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SYNOPSIS 

The curing behavior of bismaleimide resins was investigated using formulations containing 
different stoichiometric ratios of 1,l'- (methylenedi-4,l-phenylene) bismaleimide (BMI) 
and 4,4'-methylenedianiline (MDA) . The resin cure involved a low temperature primary 
amine addition to the maleimide double bonds and a high temperature homopolymerization 
of the maleimide double bonds. The kinetics of the amine addition and the homopolymer- 
ization reactions were determined using Fourier Transform Infrared Spectroscopy and 
Differential Scanning Calorimetry. The nucleophilic addition of the primary amines to the 
maleimide double bonds occurred by a second-order reaction, and was at  least two orders 
of magnitude faster than the homopolymerization reaction, which occurred by a multistep 
mechanism involving thermal initiation of chain growth, followed by chain propagation. 
A kinetic model for the curing behavior was developed and used to predict the extents of 
the amine addition and the homopolymerization reactions in networks cured under iso- 
thermal or dynamic conditions. 

I NTRO DUCT1 0 N 

Bismaleimide resins are used in the aerospace and 
electronics industries as matrix resins for high-per- 
formance composites. The cured resins exhibit low 
moisture absorption, excellent chemical stability, 
and thermal and mechanical properties superior to 
most epoxy re sins.'^^,^ Due to the aromatic nature 
and the high crosslink density of the cured network, 
the fully cured resins are brittle.4 In order to increase 
the flexibility of the cured resin, bismaleimides are 
reacted with aromatic diamines, which reduce the 
crosslink density by increasing the distance between 
crosslinks. 

Amine addition to the maleimide double bond OC- 

curs readily and at a lower temperature than the 
homopolymerization reaction of the maleimide dou- 
ble  bond^.^ As illustrated in Figure 1, the amine ad- 
dition reaction causes extension of the network 
chains, whereas the homopolymerization reaction 
leads to chain extension and crosslinking in the net- 
work. As a result, the two reactions have different 
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effects on the thermal, mechanical, and rheological 
properties of the resin. 

Since the curing of bismaleimide resin involves 
amine addition and BMI homopolymerization re- 
actions, it is necessary to define two conversions: 
the amine addition and the BMI homopolymeriza- 
tion conversions. The amine addition conversion, 
aamine addition, is calculated from the fraction of the 
maleimide groups of the BMI that reacts with the 
primary amine groups of the MDA, the BMI hom- 
opolymerization conversion, ahomopolym, is the frac- 
tion of the maleimide groups that homopolymerize. 
In order to relate the network properties to the cur- 
ing chemistry and to select the optimum processing 
conditions for the resin, it is necessary to understand 
the effects of the resin composition, the curing con- 
ditions, and the curing chemistry on the amine ad- 
dition and the homopolymerization conversions, and 
the effects of each curing reaction on the network 
properties. 

The objectives of this research were to delineate 
the mechanism and kinetics of the amine addition 
and the homopolymerization reactions, and to de- 
velop a kinetic model for predicting amine addition 
and BMI homopolymerization conversions in bis- 
maleimide resin networks cured under isothermal 
and dynamic conditions. The curing reactions were 
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Figure 1 
addition and the homopolymerization reactions. 

Chain extension and crosslinking in bismaleimide resins due to the amine 

analyzed using formulations, containing different 
stoichiometric ratios of bismaleimide and diamine, 
and different curing conditions. Model compounds 
were used to elucidate the curing chemistry. The 
kinetic parameters of the reactions were determined 
from Fourier Transform Infrared (FTIR) Spectros- 
copy. The kinetic model forms the basis for devel- 
oping relations between the curing chemistry and 
the network properties, and can be used for selecting 
the optimum processing conditions for the resin.6 

EXPERIMENTAL 

Materials 

The 1,l'- (methylenedi-4,l-phenylene) bismaleimide 
(BMI), with a purity of 95%, and the 4,4'-methy- 
lenedianiline (MDA) , with a purity of 99.4%, that 
were used in this study were obtained from the Al- 
drich Chemical Company. The BMI resin was pu- 
rified by repeated precipitation using methyl ethyl 
ketone. Gel permeation chromatography tests, per- 
formed on the precipitated BMI resin, yielded a sin- 
gle, sharp peak, indicating that the precipitated resin 
was free of impurities. Formulations containing dif- 
ferent stoichiometric ratios of BMI to MDA were 
prepared by dissolving measured quantities of both 
components in methyl ethyl ketone and then strip- 
ping the solvent in a vacuum oven. N-phenyl ma- 

leimide (NPM),  with a 97% purity, was used as a 
model compound in this study and was obtained 
from the Aldrich Chemical Company. 

