrations of primary and secondary
amines respectively, Cy is the constant concentration of
impurities that catalyse the epoxy amine reaction, and
[OH] is the concentration of hydroxyl groups formed in
the reaction. In equation (5) the first two terms on the
right hand side represent autocatalysis and the second
two terms represent impurity catalysis.

Diffusion models

As noted above, when the T, of the reacting network
approaches the curing temperature, diffusional effects
begin to play a role in the kinetics®*. Chern and
Poehlein® used an empirical expression based on the
reduction of free volume during cure to model the effect
of diffusion control on the polymerization kinetics. Their
equation for the overall rate constant multiplies the
chemically controlled Arrhenius reaction rate constant
(Kchem) by a term similar in form to the Williams—
Landel-Ferry (WLF) equation:

1 1
k =kgemexp |~V | = —— 6
8 p|: (Vf Vfc):| ( )

where V; is the fractional free volume at a given
conversion and Vi, is the fractional free volume at the
gel point, and V* is a constant with the dimensions of
volume. Assuming a linear relationship between conver-
sion and 1/¥;, Chern and Poehlein® derived the rate
constant expression:

k= kchemeXp[_C(a - aC)] (7)

where ¢, is the conversion at the gel point and C is a



constant that depends on the structure, system and
curing temperature. A similar empirical approach has
been used more recently by Kim and Kim’, and by Stutz
etal’.

Many other authors’ ' have taken a more funda-
mental approach by considering the overall reaction rate
to be composed of two components, one associated with
the diffusional reaction step and one for the chemical
reaction step. When the rate of diffusion is relatively
high, the curing kinetics are assumed to be chemically
controlled, but when the molecular mobility is con-
strained, the overall rate of reaction will depend on
diffusional effects. Since the time for a reaction step is
given by the time for diffusion (inversely related to kg,
the diffusion rate constant) and the time for reaction
(inversely related to k.pem, the chemical rate constant) the
overall rate of reaction, k, is expressed in the Rabino-
witch equation®:

1 1 1
—_ =t 8
k= Tan " o ®)

where k.pen, the chemical rate constant, is given by the
Arrhenius equation:

—AE
Kchem = Ao €Xp [T,IT} 9)
Huguemn and Klein!®, and more recently Deng and
Martin'', use a WLF- -type diffusion equation of the
form:

kdiff = kDODO exXp l:B(l —‘f—Ta—f(—l’T—_—T—)>:| (10)
g

where f, is the fractional free volume at T, oy is the
thermal expansion coefficient of the free volume, Dy is
the self diffusion coefficient and &y is a constant related
to the bonding conditions.

In studies by Wisanrakkit and Gillham® the diffusional
rate constant was given by a WLF-type equation where
the denominator is modified by the use of the modulus

operator on the term (7 — T,):

C(T-T,)
kgir = ki exp | ——————22- 11
diff = Kdiff(T,) XP[C2+|T~ l (11)
Havlicek and Dusek'? used a similar line of reasoning
to those above, but expressed the diffusional rate
constant in terms of the Adam-Gibbs theory of
cooperative rearrangements:

m

The parameter m (which depends on the discontinuity in
heat capacity at 7, and on the configurational entropy
and activation energy for a change of configuration) is
considered to be a material constant for their analysis'®.
Equations (10) and (12) predict a similar temperature
dependence for the diffusion rate constant.

In our study kg, the dlﬁ'usmnal rate constant, is
obtained from Smoluchowski'?

kdiff = 47I'NAVYD (13)

where N,,, r and D are the Avogadro number, the
collision radius (which defines the region of space in
which the collision process occurs) and the diffusion
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Figure 2 Chemical structures of materials used in this study

constant. If the temperature dependence of the diffu-
sional rate constant is given by the equation'*

1n i _CI(T_Tg)
Dr,) C+T-T,

(14)
where T, is the glass transition temperature Dr, is the
diffusion constant at T, and C; and C, are constants, then
from equations (13) and (14) we have:

C(T-T
kd1ff~kd1rf exp[ ! g)]

—_— 1
Cz—f-T——Tg (15)

where kdm” y is the diffusion rate constant at Tj. Since
the reactive’ specxes epoxide and amine groups are in
close proximity to one another throughout the reaction,
we consider that kg refers to the segmental diffusion
required to bring species within a collision radius. Thus
kgier is assumed to be independent of the size of the
molecule to which the reactive group is attached. In this
paper, the chemico-diffusion model combines equations
(8), (9) and (15) to predict the rate constants as a function
of temperature.

