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An unsaturated polyester resin has been modified by adding a thermosetting bismaleimide as a second co- 
reactive monomer. The bismaleimide resin was readily dissolved in the uncured polyester matrix up to a 
concentration of about 20 wt%. Fourier transform infra-red (FTi.r.) spectroscopy was employed to monitor 
the cure kinetics of this complex system. The available spectroscopic evidence indicated that both the 
mechanism and the kinetics of the crosslinking process were strongly affected by the presence of the 
bismaleimide in the system. The molecular structure of this intercrosslinked network is discussed. The 
dynamic mechanical behaviour of a typical blend composition was found to be in agreement with the 
proposed molecular structure. Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 

Unsaturated polyester (UP) resins are among the most 
widely used thermosetting materials since they are 
relatively inexpensive and offer advantages such as 
being light in weight and possessing reasonably good 
mechanical properties 1. They are largely employed as 
matrices for composites, e.g. in automotive applications. 
However, as generally found for thermosetting materials, 
these matrices are very brittle and susceptible to 
catastrophic failure. Moreover, the shrinkage of the 
polyester resin during crosslinking with the reactive 
styrene (S) solvent leads to warpage and cracking. 
Usually these problems can be solved by blending the 
UP resins with suitable polymeric or non-polymeric 
additives. For example, the fracture properties of these 
materials can be improved by blending with reactive 
liquid rubbers 2-4, while thermoplastic additives such as 
poly(methyl methacrylate) or poly(vinyl acetate) are 
used to achieve 'low profile' or 'low shrinkage' 
behaviour 5'6. A further deficiency, which is due to the 
molecular structure developed upon curing, is an 
extremely broad glass transition region with a main 
relaxation process starting just above room temperature 

o 7,8 and extending for over 100 C . Thus, the mechanical 
properties and particularly the elastic modulus, rapidly 
deteriorate above room temperature. A recently devel- 
oped approach to overcome this limitation is the 
modification of UP resins by a co-reactive second 
component. In this present contribution the system 
consisting of a UP and a thermosetting bismaleimide 

* To w h o m  cor respondence  should  be addressed  

resin (BMI) is investigated. The choice of the bismalei- 
mide as the reactive second component is due to its very 
high rigidity and glass transition temperature which 
would give, in principle, an increase in the stiffness of the 
UP matrix over a wide range of temperatures. In the first 
part of this present work, Fourier transform infra-red 
(FTi.r.) spectroscopy is used to investigate the effect of 
the BMI on the mechanism and kinetics of the curing 
process. The complex molecular structure which is 
realized upon curing is also discussed on the basis of 
the available spectroscopic evidence. 

In the second part of the work, the yield behaviour of 
this material is investigated over a wide range of 
temperatures and strain rates. The results are analysed 
in terms of the molecular theories of yielding which were 
originally developed for glassy thermoplastic polymers. 

EXPERIMENTAL 

Materials 
The UP resin used in this work was an uncured, 

unsaturated polyester which was kindly supplied by 
Alusuisse Italia SpA. The resin was available either as a 
solution containing 35 % of styrene, or in the form of the 
pure prepolymer. The acid number of the prepolymer, 
defined as the number of mg of KOH required for the 
titration of 1 g of prepolymer was 19.2. The OH number, 
obtained by titration of the excess acetic anhidryde 
needed to fully esterify the hydroxyl groups, was 53.4. 
This corresponded to 0.34 mmol of COOH groups and 
0.95 mmol of OH groups per g of resin. In the UP 
formulation, 0.1 wt% of hydroquinone was employed as 
an inhibitor to prevent premature curing. Benzoyl 
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Table 1 Compositions of the UP/BMI blends used in this work 

UP BMI 
Code (wt%) (wt % ) 

B0 100 
B5 95 5 
BI0 90 10 
B15 85 15 
B18 82 18 

peroxide (BP) was used as the radical initiator and was 
recrystallized twice from absolute ethanol before use. 
The bismaleimide resin (BMI) used was 1,1'-(xnethy- 
lenedi-4,1-phenylene)bismaleimide, from Aldrich. 