Procedures 

Isothermal curing studies were performed on thin 
films of the resin using an IBM Instruments IR/ 
32s FTIR spectrometer, equipped with a tempera- 
ture controlled sample holder for in situ analyses of 
the curing reactions. Since the BMI resin melted 
between 155 and 160"C, the homopolymerization 
reaction kinetics were measured at 165, 175, 185, 
206, 235, and 250°C. Two different experimental 
procedures were used to collect maleimide conver- 
sion data. In one procedure, NaCl cells were first 
heated to 165°C in the sample holder, and the BMI 
resin was applied to the surface to form a thin film. 
The initial spectrum was recorded at 165°C and the 
temperature was ramped to the isothermal test tem- 
perature (206, 235, and 250°C). Spectra were re- 
corded at 73 sec intervals for one h. In another pro- 
cedure, the BMI resin was coated onto the surface 
of a NaCl cell that was equilibrated at the isothermal 
test temperature (165, 175, and 185°C) and the 
spectra were recorded at 2 min intervals. 

The amine addition reaction kinetics were deter- 
mined from curing studies at 75,100, and 125"C, in 
which BMI : MDA formulations with stoichiometric 
ratios of 1 : 2, 1 : 1, and 2 : 1 were used. Spectra 
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were recorded under a nitrogen purge at  2 min in- 
tervals and 2 cm-' resolution. The change in the 
concentration of the maleimide double bonds with 
time was determined from the area under the ma- 
leimide = C - H stretching peak at 3098 cm-' using 
quantitative analysis software. The aromatic C - C 
stretching vibration at  1514 cm-I was used as the 
reference peak in the quantitative analysis. 

Dynamic curing studies were performed on the 
1 : 1 BMI : MDA resin in the FTIR spectrometer. 
Thin films of the resin were cast onto NaCl cells; 
the cells were placed in the sample holder; and the 
temperature was ramped to 165°C at  a heating rate 
of 12"C/min. The resin temperature profile was 
measured by placing a thermocouple in close prox- 
imity to the sample. Spectra were recorded every 90 
sec while the sample heated to the isothermal tem- 
perature. 

DSC studies were performed using a Mettler 
DSC-30, equipped with a low temperature cell. The 
kinetics of the homopolymerization reaction were 
determined from isothermal studies at 165,175,185, 
and 20O"C, in which the BMI resin was cured at the 
isothermal temperatures for 15, 30, 45, 60, and 120 
min, were quenched to O"C, and then were scanned 
at  5"C/min to 350°C to determine the residual heat 
of reaction. The DSC conversions were calculated 
from the residual heats of reactions using the total 
heat of reaction. The total heat of BMI homopoly- 
merization, was determined from the max- 
imum heat released during the isothermal and dy- 
namic curing of the BMI resin. 

Size exclusion chromatography ( SEC ) tests were 
performed using a Waters Associates 150C ALC/ 
GPC, with tetrahydrofuran (100%) as a solvent. The 
SEC tests were performed on 4 : 1 N-phenylmaleim- 
ide : MDA cured at  125, 175, and 225°C for 90 min. 