EXPERIMENTAL
Materials

The epoxy monomer used was the diglycidyl ether of
bisphenol-A (DGEBA, Epikote 828, supplied by Shell
Chemicals, Austraha) The DGEBA was titrated using
the HBr techmque and the average molecular weight
was found to be 372gmol , which compares with
340 gmol ™! for pure DGEBA as shown in Figure 2. Four
related amines were used as curing agents. Diamino
diphenyl methane (DDM) (Ciba-Geigy) is a solid,
difunctional aromatlc amine with a molecular weight
of 198 gmol™'. Aniline (Mallinckrodt Chemical ‘Works)
is a liquid monofunctional aromatlc primary amine with
a molecular weight of 93gmol™". N—methyl aniline
(NMA, Ajax) is a liquid secondary amine with a
molecular weight of 107gmol . Dimethyl aniline is a
liquid tertlary amine with a molecular weight of
121 gmol . All amines were dried over 4 A molecular
sieves before use.
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Kinetic studies

The reaction of DGEBA with the amines results in a
fully crosslinked structure (with DDM) or a linear
structure (with aniline), thus yielding polymers of totally
different molecular architecture but very similar chemi-
cal composition. To investigate the relative reactivity of
primary and secondary amines, the monofunctional
analogue of aniline, N-methyl aniline was also studied.

DDM/DGEBA samples with a stoichiometric ratio of
epoxide and amino-hydrogen groups were prepared by
melting DDM at around 90°C and mixing with DGEBA
heated to the same temperature. The resultant mixture
was thoroughly stirred and then cooled rapidly to room
temperature, to minimize any cure reaction during
preparation. For aniline/DGEBA and NMA/DGEBA
mixtures, the amine was dissolved in DGEBA at room
temperature to produce a similar stoichiometric mixture.
DMA/DGEBA mixtures were prepared at an equimolar
ratio.

Fourier transform infra-red spectroscopy (FTi.r.,
Perkin Elmer 1700) was used to study the extent of
final cure by monitoring the epoxy ring resonance'® at
915cm™'. For DDM/DGEBA and aniline/DGEBA
postcured at 170°C, the conversion was estlmated as
approximately 90%. It is generally recogmzed ¥ that
the mid-infra-red (m.i.r.) technique gives an under-
estimate of conversion—studies of DGEBA/DDM
using near-infra-red (n.i.r.) show that the material can
be cured to greater than 95% conversion'®. In this work
it is assumed that postcuring above the ultimate 7,
provides 100% cure.

A differential scanning calorimeter (d.s.c., Perkin
Elmer DSC-7) was used to monitor the cure kinetics.
The d.s.c. enthalpy was calibrated using a high purity
indium sample; a high purity zinc sample was also used
to calibrate the temperature scale. Initial kinetic studies
were performed in the scanning mode with the epoxy/
amine mixtures being scanned from room temperature to
200°C at a rate of 5°Cmin~". Samples of approximately
10mg were used in sealed pans for all experiments to
prevent evaporation of the amines. Measurements of the
aniline/DGEBA mixture at the highest curing tempera-
ture revealed no measurable mass loss.

The majority of the kinetic studies were performed by
isothermal d.s.c. The epoxy amine mixtures were cured at
temperatures ranging from 60 to 180°C. The conversions
(a) of the epoxy, at cure time ¢, was determined from the
heat evolved up to that time (AH), by the expression:

AH
AHmax

o= (16)

where the enthalpy for complete conversion (AH,,,) was
obtained from a plot of the maximum enthalpy vs curing
temperature, by taking the asymptote athigh temperatures
AH ., was found to be 98 9] mol’ (420Jg™") for DDM/
DGEBA and 99.1 Jmol ™! (426 J g7 ') for aniline DGEBA.
This compares with 91.4 Ymol ™! found by Barton' for the
DDM/DGEBA system and values ranging from 100-
118 Jmol™! for phenyl glyc1dyl ether type epoxy/amine
reactions tabulated in a review by Rozenberg?0. Since
the rate is proportional to the rate of heat flow, the rate
of conversion is given by:

do _d(AH) 1
AHmax

dr —  ds (17)
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Figure 3 D.s.c. traces for the DDM/DGEBA and aniline/DGEBA
systems, 10 mg samples heated at 5°C min™"

Curves of conversion rate vs conversion and conversion
vs time were obtained from the isothermal d.s.c. data by
numerically integrating the heat flow vs time curves and
scaling by AH,,.

