Jaurnal of Thermal Analysis and Calovimetry, Vol 56 (1999) 1032-1040

CURE KINETICS OF AMINE CURED
TETRAFUNCTIONAL EPOXY BLENDS WITH
POLY(STYRENE-CO-ACRYLONITRILE)

L. Barral, J. Cano, J. Lopez, I. Lépez-Bueno, P. Nogueira,
C. Ramirez, A. Torres and M. J. Abad

Departamento de Fisica, E. U. P. Ferrol, Universidad de A Corufia, Cra. Aneiros s/n
15405 Ferrol, Spain

Abstract

Cure kinetics using a differential scanning calorimetry (DSC) technique were analyzed for a
thermoplastic modificd tetraglycidyl-4.4' -diaminodiphenylmethane (TGDDM) epoxy resin cured
with diaminodiphenylculphone (NNS), an aramatic diamine. The neat rexin and s hlends with
the poly(styrene-co-acrylonitrile) (SAN) of various compositions were studied by applying a phe-
nomenological model proposed by Kamal. Kinetic parameters were determined by fitting experi-
mental data. This model gives a good description of cure kinetics up to the onset of vitrification.
Diffusion control was incorporated to describe the cure in the latter stages of cure. The results
showed that the addition of SAN did not alter the natre of the reaction, but the reaction rates and
final conversions decreased when SAN contents increase, due to reduction of mobility of the re-
acting species.
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Introduction

Thermosetting epoxies possess many desirable propertics such as high tensile
strength and modulus, excellent chemical and solvent resistance, dimensional and
thermal stability, and fatigue properties. These characteristics make them ideal can-
didates for many important applications including adhesives, electronic encapsu-
lants, and as matrices for fiber-reinforced composites. However, the epoxy resins are
generally brittle due high crosslink densities, Modification in order to achieve
greater toughness has been an intense subject of studies for many researches [1, 2].
Toughening epoxy matrices using liquid rcactive rubbers has been widely reported
in the literature [3]. When reactive rubbers are used at levels high enough to notice-
ably enhance the fracture toughness, T, (the glass transition temperature) depression
of the medified epoxy became severe. Other studies [4] have demonstrated that poly-
meric thermoplastics, can enhance fracture toughness without sacrificing T,
strength, stiffness, or other desirable properties of thermosetting resin systems.

In this work a tetrafunctional epoxy resin, tetraglycidyl-4,4°-diaminodiphenyl-
methane (TGDDM), and an aromatic diamine hardener diaminodiphenylsulphone
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(DDS) were blended with the thermoplastic poly(styrene-co-acrylonitrile) (SAN).
Since a completely ligmous applmch 1o rcaclion mcchanisnm is' vcry diﬂ'icu t con-

'lpplmchcs were applied to cure kmetlcs [5-7}.

This paper is concerned with a description of the kinetics of cure not only in the
first stages of cure, controlled by chemical Kinclics, but also in the luter stages where
gelation and vitrification effect is dominant and the reaction is controlled by diffu-
sion instcad of chemical kinetics |8].

Experimental
Materials

The epoxy resin used was tetraglycidyl-4 4’ -diaminodiphenylmethane (TGDDM)
(Ciha-Geigy MY 720). The neat epoxy and its blends with poly(styrene-co-acrylo-
nitrile) (Polidux SAN LNA-21 from Repsol Quimica) were cured with an aromatic
amine hardener, diaminodiphenylsulphone (DDS), from Fluka Chemie.

All these components were commercial products, and were used as received
without purification. The weight per cpoxy equivalent for TGDDM w’a\ determined
in our laboratory by hydrochlorination [9] and a value of 130 g eq” " was obtained.
The hardencr has a molecular mass of 248 .31 and purity >96% according o the sup-
plier.