RESULTS AND DISCUSSION 

Amine Addition Reaction 

Reaction Mechanism 

Mallet7 and Kovacic and Hein* have reported that 
the maleimide double bonds of the bismaleimide 
resin are weakened by the electron withdrawing na- 
ture of the adjacent carbonyl groups and, hence, nu- 
cleophilic addition of amines to the maleimide dou- 
ble bonds occurs readily and at  low temperatures. 
Crivello' conducted model compound studies using 
N-phenylmaleimide and aniline in a solvent medium 
and proposed that the amine addition occurs by a 
second order mechanism involving a charged inter- 

mediate. The aniline reacts with N-phenylmaleimide 
to form N,N'-diphenylaspartimide. Though the re- 
action was conducted in a solvent medium and sim- 
ple compounds were used, Crivello did not observe 
any reaction between the secondary amine hydro- 
gens of N,N'-diphenylaspartimide and the male- 
imide double bonds of N-phenylmaleimide. 

In the present study, SEC analyses of the curing 
behavior of N-phenylmaleimide with MDA were 
used to estimate the extent to which the secondary 
amine hydrogens of the MDA reacted with the ma- 
leimide double bonds. The chromatograms of the 
4 : 1 NPM : MDA samples, cured at 125, 175, and 
225°C for 90 min, are shown in Figure 2. The re- 
actions that can occur during the curing of 4 : 1 
NPM : MDA are the addition of primary amine hy- 
drogens to maleimide double bonds, the addition of 
secondary amine hydrogens to maleimide double 
bonds, and the homopolymerization of maleimide 
double bonds. 

For the sample cured at 125"C, major peaks occur 
at molecular weights of approximately 170,300, and 
500, and a minor peak is observed at  approximately 
950. The peak at 170 is assigned to the unreacted 
MDA and NPM; the peak at 300 occurs due to a 
compound formed by the reaction between one pri- 
mary amine hydrogen of the MDA and the double 
bond of the NPM; and the peak at  500 is assigned 
to a compound with a molecular weight of 544, 
formed by the reaction between two primary amine 
hydrogens of the MDA and two NPM molecules. 
The peak at  950 occurs due to reaction of both the 
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Figure 2 
at 125, 175, and 225°C for 90 min. 

Chromatograms of 4 : 1 NPM : MDA, cured 
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primary and the secondary amine hydrogens of the 
MDA with four NPM molecules. The area under 
the peak at 950 comprises less than 2% of the total 
peak area of the chromatogram, but indicates that 
some reaction between the secondary amine hydro- 
gens and the maleimide double bonds does occur at 
125°C. The main reaction at 125"C, however, is be- 
tween the primary amine hydrogens and the male- 
imide double bonds. 

For the sample cured at  175"C, in addition to the 
peaks at  molecular weights of 170, 300, and 500, a 
shoulder is observed above a molecular weight of 
900. Peaks above 700 can occur due to reaction of 
secondary amine hydrogens of the MDA with NPM, 
or can occur due to homopolymerization of NPM. 
The peak above the molecular weight of 900 is broad 
and has a long tail that contains species with mo- 
lecular weights up to 7000. Since species above a 
molecular weight of 900 can result only from hom- 
opolymerization of NPM, the long tail provides ev- 
idence that NPM homopolymerization occurs a t  
175°C. 

The chromatogram of 4 : 1 NPM : MDA cured 
at 225°C is qualitatively similar to that of the sample 
cured at 175°C. The broad peak above molecular 
weight of 900, however, is more prominent in the 
sample cured at 225"C, indicating that there is a 
considerable amount of NPM homopolymerization 
at 225°C. 

The SEC analyses of the curing behavior of model 
compounds demonstrate that the secondary amine 
hydrogens react with the maleimide double bonds 
at high temperatures. However, it was not possible 
to quantitatively determine the extent of the sec- 
ondary amine hydrogen reaction that occurred in 
the model compounds at 175 and 225°C. Since the 
results indicate that the reaction of the secondary 
amine hydrogen is negligible as compared with the 
reaction of the primary amine hydrogen at  125"C, 
it is assumed that the amine addition reaction during 
the melt polymerization of 1 : 1,2 : 1, and 1 : 2 BMI 
: MDA resins occurs mainly by the reaction of the 
primary amine hydrogens with the maleimide double 
bonds. 