The d.s.c. was also used to measure the 7, as a
function of the degree of cure and cure temperature. The
T, was taken as the midpoint of the transition as
determined by the Perkin-Elmer software. T,—
conversion data were obtained by scanning samples in
the d.s.c. from —40°C to various temperatures, so that
the material was partially cured. The extent of cure was
determined by integration of the partial exotherm from
the start of the scan up to its termination. The sample
was rapidly cooled and re-scanned at 5°Cmin~" to give
the T, of the partially cured sample. In undercured
samples, an additional exotherm occurred after this glass
transition. Summation of the polymerization enthalpies
of the first and second exotherms were approximately
constant as expected. The T, was measured as a function
of curing temperature by isothermally curing the
material beyond the time when the change in heat flux
was no longer measurable, indicating that the reaction
had ceased. Isothermal curing times ranged from 30 min
at 180°C for both the DDM/DGEBA and aniline/
DGEBA systems to 5h at 70°C for the DDM/DGEBA
system and 8 h at 70°C for the aniline/DGEBA system.
The sample was then cooled and re-heated in scanning
mode, at 5°Cmin”, to determine the T,.

RESULTS AND DISCUSSION

Reaction kinetics

The d.s.c. traces in scanning mode for the aniline/
DGEBA and DDM/DGEBA mixtures are shown in
Figure 3. The DDM/DGEBA mixture reacts at a higher
rate than the aniline/DGEBA mixture, even though the
monomers have a similar chemical structure. The
difference is due to an induction effect, attributable to
ring substitution. Based on the observed increase in
basicity constants with para-substitution of alkyl groups
on aniline?!, the additional aminobenzyl group in the
DDM molecule increase the electro-negativity on the
nitrogen, making the amine more reactive. This differ-
ence in reactivity has also been noted by Charlesworth??,
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Figure 4 Rate vs time for DDM/DGEBA at various curing
temperatures

who found that DDM/DGEBA reacted about 2.5x as
fast as the aniline/DGEBA system.

Figure 4 shows representative rate vs time curves
obtained by isothermal d.s.c. for the DDM/DGEBA
system at different temperatures. At high temperatures,
the reaction proceeds rapidly and the rate appears to be
chemically controlled. At 90°C the reaction rate is very
slow, and does not proceed to 100% conversion due to
the very slow rate of diffusion of the reacting species.

The conversion of epoxy (o) is equal to the instanta-
neous concentration of epoxy groups divided by the intial
concentration of epoxy, £,. The concentration of
hydroxyl groups formed in the reaction is proportional
to the conversion and the intial concentration of epoxy
and is given by aF,. The concentration of epoxide
decreases as the reaction proceeds and is therefore equal
to Ey(1 — a). Making the assumptlon that the reactivity
ratio of primary and secondary amine groups is the same
for both the self catalysed reaction and the impurity
catalysed reaction (k,/k; = ky /k,.) enables the following
simplification of equation (5):

dE ke ky
——d'l*—klE()(l )(E(]Cl‘f‘ kl ><A1+k1 A2>
(18)

A further assumption of equal reactivity of primary and
secondary amino- hydrogen with epoxy groups means
that k,/k; = 0.5 if there is no substltutlon effect. It
should be noted that other authors®® have used an
alternative definition of the reactivity ratio where equal
reactivity yields a reactivity ratio of unity. If a stoichio-
metric ratio of epoxy to amino-hydrogen groups is used,
then we can equate the number of epoxide groups of the
number of amino-hydrogen groups at any conversion:

Ay +3A; = Ay — j0Ey = Ey(1 — a) (19)
where A, is the initial concentration of primary groups.
Since dE/dt is equal to Ey.da/d¢, the rate equation can be
further simplified to:

da

dr (20)