Preparation procedure and curing conditions 
A typical blend (BI0 composition) was prepared as 

follows: 7.0g of  BMI were dissolved in 63g of the UP 
resin at 100°C. The temperature was lowered to 25cC and 
1.9g of the radical initiator, BP, were added with 
vigorous mechanical stirring. The reactive mixture was 
degassed for 5 min under vacuum and then poured in to a 
glass mould which was immediately immersed in a 
thermostatic bath kept at 55°C. The cure was carried out 
at this temperature for 2 h and then for an additional 12 h 
at 70°C. A postcuring step was performed in an oven at 
100°C for 2h. The same curing protocol was applied to 
the neat UP resin, which was used as a reference material 
throughout this work. The investigated blend composi- 
tions, along with their code numbers are presented in 
Table 1. 

Techniques 
FTi.r. spectra were collected on thin films of the 

uncured blends, which were obtained by sandwiching a 
drop of the reactive mixture between two KBr windows. 
The spectra were obtained at a resolution of 2 cm 1 using 
a Nicolet 5DXB spectrometer equipped with a deuter- 
ated triglycine sulfate (DTGS) detector and a germa- 
nium/KBr beam splitter. The isothermal kinetic 
measurements were performed in a SPECAC tempera- 
ture cell directly mounted in the spectrometer. This unit 
was driven by an Eurotherm 071 temperature controller 
to an accuracy of  4-1 °C. 

RESULT AND DISCUSSION 

Kinetic analysis of the curing process 
In a UP/BMI blend three different reactive unsatura- 

tions are present, i.e. fumarate double bonds on the 
polyester prepolymer, styrene double bonds and mal- 
eimide unsaturations. All of  these have to be individually 
monitored in order to completely characterize the kinetic 
behaviour of the system. To this end, we have compared 
the FTi.r. spectra of the polyester prepolymer (Figure 
1A), the uncured UP resin (polyester prepolymer plus 
styrene) (Figure 1B) and that of a UP/BMI (85/15 (wt/ 
wt)) blend (Figure 1C). 

The fumarate double bonds exhibit two sufficiently 
well-resolved peaks at 1645cm -1 (C=C stretching) an~t 
at 982cm -I (trans- HC=CH-wagging) .  However, 
when styrene is present, a further absorption is detected 
at 1630cm i (styrene C=C stretching) which is only 
partially resolved from the fumarate absorption at 

[ 
i 

4000 30'00 20'00 1000 

Wevenumbers (era 1) 

Figure 1 FTi.r. transmission spectra in the frequency range 4000 
450cm t of: (A) polyester prepolymer; (B) UP resin (polyester/styrene 
mixture): (C) UP/BMI(85/15(wt/wt)) blend 

1645cm J. It should be noted that this doublet is 
relatively weak. The styrene unsaturation presents two 
characteristic modes in the = C - H  wagging region. One 
is found at 992cm i and is due to a trans- - H C = C H -  
wagging, while the other, at 912 cm 1, arises from a vinyl 
= C H  2 wagging 9'I°. 

Both of these peaks have medium intensity but the 
former is completely overlapped with the already 
mentioned fumarate absorption at 982cm J, while the 
latter is completely free from any interfering absorption. 
Several methods have been proposed in the literature to 
resolve the two-component profile at 992 and 982 cm 1, 
so as to provide, based on a series of simplifying 
assumptions, quantitative kinetic informationl 1,12. How- 
ever, due to the high degree of overlapping and 
particularly to the difficulty in defining a reasonable 
baseline, we preferred to turn our attention to the better- 
resolved region between 1700 and 1600 cm 1. 