Reaction Kinetics 

The MDA can be schematically represented by A- 
R'-A, where A is the amine group and Ft' is the back- 
bone diphenyl methane molecule. Maleimide con- 
version data at 75, 100, and 125°C for the 1 : 1, the 
1 : 2, and the 2 : 1 BMI : MDA resins were used to 
develop a kinetic model for the amine addition re- 
action. The conversion data, shown in Figures 3, 4, 
and 5, were modeled using a second-order reaction 
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Figure 3 Maleimide conversions determined from FTIR 
studies for the cure of 1 : 1 BMI : MDA at 75, 100, and 
125°C. The solid lines are the conversion profiles predicted 
using eq. ( 3 ) .  

mechanism in which one maleimide group reacts 
with one amine group. The depletion of the male- 
imide groups is given by: 

where [ A  ] is the concentration of the amine groups, 
[MI  is the concentration of the maleimide groups, 
t is the reaction time, and Kl is the second-order 
reaction rate constant. For initial concentrations of 
maleimide groups, [ M O ] ,  and amine groups, [A,],  
the maleimide conversion, CYM, is 

and the amine conversion, aA, is 

Equation (1) can be written in terms of the male- 
imide conversion as: 
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Figure 4 Maleimide conversions determined from FTIR 
studies for the cure of 1 : 2 BMI : MDA at 75, 100, and 
125OC. The solid lines are the conversion profiles predicted 
using eq. ( 3  ) . 

where K: is the pre-exponential factor, AEK, is the 
activation energy for the amine addition reaction, 
and R is the gas constant. 

The parameters, K: and AEK,, were evaluated 
using the maleimide conversion data and the opti- 
mum values are listed in Table I. The conversion 
profiles predicted using the kinetic model are com- 
pared with the experimental data in Figures 3,  4, 
and 5. There is agreement between the predicted 
profiles and the experimental data, even though the 
values of KY and AE,, used are averages over three 
resin compositions and temperatures ranging from 
75 to 125°C. 

Since one maleimide group reacts with one amine 
group, the extent of the amine addition reaction, 
using the initial concentration of the maleimide 
groups as a basis, can be calculated using eqs. (5)  
or (6):  

- [A01 - [A1 
[A01 

aamine  addition - 

[A01 
[MOI 

aarnmeaddition = a A  ~ 

Homopolymerization Reaction 

Reaction Mechanism 

The double bonds of the bismaleimide resin are 
weakened by the electron withdrawing nature of the 

adjacent carbonyl groups and readily react in the 
molten state by free radical po lymer i~a t ion .~*~~J~ 
Kwiatkowski et a1.I2 observed a marked increase in 
the polymerization rate of bismaleimide resins in 
the presence of peroxides and a 20- to 50-fold in- 
crease in the presence of reactive olefins, and con- 
cluded that the polymerization reaction involves a 
free radical, rather than an anionic addition mech- 
anism. The most direct evidence of free radical 
curing reactions was obtained by Brown and 
Sandreczki, l3 based on electron spin resonance 
spectroscopy studies on thermally crosslinked 
bismaleimide resins. 

Figure 6 shows the maleimide conversion data 
obtained during the isothermal cure of BMI at 165, 
175,185,206,235, and 250°C. The filled and unfilled 
symbols are used to differentiate between the data 
obtained using the two different FTIR techniques. 
The conversion data are marked by an initial rapid 
increase in the maleimide conversion, which is fol- 
lowed by a steady increase in conversion over time. 
DiGiulio et al.14 and Tung15 studied the curing be- 
havior of bismaleimide resins using FTIR spectros- 
copy and observed similar isothermal conversion 
profiles for the homopolymerization reaction. 

Based on the conversion data in Figure 6, the 
homopolymerization reaction is postulated to occur 
by a multistep mechanism involving thermal initi- 
ation of chain growth, followed by chain propagation 
reactions. Thermal initiation is a reversible reaction, 
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Figure 5 Maleimide conversions determined from FTIR 
studies for the cure of 2 : 1 BMI : MDA at 75 and 100°C. 
The solid lines are the conversion profiles predicted using 
eq. ( 3 ) .  
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Table I 
Addition and the Homopolymerization Reactions 

K;  2.25 x lo5 (COnC.-s)-' A E K ~  62.3 (kJ/mol) 
Ki' 1.64 x 103 AEK2a 49.5 (kJ/mol) 
K!* 4.20 X lo2 (s-l) A E ,  43.6 (kJ/mol) 
Kip 6.49 X lo4 (conc.-s)-' AEK2p 74.2 (kJ/mol) 