2
b 5 (1 —a)z( +k‘cc°>

ki Ey

which can be re-expressed in terms of two reduced
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Figure S Comparison of reaction rate (da/dr) for aniline and N-
methyl aniline reacting with DGEBA at 160°C. The normalized curve
was obtained by scaling the NMA/DGEBA data to an equivalent
concentration of reactive groups as in the aniline/DGEBA system

reaction rate constants:

i(j—Kl(l—a) (a-}-%) (21)

where K} = kl(E0/2) and ch = klc(Eo/z)CO

Other models?425 assume that the reaction is initially
catalysed by amine, but with the simplifications used
above the final equation has a similar form. Horie ef al.*
studied the model non-polymerizating epoxy/amine
system formed from phenyl glycidyl ether (PGE) and
butylamine. Using varying amounts of »- butyl alcohol as
a hydrogen donating impurity component in order to
determine k. and k,; (as defined in equations (2) and
(4)), they showed that the reactivity ratio for the impurity
catalysed reaction was close to that of the self catalysed
reaction (i.e. ko./k;. = ko/k;) and that the measured
reactivity ratios (k;/k;) were in the range 0.60-0.65. A
review by Rozenberg?® tabulates k,/k; ratios measured
for a number of amine/epoxy systems, and shows that
deviations from equal reactivity occur in both directions
but that a negative substitution effect was more
commonly observed. Studies by Charlesworth?? suggest
that there is no substitution effect associated with
primary and secondary amines in the DDM/DGEBA
and aniline/DGEBA systems.

The relative reactivity of aniline and N-methyl aniline
was studied in an attempt to compare primary and
secondary amine reaction rates. Figure 5 shows the rate
vs conversion curve at 160°C for a NMA/DGEBA
mixture with a stoichiometric ratio of amino-hydrogen
to epoxy groups. Also shown in this figure is the data for
aniline/DGEBA at 160°C. The NMA/DGEBA data is
also shown scaled to an equivalent concentration of
reactive groups in order for the reaction rates to be
directly comparable to the aniline/DGEBA data. At zero
conversion the aniline/DGEBA mixture contains only
primary amine and the rate is lower than the reaction
rate of the secondary amine NMA with epoxy. This
implies that the secondary amino-hydrogen groups are
more reactive than the primary groups. At high
conversions, most of the aniline will be reacted and
exist in the form of a secondary or tertiary amine adduct,
so the dominant reaction will be between the secondary
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Figure 6 Rate (de/df) vs conversion at 160°C, for DDM or aniline
with DGEBA. The dashed lines are a fit of the DDM/DGEBA and
aniline/DGEBA data to equation (21) using the parameters:
K, =00229s"', K;.=000202s"! for DDM/DGEBA and
K, = 0014785, K;, = 0.00060s" for aniline/DGEBA
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Figure 7 Conversion vs time at 160°C for DDM or aniline with
DGEBA. The dashed lines fitted to the DDM/DGEBA and aniline{
DGEBA data were calculated with K, = 0.0299s57!, K. = 0.002025~

and K; = 0.014785s™!, Ky, = 0.00060s~" (see Figure 6)

amine and the epoxy. It can be seen that in this case the
reaction rates of the aniline/DGEBA and the N-methyl
aniline/DGEBA system are closer. However we have
already noted an induction effect in the comparison of
the reactivity of DDM and aniline with epoxy and would
expect a difference in the reactivity of N-methyl aniline
compared with the epoxy/aniline adduct due to the
difference in polarity between the methyl group and the
hydroxy propyl group. Thus based on this data, a
definitive statement about the magnitude of k,/k is not
possible.

Numerical integration of isothermal d.s.c. curves for
DDM/DGEBA and aniline/DGEBA vyields rate vs
conversion and conversion vs time curves such as those
shown in Figures 6 and 7. The autocatalytic rate
expression (equation (21)) was used to produce a fit to
the experimental DDM/DGEBA rate curve obtained at
160°C, and the predicted data are shown in Figures 6 and
7. The agreement between the fit and the experimental
curve is not perfect, showing deviation at all conversions.
This suggests that equation (21) does not completely
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describe the epoxy/amine reaction even at elevated
temperatures where the reaction is not affected by
diffusion. The similarity of the DDM/DGEBA data to
the aniline/DGEBA data suggests that the overall
chemical reaction process occurring in the two systems
is similar, even though the rate is different.