DDS-cured TGDDM/SAN blends with 10 and 30 parts of SAN per hundred parts
of the TGDDM resin (phr) were prepared following the same procedure: first, SAN
was weighted and dissolved in dichloromethane and the solution was mixed with the
TGDDM. The solvent was removed in a vacuum oven for 12 h at 100°C. The solvent
evaporation was controlled with a thermobalance. The mixwre was placed in an oil
bath al 120°C and a stoichiometric amount of DDS was slowly added, which con-
tinuous mechanical stirring until a homogeneous mixture was observed, which took
ahout ten minutes. The negligible extent of the curing reaction during the mixture
process was controlled by isothermal DSC analysis. Samples were then cooled and
stored in a freezer until required.

Differential scanning calorimetry

A diffcrential scanning calorimeter, Perkin Elmer DSC-7. equipped with an in-
tracooler and a compuler [or data acquisition and analysis was used for isothermal
and dynamic analysis. The DSC was calibrated using high purity indium standard,
and dry nitrogen flow of 40 ml min~! was used as purge gas. Samples of 5-10 mg
were placed in aluminium pans. The average values of the hcals of reaction deter-
mined by dynamic scans at 5, 7.5, 10, 15, 20 and 30°C min~ I'were taken as the mlal
heats of reaction, AHr, of the ncat epoxy and its blends. These values were 525 J g!
for the neat epoxy, and 520 and 545 ) g™ for the blends with 10 and 30 phr of SAN
respectively. [t should be noted that the caleulation of these reaction heats was based
on per gram of TGDDM/DDS, being the masses of SAN in the blends discounted.
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Isothermal cure reactions were realized at three temperatures 190, 200, and
210°C. Each reaction was considered complete when the tsothermal DSC curve lev-
clled off the baseline. The isothermal conversion at ume ¢ was defined as o(f)=
AIT/AH |, where AH, is the heatl under the exotherm curve at time ¢, calculated by the
integration of the DSC isothermal signal,

Results and discussion

Kinctic analysis was performed by mean of an autocatalytic equation proposed
by Kamal [10]

9% (k4 kpa™)(] = ) (n
dr
where « is the conversion of epoxide groups, &, and k» the rate constants, der/ds the
rate of reaction, and m and # the kinelic exponents of rcacticn. Conslants &, and &,
are temperature dependent according to an Arrhenius law.
Experimental data to model curing are obtained from DSC 1aking into account
that heat evolved during cure is proportional to epoxide groups reacted, i.¢.:

do. _ dH/Ar
it AH(

(2)

Figure 1 shows the reaction rales vs. time, ¢, measured direetly by the analyzer. in
isothermal mode at 200°C for the near resin, and the blends with 10 and 30 phr of
SAN. It can be observed the nature typically autocatalytic in all cases, with maxi-
mum rate of conversion at r>0. The rate of conversion is affected by the presence of
SAN, decreasing when SAN contents increase. Kinetics parameters in Eqg. (1) are
computed in several ways [10, 11]. Here, the m, n, k), and k; parameters were csti-
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Fig. 1 Plots of the reaction rates vs. time at 200°C for the neat resin, and the blends with 10
and 30 phrof SAN
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Flg. 2 Comparison between eaperimental data with the Kamal model predictions at 200°C
for the neat resin, and the blends with 10 and 30 phr of SAN

mated without any constraints, using a least square method. Experimental data plot-
ted as do/dt vs. o and the model predicted by Kamal are shown in Fig. 2. Rate con-
stants, reaction orders and the corresponding activation energies and preexponential
factors obtained by plotting Ink vs. 1/T, fur the neat resin, and the blends with 10 and
30 phr of SAN are presented in Table 1.

Table 1 Kamal modet parameters for the SAN/epoxy blends

| Eull EHZ/

ky/min”'