Optimum Kinetic Parameters of the Amine 

in which the maleimide double bonds dissociate upon 
heating to generate maleimide di-radicals and a 
thermal equilibrium concentration of the di-radicals 
is rapidly established. The initiation reaction occurs 
readily at high temperatures, as is evident from the 
initial rapid increase in the maleimide conversion. 
Maleimide di-radicals, generated in the initiation 
step, can react with the maleimide double bonds to 
form long chain (n-mer) di-radicals, and thus prop- 
agate the network. Network propagation can also 
occur by the reaction between n-mer di-radicals and 
the maleimide di-radicals, and between n-mer di- 
radicals and the maleimide double bonds. The prop- 
agation reactions consume maleimide double bonds 
at  a slower rate than the initiation reaction and 
cause a steady increase in the maleimide conversion. 

Propagation of the network continues until the 
growing radicals are immobilized in the gelled net- 
work.I6 Hummel et al.I7 conducted studies on a ho- 
mologous series of aliphatic bismaleimide resins, and 
observed that the rate of polymerization was deter- 
mined by both the reactivity of the maleimide groups 
and the mobility of the reactive sites in the resin. 

The thermal initiation process is evident from 
the changes in the maleimide = C - H stretching 
peak and the reference peak with temperature during 
the homopolymerization of BMI resin, as shown in 
Figure 7. Spectrum 1 shows the maleimide and the 
reference peaks at  175°C at the start of the curing 
reaction; spectrum 2 shows the two peaks at 175°C 
and a reaction time of 60 min. The area under the 
maleimide peak in spectrum 2 is smaller than the 
area in spectrum 1, due to the consumption of the 
maleimide double bonds in the homopolymerization 
reaction. Spectrum 3 shows the maleimide and the 
reference peaks after the reacted sample has been 
cooled to room temperature. The maleimide peak 
area in spectrum 3 is greater than that in spectrum 
2. If the increase in the maleimide peak area were 
to occur only due to cooling, the ratio of the male- 
imide peak area to the reference peak area in spec- 
trum 2 would be the same as the corresponding ratio 
in spectrum 3. Based on a quantitative comparison 
of the two spectra, in which the ratio of the male- 
imide peak area to the reference peak area in spec- 

trum 2 is normalized to 1, the corresponding ratio 
for spectrum 3 is 1.46. The increase in the maleimide 
peak area, above that expected from cooling, may 
be due to the recombination of unreacted maleimide 
di-radicals to form maleimide double bonds. 

In order to demonstrate that the behavior of the 
maleimide peak on cooling is different from other 
peaks in the high frequency region of the spectrum, 
a comparison was made with the methylene C - H 
stretching peak at 2916 cm-'. For a ratio of the 
methylene peak area to the reference peak area in 
spectrum 2 that was normalized to 1, the corre- 
sponding ratio in spectrum 3 was 1.08 that is, the 
methylene peak exhibited an 8% increase in the peak 
area upon cooling. The maleimide peak area in- 
creased by 46% upon cooling: an increase that was 
greater than that expected solely due to cooling. 
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Figure 6 Maleimide conversions determined from FTIR 
studies for the cure of BMI at 165,175,185,206,235, and 
250°C. The filled and unfilled symbols indicate data ac- 
quired using two different experimental procedures. The 
solid lines are the predictions from the kinetic model for 
homopolymerization. 
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Figure 7 Variation of the maleimide = C - H stretching peak at  3098 cm-' , and the 
reference peak at  1514 cm-', during BMI resin cure. Spectrum 1 shows the peaks at  175°C 
and time t = 0; spectrum 2 shows the peaks at  175°C and t = 60 min; spectrum 3 shows 
the peaks when the sample is cooled to room temperature. 