One possible reason for the imperfect fit of the high
temperature experimental data to the auto-catalytic rate
equation (Figures 6 and 7) is that the equal reactivity
assumption for primary and secondary amine
(ky/k; = 0.5) is invalid. The d.s.c. technique cannot
distinguish between these two reactions, measuring only
the overall heat evolved from the reactions. Figure §
shows the calculated normalized reaction rates (using
equation (21)) when k,/k; is varied from 0.125 to 2
but at a constant value of K|./K;. In these graphs there is
only a small change in the predicted shape of the curve
with large variations in the reactivity ratio, and neither
positive nor negative substitution effects would lead to a
significantly improved agreement with experimental
data.

Another possible reason for the noted discrepancy
between the fitted (see equation (21)) curve and experi-
mental results in Figures 6 and 7 is that the kinetic
analysis neglects the etherification reaction. Since this
reaction is catalysed by tertiary amine such as that
produced in the epoxy/amine reaction, dimethy! aniline
was used as a tertiary amine analogue of aniline to study
the etherification reaction in DGEBA lone. The curing
reaction proceeded at a measurable but much lower rate
(< 3%) than the DDM or aniline systems. However due
to the excessive mass loss (caused by evaporation of the
DMA) the data in the present study were not quan-
titatively analysed. Simon and Gillham?® found the
reaction rate constant for the etherification reaction (k3)
to be three orders of magnitude lower than for the
primary amine—epoxide reaction (k).

Diffusional effects

Figure 9 illustrates the dependence of rate on conver-
sion over a range of temperatures for the DDM/DGEBA
system. As expected, as the cure temperature is raised,
the rate of polymerization at each level of conversion is
markedly increased. At temperatures exceeding 130°C,
the level of conversion of epoxy groups was approxi-
mately constant. However, at cure temperatures lower
than 130°C, the T, approaches the curing temperature
and the segmental mobility within the polymer decreases,
thus reducing the rate of diffusion of monomers to
reactive sites which in turn reduces the reaction rate.
Thus the reaction does not go to complete conversion
within the time scale of the experiment. A similar trend is
shown for the aniline/DGEBA system (Figure 10),
although the effect of diffusion control is not as
marked due to the greater molecular mobility allowed
by the absence of the crosslinking effect and the lower T,
in the aniline/DGEBA system.

In order to apply the chemico-diffusion model
(equations (8), (9), (15) and (21)) to the reaction rate
data, it is necessary to determine the T} as a function of
conversion. Figure 11 shows T, vs conversion for the
two systems; the uncured aniline/DGEBA system has a
lower initial 7, because the low molecular weight aniline
acts as a plasticizer. The T, at full cure was 165°C for
DDM/DGEBA and 85°C for aniline/DGEBA, the differ-
ence being due to the effect of crosslinking on T, for the



Chemico-diffusion kinetics: C. W. Wise et al.

---------- k,/k,=0.25
k,/k,=0.125

Experimental

Normalised rate of conversion of epoxy

0.0 T T
0.0 0.2 04

—

T
06

Conversion of epoxy
Figure 8 Normalized rate vs conversion showing the predicted effect of varying k,/k,. The normalized data for DDM/DGEBA is shown for

comparison

0.0010

0.0008

0.0006

0.0004

0.0002

Rate of conversion of epoxy (s )

0.0000

1

70°C

120°C

0.0

03

04

0.5

06

0.7

Conversion of epoxy
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isothermal d.s.c. experiments at various temperatures

08 1.0

DDM/DGEBA system. As curing proceeds, the T, of the
aniline/DGEBA system rises due to increasing molecular
weight and the concomitant loss of low molecular weight
plasticizing components. In the systems containing DDM,
the segmental mobility of the polymer should also be
reduced by the formation of crosslinks”’ % so that the T,
for this system is dependent on the rise in molecular weight
and loss of plasticizing species and, after gelation, on the
degree of crosslinking that occurs during cure.