Trc m n ky/min” KI mot™ KJ mal™ Ind, 1nA,
neat epoxy
190 1.1 1.8 0.000546  0.00488
200 1.1 1.8 0.0008R 0.00757 80.5 81.1 13.5 15.8
210 1.2 2.0 0.0013 0.0117
SAN/epoxy
10 phr
190 0.8 1.4 0.00050 0.0026
200 0.9 1.3 0.00075 0.0047 839 75.8 142 139
210 1.1 1.5 0.0013 0.0077
SAN/epoxy
30 phr
190 1.2 3.2 0.00037 0.0110
200 1.2 32 0.000488 0.0135 91.5 68.4 158 128
210 1.3 2] 0.00149 0.0203
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To consider diffusion effect a semiempirical equation [12], was used. When the
degree of cure reaches a critical value, o, diffusion becomes the dominant phe-
nOmEenon in cure progress, and the rate constant Ky is given by

ky = kexp(-Clo — o) (3)

where k. is the rate constant for chemical kinetics and C is a parameter. Equation (3)
corresponds to a rather abrupt enset of diffusion control at a=ox, though the onset is
somewhat more gradual and there is region where both chemical and diffusion fac-
tors are controlling the reaction, According to the expression for the overall effective
rate constant, k., expressed in terms of kg and k. is

2Ll (4)

it can be combined with Eq. (3}, and to obtain the diffusion factor f{o)

flo) = ke ] (5
: ke 1 +exp[Clo — o))

For oe much smaller than the critical value, a<< o, then f{la) approximates unity,
the reaction is kinetically controlled and the cffect of diffuston is negligible. As o ap-
proaches o, flar) begins to decrease and approaches zero as the reaction effectively
stops. The cffective reaction rate at any conversion is equal 1o the chemical reaction
rate multiplied by fa). The diffusion factor was obtained as ratio of cxperimental reac-
tion rate to the reaction rate predicted by the Kamal model. Figure 3 shows the behav-
iour of f{or) with increasing conversion at 200°C for the blend with 30 phr of SAN.

Application of nonlincar regression to flo) vs. o data to Eq. (5) gives values of
o, and C, listed in Table 2. A moderate increasing in o, was observed for the neat
system and the blends when increasing temperature. At the same temperatures, the
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Fig. 3 Diffusion factor, o) vs. o for the blend with 30 phr of SAN at 200°C
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Table 2 Values of critical conversion, o, and C parameter for the SAN/epoxy blends

TrC o, c
neat cpoxy
190 0.74 20.87
200 0.75 36.44
210 0.77 51.43
SAN/epoxy
10phr
190 071 19.8
200 0.73 349
210 0.76 375
SAN/epoxy
30 phr
190 n.57 47.9
200 0.59 429
210 0.74 30.6

values of o, decreased when the SAN contents increased due Lo the difficulties im-
posed by the thermoplastic to the progress of the reaction. It may be noted that criti-
cal conversion is not an adjustable parameter because it reflects the onset of diffu-
sional limitation that occurs only in the later stages of reaction. It is also nol an ob-
servable quantity since the transition to the diffusion regime is gradual. As cure pro-
gress, the mobility of the reacting species is reduced and this leads to dilfusional f-
feets. Hence, @, would reflect the state of cure of the system rather than the tempera-
ture of cure.
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Fig. 4 Comparison of experimental data, dodt vs. o, with the model with diffusion predic-
tions for the neat resin, and the blends with 10 and 30 phr of SAN
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Fig. 5 Plots of rr ve 1 eomparing the experimental data with the predictions of the model of
Kamal, and the model with diffusion

Figure 4 shows the experimental data, do/dr vs. e and the corrected data when is ap-
plied the model with difTusion, and Fig. 5 displays the curves o vs. 1 comparing the ex-
perimental data with the predictions of the Kamal model and the model with diffusion.

Conclusions

A phenomenological model proposed by Kamal was used to study the curing ki-
netics of a DDS-cured TGDDM/SAN system. Fitting experimental data to the
model, a good agreement was reached between the predicted and the obtained values
up to gelation and vitrification phenomena occurs. To characterize the Tact of diffu-
sion the model was modified by introducing a diffusion factor that corrects apprecia-
bly the experimental data. By combining the Kamal model and a diffusion (actor, it
was possible to predict the cure kinetics over the whole range of conversion,

The results showed that when the SAN contents increase there is a reduction of
the rates of conversion and the (inal conversions obtained, duc to reduction of mobil-
ity of the reacting species imposed by the SAN, however the thermoplastic did not
change the autocatalytic nature of curing reaction.
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