The thermal initiation process during the homo- 
polymerization of bismaleimide resins is different 
than that of styrene. In the case of thermally ini- 
tiated polymerization of styrene, the formation of 

of all the n-mer di-radicals in the reaction mass is 
defined by MI, where 

[MI = 2 [M,] 
monomer di-radical, or a radical and a hydrogen n=2 

atom, is not possible because energy in excess of 200 
kJ is necessary to break the bond." The thermal = [ M 2 ]  + [M3] + * * * + [Mn] + * * - ( 7 )  
initiation reaction in styrene, therefore, is postulated 
to occur by an energetically favorable termolecular 
initiation mechanism, in which three monomer 
molecules react and form a pair of monoradicals.'8 
Unlike the double bonds in styrene, the double bonds 
in the maleimide group are weakened by the electron 
withdrawing nature of the adjacent carbonyl groups. 
Hence, it is postulated that the dissociation of the 
maleimide double bonds into di-radicals requires 
much less energy than a similar dissociation of dou- 
ble bonds in styrene. 

Reaction Kinetics 

The BMI resin can be schematically represented by 
M-R-M, where M is the maleimide functional 
group. The chemical species present in the reaction 
mixture are the maleimide groups; M, the maleimide 
di-radicals, MI, and the n-mer di-radicals, an, 
where n 2 2. 

A kinetic model for BMI homopolymerization is 
shown in Figure 8 and consists of a reversible, first 
order, initiation reaction, and five second-order 
propagation reactions. In Figure 8, KZi,  Kzt,  and 
K2p are the rate constants of the initiation, the ter- 
mination, and the propagation reactions. 

In order to reduce the mathematical complexity 
of a kinetic model, the rates of the propagation re- 
actions are assumed to be equal and independent of 
the chain length" and the sum of the concentrations 

Initiation 

ProDaaation 

a a 

M + gn K2p c Mnil -. n-2 12-2 

.. 0 o a  

E M m  + cMn K2p -. c EMm+, 
m=2 n-2 m=2n=2 

Figure 8 
maleimide resins. 

Model for the homopolymerization of bis- 
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The mole balance equations for the chemical species 
present in the reaction mixture are: 

~- d [ M 1  - K2,[A?,] - &[MI 
d t  

~- d[A?ll - &[MI  - K2t[A?l] 
d t  

d [ M ]  
d t  

-- - K,,[M] [MI] + +p [ M I 2  

where 

K2, = K$exp - - ( 2) 
and 

Here, Kii, K; t ,  and K i p  are the pre-exponential 
factors, and A E K z i ,  AEKzt, and A E K Z p  are the acti- 
vation energies of the initiation, the termination, 
and the propagation reactions. 

The pre-exponential factors and the activation 
energies were estimated from the experimentally 
measured maleimide conversion profiles, shown in 
Figure 6, using a conjugate direction search 
algorithm2' and a package for the integration of sys- 
tems of ordinary differential equations.21 The opti- 
mum values of the kinetic parameters are listed in 
Table I. As shown in Figure 6, the maleimide con- 
version profiles predicted using the kinetic model 
are in agreement with the experimental data at 165, 
175, and 185"C, and with the data at 206°C up to 
65% maleimide conversion. The maleimide conver- 
sions at 235 and 250"C, predicted using the kinetics 
model, are higher than the experimentally measured 
conversions. 
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Figure 9 
stant for BMI homopolymerization. 

Arrhenius plot of the propagation rate con- 

An Arrhenius plot of the propagation rate con- 
stants is shown in Figure 9. The propagation rate 
constants for the isothermal curing at 165,175,185, 
and 206°C are on a straight line with a correlation 
coefficient of 0.997. The Arrhenius relation at 235 
and 250°C is different from that at 165, 175, 185, 
and 206°C and, hence, only the data at 165, 175, 
185, and 206°C were used to calculate the activation 
energy and the pre-exponential factor of the prop- 
agation reaction. The kinetic model for BMI homo- 
polymerization, therefore, is valid only between 165 
and 206°C. 

The maleimide concentration data, determined 
from FTIR studies during the isothermal cure of 
BMI resin at 165"C, are compared with the concen- 
tration profiles calculated from the kinetic model in 
Figure 10. The profiles of [A?,] and [A?] are also 
shown in the figure. In Figure 10, there is agreement 
between the measured and the calculated maleimide 
conversions for cure times under 2 h, beyond which 
the measured concentrations are higher than those 
calculated from the kinetic model. The result sug- 
gests that the rate of the propagation reaction de- 
creases at long cure times. 