DiMarzio® derived a thermodynamic equation for the
T, of a network polymer based on the reduction in
configurational entropy that occurs as crosslinking is
increased. In this theory, the effect of crosslinking on the
T, of a polymer is given by:

To(X) -~ Ty(0) KX
T,(0) T 1-KX
where T,(X) is the T, of a polymer with a degree of

(22)
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Figure 11 7, vs conversion for DDM/DGEBA and aniline/DGEBA. The solid lines are theoretical fits to equation (25) using the values for

ACy/ACH of 0.57 for DDM/DGEBA and 0.80 for aniline/DGEBA

crosslinking X, T,(0) is the T, of uncrosslinked linear
polymer, and K 1s a dlmensmnless constant that is
independent of the material to a first approximation?,
The difficulty with the application of this equation is
that it does not include the effects of varying molecular
weight, and the loss of plasticizing species that occurs
in addition to crosslinking during cure’.

An alternative approach to this problem may be
derived from the thermodynamic theory of Couchman
and Karasz®!, which describes the glass transition in

copolymers by:
Ty AC,;
injg 24T =0 (23)
Ty

where AC,; is the change in heat capacity of the
component i at the glass transition temperature Ty, and
x; is the amount of the component i in solution.
Reasoning that a partially cured polymer is a solution
of the polymer in the monomer and that the composi-
tion of the solution is related to the degree of
conversion, Pascault and Williams™ dapted equation
(23) to crosslinking systems by assuming that AC, is
proportional to 1/7. Interestingly, Montserrat** has
recently measured AC, as a function of conversion and
found a reciprocal relationship between AC, and Ty, as
assumed by Pascault and Williams®2. The analysis by
Pascault and Williams resulted in the following semi-
empirical equation relating T, to conversion:
(1 - a) Tgo + a(ACpOO/ACpo)TgOO
(1 —a) + (ACyw/AC)a

where ACy is the heat capamty change at Ty, the T, of
the monomer, and AC,,, is the heat capamty change at
Tgeo, the T, of the fully cured network. Venditti and
Gillham** used a similar approach with equation (23),
but assumed that AC, was constant, which resulted in a
similar equation relating T, and conversion:

(1 — a)In(Ty) 4+ (ACpe/ACH)ax In(Tyy)

(1 —a)+ (ACp/ACK)a

T, =

(24)

In(Ty) =

(25)
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Venditti and Gillham have compared the applicability
of equations (24) and (25) for a number of thermosetting
systems using AC,,/ACy as a fitting parameter. In all
cases the values ofP Al / ACy fitted with equation (25)
were closer to the experimental values (obtained using
d.s.c. measurements) than were those for equation (24).

Equation (25) was used to fit the experimental data by
using the ratio of specific heat changes at the T, of the
fully cured material and uncured material AC,,/ACy
as a fitting parameter. For the fits shown in Figure 11, the
fitted parameters ACp../ACyy were calculated as 0.57
for the DDM/DGEBA system and 0.80 for the aniline/
DGEBA system, which compare well with the experi-
mental values of approximately 0.43 and 0.83 respec-
tively. Fitting the same data to equation (24) (fits are not
shown) with AC,,/ACy as a fitting parameter yielded
values of 0.44 and 0.64 for DDM/DGEBA and aniline/
DGEBA respectively.

According to the auto-catalytic rate model (see equation
(21)), at zero conversion the kinetics depend only on the
impurity catalysis reaction and the rate constant is given
by K. Thus we can obtain the activation energy and pre-
exponential factor associated with this reaction, by
measurement of the dependence of the rate constant at
zero conversion (equal to K ) on temperature in the
chemically controlled region. At 50% conversion both
impurity catalysis and self-catalysis contribute to the
kinetics. Thus the activation energy and pre-exponential
factor for the autocatalytic reaction rate constant (equal to
Kia(1 —a)?) can be calculated using the temperature
dependence of the rate constant at 50% conversion and the
previously calculated values of K;.. Figure 12 shows
Arrhenius plots taken from the isothermal d.s.c. data for
the DDM/DGEBA system (Figure 9). The actlvatlon
energies for K| and Kj; were 42 £ 5 and 52 £+ 4kJImol™!
for the autocatalytic and impurity reactions respectively,
and the correspondmg pre- -exponential factors were
10>4£065=1 and 10*¢

Chemico-diffusion modelhng to the epoxy-amine
reaction was performed, at a particular temperature, by
starting at zero conversion and iterating conversion by a
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Figure 12 Arrhenius plot of rate constants for DDM/DGEBA using data extracted from Figure 9 at zero and 50% conversions

small amount. The chemical rate constants for both
impurity and autocatalytic reactions were calculated for
each level of conversion using equation (9). The T at the
conversion under consideration was calculated using
equation (25) and the diffusional rate constant was
calculated from the combined WLF and Smoluchowski
equatlons (see equation (15)). The commonly accepted
values® of 40 and 52K were used for the WLF constant
Cy and C,. The diffusion coefficients of small molecules
in polymers at T, are of the order®® of 1072 m? '1.
Using 0.5nm as a typlcal value for the collision radlus

yields an order of magnitude value for kair(r,) at Ty of
3.8 x 107>, The chemical rate constants (K1 (chem) and
K¢(chem)) and diffusional rate constants (Kjgm and
ch(d.m) were combined using the Rabinowitch
equation (equation (8)) to produce the overall rate
constants (K| and K.) using the parameters in Table 1.
These data were used to calculate the rate of conversion
at a specific conversion using equation (21). The process
of calculating rate constants and rate of conversion was

0.0012 L
0.0010
0.0008
0.0006
0.0004

0.0002

Rate of conversion of epoxy (s )

Table 1 Constants used in the chemico-diffusion model for DDM/
DGEBA

Term Equation where used Value From
ACpe/ACy Equation (25) 0.57 Figure 11
20 Equation (25) —10°C Figure 11
To Equation (25) 165°C Figure 11
kaimr, Equation (15) 3.8x107° Equanon (13)
1 Equation (15) 40 WLF*
G, Equation (15) 52K WLF?
A, for K| Equation (9) 103457 Figure 12
AE for K Equation (9) 41.5kImol™"  Figure 12
Ap for K;.  Equation (9) 1036571 Figure 12
AE for K. Equation (9) 51.8kImol™!  Figure 12

repeated for small increments of conversion until the
reaction was complete or the overall rate dropped to a
negligible level. Figure 13 shows the modelled rate vs
conversion curves (calculated using the parameters listed
in Table 1) corresponding to the experimental results for
DDM/DGEBA in Figure 9. As can be seen, the modelled

DOOLOO
bibin
70°C
0.0000 —L e e
0.0 0.2 0.4 0.6 0.8 10

Conversion of epoxy

Figure 13 Modelled rate vs conversion for the DDM/DGEBA system using equations (8), (9), (15), (21), (25) and the parameters in Table 1. The

arrows indicate the maximum conversion
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Figure 14 Scanning d.s.c. traces of aniline/DGEBA performed after
isothermal cure at the temperatures indicated

curves have a similar form to the experimental results.
The maximum rate occurs at approximately the correct
conversion and the maximum conversion decreases as
the temperature is lowered. However the predicted
ultimate conversion do not correspond exactly with the
experimental results, and the vitrification effect is more
pronounced in the modelled data. The predicted curves
show the rate passing through a maximum and then
rapidly decreasing to a near zero value. Because the rate
does not become zero until the T, is somewhat above
Toure (as disussed later, at Ty, + C,), the maximum
conversion is higher than that readily apparent on the
graph.

One possible reason for the lack of agreement between
theory (Figure 13) and experiment (Figure 9) is that the

amine reaction cannot be characterized by a single pair
of rate constants (k; and k;;) because many different
amine adducts are formed with a range of molecular
weights and these may have different rates of diffusion
(whereas a single rate constant was used in equation (15))
and thus different reaction rates in the diffusion
controlled region. A distribution in rate constants
would also tend to remove the sharp transition observed
in the modelled curves at high conversions when the
diffusional rate begins to control the reaction.

Another possibility for the discrepancy between the
model (Figure 13) and experiment (Figure 9) is that
the constants C; and C, used were not appropriate for
the epoxy—amine system. An estimate of C, can be
obtained from the dependence of 7, on cure
temperature. Figure 14 shows the results of scanning
d.s.c. experiments performed on aniline/DGEBA sam-
ples after maximum isothermal cure at various tempera-
tures above and below the ultimate glass transition
temperature (7). A large ageing peak was present in
d.s.c. scans after isothermal curing below T, and this
peak decreased in magnitude as the isothermal curing
temperature was increased. Above the ultimate glass
transition temperature for aniline/DGEBA (85°C), the
ageing peak was very much smaller. The cause of this
peak may have two contributions. Samples cured below
Ty will vitrify during cure and thus undergo physical
ageing, and polymers which are physically aged show an
excess enthalpy overshoot in the scanning d.s.c. trace™.
In addition, as discussed below, isothermal curing below
Ty results in incomplete cure, and these samples can
recommence curing at higher temperatures thus causing
an exotherm superimposed on the glass transition’s
sigmoidal step in heat capacity.