The concentration profiles of [MI,  [all, and 
[A?] can be used to calculate the maleimide and the 
BMI homopolymerization conversions for the resin. 
The depletion of the maleimide double bonds during 
homopolymerization, aM, can be calculated using eq. 
( 2 ) .  Some of the depleted maleimide double bonds 
remain as di-radicals while others react and are in- 
corporated into the crosslinked network. The BMI 
homopolymerization conversion, ahomopolym , is the 
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Figure 10 Concentration profiles of M, [MI], and 
[ i't2], calculated using the kinetic model for homopoly- 
merization during the cure of BMI at  165°C. The discrete 
data are the concentrations of M determined from FTIR 
studies. 

fraction of the depleted maleimide double bonds that 
are incorporated into the network, and is given by: 

aamine addition ( 14 - 

In the case of bismaleimide resin formulations that 
do not contain MDA, aa,ineaddition is zero. 

The maleimide conversions at 165, 175, and 
185°C are compared with the corresponding extents 
of BMI homopolymerization in Figure 11. Although 
the maleimide conversions increase rapidly, poly- 
merization of the network occurs slowly, as is evident 
from the gradual increase in the extent of BMI 
homopolymerization. Resin properties, such as the 
glass transition temperature, the viscosity, the 
chemical stability, and the sol fraction, are depen- 
dent on the amount of maleimide reacted and, hence, 
are dependent on the extent of BMI homopolymer- 
ization rather than the maleimide conversion. 

Model for Bismaleimide Resin Cure 

The homopolymerization reaction was empirically 
modeled by a thermally initiated, multistep, &radical 
polymerization and the amine addition reaction was 

modeled by a nucleophilic second order addition of 
the amine to the maleimide double bond. Equation 
( 1 ) and eqs. (6) to (8) can be combined into a kinetic 
model for bismaleimide resin cure, the mole balance 
relations for which are given by eqs. ( 15) to ( 18) : 

-- d [ A 1  - - K , [ M ] [ A ]  
dt  

- Kzp[M1I2 - K 2 p [ M 1 ] [ M ]  (16) 

K2P K2P 
- - [A?] [ax] - 2 [A?I2 (17) 

2 

Since the rate constants, K l ,  Kzi ,  K2t ,  and K2p are 
known, eqs. (15) to (18) can be solved numerically 

0.8 
"O 

x 
U - 0.6 

$ 
.E 

a' 0.4 

0.2 

0.0 

t(s) 

Figure 11 BMI homopolymerization ( -  - -) and ma- 
leimide (-) conversion profiles during the cure of BMI 
at  165, 175, and 185°C. 
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for different stoichiometric ratios of BMI : MDA 
and different curing conditions and the extents of 
the amine addition and the homopolymerization re- 
actions in the network can be determined. In com- 
bining the homopolymerization and the amine ad- 
dition reactions to formulate a kinetic model for 
bismaleimide resin cure, the rate constants of the 
homopolymerization reactions are assumed to re- 
main unchanged, even when the reaction occurs in 
the presence of MDA. 

In the multistep homopolymerization of bismal- 
eimide resins, the chain propagation reaction is an 
order of magnitude slower than the initiation and 
the termination reactions and is the rate controlling 
step. The amine addition reaction is a one-step re- 
action and, as illustrated by the data in Table 11, 
occurs more rapidly than the chain propagation re- 
action during BMI homopolymerization. At low 
temperatures, the amine addition reaction is favored 
over the propagation reaction; however, the propa- 
gation reaction becomes competitive at higher tem- 
peratures. A similar conclusion was drawn by 
Tung,15 based on the initial slopes of the intensity 
profiles of FTIR spectra of bismaleimide resins. 

The kinetic model for bismaleimide resin cure was 
developed using conversion data obtained from iso- 
thermal FTIR spectroscopy. In order to confirm the 
validity of the model, the extent of the amine ad- 
dition and the homopolymerization reactions pre- 
dicted from the kinetic model were compared with 
conversion data obtained experimentally using 
FTIR spectroscopy and Differential Scanning Cal- 
orimetry under dynamic and isothermal conditions. 

The maleimide concentration data, measured 
during the dynamic curing of 1 : 1 BMI : MDA resin 
in the FTIR spectrometer, are compared with pre- 
dictions from the kinetic model for bismaleimide 
resin cure in Figure 12. The kinetic model was solved 
numerically to calculate the maleimide concentra- 
tion profile for the temperature history experienced 
by the resin. The calculated maleimide concentra- 
tion profile, which is shown by the solid line in Figure 

Table I1 Ratio of the Rate Constants of the 
Amine Addition and the Chain Propagation 
Reactions 

150 
175 
200 
225 

100 
83 
70 
60 

O.* t 
0 

0.2 1 ; I 

t '  1" 
0.0 1, 2:O 5t)O 750 lob0 12150 120% 

t (s) 

Figure 12 Comparison between the maIeimide concen- 
trations from FTIR studies (m) and the kinetic model 
predictions (-) for the 1 : 1 BMI : MDA. The dashed 
line is the temperature profile in the FTIR cell. 

12, is in agreement with the experimentally deter- 
mined maleimide concentrations. 

The BMI conversion profiles, predicted from the 
kinetic model for homopolymerization, are compared 
with the conversions measured from DSC studies in 
Figure 13. The DSC conversion, CYDSC, was calculated 
from the residual heat of reaction using; 

(19) 

In eq. (19), AHP,max is 78.8 kJ/mol of BMI and is 
the maximum heat of the homopolymerization re- 
action measured in the DSC. Since BMI homopo- 
lymerization occurs by a multistep reaction mech- 
anism, each reaction having a unique heat of reac- 
tion, the numerator in eq. (19) is the cumulative 
value of the heats released by all the reactions that 
occur during homopolymerization. In Figure 13, ex- 
cept for the DSC conversion data at 165"C, there is 
little agreement between the kinetic model predic- 
tions and the experimental data. The DSC conver- 
sions at 175, 185, and 200°C are higher than the 
conversions predicted by the kinetic model. Appar- 
ently, the maximum heat of the homopolymerization 
reaction, measured in the DSC, is not the true total 
heat of BMI homopolymerization and some BMI 
remains unreacted. 

The FTIR studies, reported above, indicate that 
the kinetic model for bismaleimide resin cure can 
be used to predict the amine addition and the BMI 
homopolymerization conversions for isothermal and 

AH2,max - AH2,res  

AH2,max 
a D S C  = 
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Figure 13 DSC conversion profiles during the homo- 
polymerization of BMI at  165, 175, 185, and 200°C. The 
solid lines are the homopolymerization conversion profiles 
predicted using the kinetic model. 

nonisothermal curing conditions. Since the amine 
addition reaction occurs more rapidly than the 
homopolymerization reaction, the amount of amine 
addition and BMI homopolymerization in the net- 
work is governed primarily by the resin composition 
and, to a lesser extent, by the curing conditions. Dif- 
fusion effects, which have been neglected in the ki- 
netic model, may affect the rate of the curing re- 
actions at  relatively long cure times. 

CONCLUSIONS 

The curing of bismaleimide resin involves a low 
temperature amine addition reaction and a high 
temperature homopolymerization reaction. Amine 
addition to the maleimide double bond occurs by a 
second-order reaction mechanism and results in ex- 
tension of the network chains. Homopolymerization 
of BMI resin can be modeled by a thermally initi- 
ated, multistep, radical mechanism, and eventually 
leads to crosslinking in the network. 

A kinetic model for the curing behavior of bis- 
maleimide resin was developed and the model pre- 
dictions were tested using experimental data. The 
model can be used to select the resin formulation 
and curing conditions necessary to achieve the de- 
sired degree of amine addition and BMI homopo- 
lymerization in the network. Since the amine ad- 
dition and the homopolymerization reactions affect 
the glass transition temperature and the viscosity 

of the resin, the kinetic model can be used as a basis 
for developing predictive models of the network 
properties. 
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