The data in Figure 14 and the data from similar
experiments performed on the DDM/DGEBA system
were used to produce the plots of 7, vs the curing
temperature (7T,..) Shown in Figure 15. It is well known
that the curing temperature controls the T, of the
polymerization material>*!>?3, This occurs because as
the T, rises during cure, the diffusion rate slows until the
reaction becomes diffusion controlled. Figure 15 shows

160
1404
o
~ 120
l_O)
100
80 -
1 I | T T T I ' L
60 80 100 120 140 160 180
T (C)

cure

Figure 15 T, vs T, for DDM/DGEBA (squares) and aniline/DGEBA (circles)
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that in the DDM/DGEBA system at cure temperatures
below the 7, of the fully cured material (Ty,), the
measured 7, was 15-20°C above the curing temperature,
while for the aniline/DGEGA system, the difference is
close to 10°C. According to the WLF equation (equation
(14)) diffusion should cease when C, = T, — Ty. Thus
Figure 15 indicates that C, is between 15 and 20°C for
DDM/DGEBA under the timescale of our experiments.
However lowering C, and even varying C; failed to
produce modelled curves that were significantly closer to
the experimental results shown in Figure 9.

CONCLUSIONS

As part of a detailed study of the kinetic and thermo-
dynamic factors involved in the toughening of networks
by phase precipitation, the chemico-diffusion kinetics of
network cure have been investigated using the model
DDM/aniline/DGEBA epoxy—amine network forming
systems. The DDM/DGEBA system was found to
polymerize approximately twice as fast as the aniline/
DGEBA system, due to an induction effect. For the high
temperature cure data, the cure rate was analysed using
the auto-catalytic model of Horie er al* and Smith’.
Deviations between theory and experiment were discussed
in terms of the substitutional effect for the amino-
hydrogen groups and the etherification side reaction.

The extent of polymerization was dependent on the
cure temperature, with low cure temperatures yielding
lower rates of polymerization and lower degrees of cure.
This was qualitatively interpreted in terms of the
temperature dependence of diffusion and chemical
reaction—at low temperatures, the rates of chemical
reaction and of diffusion are lower, and as the material
cures the glass transition approaches the curing tem-
perature causing an abrupt reduction in diffusion rate
and hence premature cessation of polymerization.

For quantitative analysis, the diffusion kinetics were
modelled by combination of the WLF equation for the
diffusion coefficient and the Smoluchowski equation'®
for the diffusion rate, while the chemical rate constant for
reaction was modelled by the Arrhenius equation. These
two fundamental steps for a reaction—the diffusion of
reactive groups into a state of encounter and the
collisional reaction step—were combined using the
Rabinowitch equation®. To determine the influence of
degree of cure on T, d.s.c. scanning was performed up to
a certain temperature and the T, of the partially cured
system subsequently measured. This 7T,—conversion
relation was well fitted to one of the Venditti and Gillham
equations™ derived from the Couchman-K arasz theory®'.
The experimental dependence of the reaction rate
constant on conversion was reasonably well modelled by
the theory. Deviations of experimental results from those
predicted by theory were discussed in terms of the possible
molecular weight dependence of the diffusion rate
constant and the non-universal nature of the WLF
constants. To investigate the latter possibility, isothermal
curing studies were performed to determine the depen-
dence of T, on curing temperature. For curing conditions
leading to incomplete cure, the T, was approximately 15—
20°C above Ty, for DDM/DGEBA and 10°C above for
aniline/DGEBA, suggesting that for these systems the
WLF constant, C5, is much less than the universal 50°C
value. However, the application of values C, below the

Chemico-diffusion kinetics: C. W. Wise et al.

universal value and variations in the value for C; did not
significantly improve the modetled fit.
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