Our experimental data were analysed by the following 
two-step procedure. First, a pseudo-baseline was found 
in the region of interest by using a fourth-order 
polynomial regression (see Figure 2A). After subtraction 
of this baseline, the resulting spectral profile was 
separated into the individual components by applying 
an iterative curve-fitting algorithm based on a least- 
squares refinement procedure 13. To insure the unique- 
ness of the results, the peak shape (Gaussian), the 
number and the position of the peaks (as evaluated by 
second-derivative analysis) and the baseline were kept 
fixed, while the program was allowed to calculate the 
height and the full-width-at-half-height (FWHH) of the 
components. Typical results of such an analysis are 
presented in Figure 2B; note the presence of two 
unidentified low-intensity absorptions along the wings 
of the two main components. The relative conversion of 
polyester and S unsaturations, c~, defined as: 

Co - Ct Ct 
~ - - - -  1 - - -  (1) 

G~ Co 

and, for the Beer-Lambert  law: 

At 
. '  = 1 - -  ( 2 )  

Ao 
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Figure 2 Curve-fitting analysis in the 1700-1600cm -l region: (A) 
experimental spectral profile with the evaluated pseudo-baseline, where 
the solid circles represent the data points used to calculate the fourth- 
order polynomial fit; (B) the four Gaussian components obtained by a 
best-fit of the experimental data points 
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Figure 3 FTi.r. spectra in the frequency range 1000-650 cm -I for the 
neat UP resin (A) and the B15 blend (B) 

can now be followed as a function of  the reaction 
time. 

In particular, as  can be evaluated from both the 
component  at 1630cm -1 and the peak at 912cm -1. As 
already noted, the 912cm -I  peak is free from any 
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Figure 4 Real-time spectroscopic monitoring of the curing reaction. 
The spectra were collected at different reaction times at 55°C for the 
B15 UP/BMI blend. The two figures show the analytical frequency 
ranges: (A) 1700-1500; (B) 1100-600cm -I 

interfering absorption and yields ' t rue '  a s values, while 
the a s values from the 1630 cm -1 component  can be used 
to cross-check the correctness of  the curve-fitting 
analysis; coincident results were obtained over the 
whole time range. 

Following the BMI double bonds'  conversion was less 
straightforward: the maleimides present a typical 
absorption at 3100 cm -n, which is generally employed 
to monitor  the progress of  the curing reaction 14J5. 
Unfortunately, this peak has a relatively low intensity 
and, due to the low BMI content in the blend, goes 
completely undetected. However, a peak at ca. 830 cm- l  
has been reported for several maleimides, and this has 
been assigned to an out-of-plane blending of  the = C - H  
group 16. This absorption is clearly detected in the 
spectrum of the B15 blend, superimposed on a rather 
broad absorption of  the polyester at 844 cm -z (compare 
the spectra shown in Figure 3). The 830cm - l  peak 
gradually and continuously decreases in intensity while 
the blend is being cured, thus confirming the assignment 
and indicating consumption of  the BMI unsaturations 
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Figure 5 Difference spectra collected in the early stages of the curing 
reaction for the BI5 blend in the frequency range 950 800cml (see 
text for details) 

during curing (see Figure 4B). This peak can be suitably 
used to monitor  the BMI conversion provided that the 
interference of the 844cm -1 background absorption is 
eliminated. To this end, spectral subtraction was employ- 
ed 17, which is based on the following relationship: 

As = At - SF  Ao (3) 

where the subscripts, s, t, and 0 denote the absorbance of 
the subtraction spectrum, of  the spectrum collected at 
time t, and of the spectrum collected at zero time, 
respectively. The subtraction factor, SF, allows us to 
compensate for differences in thickness between the 
spectra collected at zero time and at time t. Its value is 
obtained by zeroing an internal thickness band, which, 
in the present case is the 1601 cm -~ peak. It has been 
found that the change in thickness which occurs during 
the process is very limited, so that the S F  is always close 
to one. The relevant advantage in using spectral 
subtraction in kinetic studies relies on the fact that 
peaks not affected during the experiment (the peak at 
844 cm -1 in this present case) are compensated and thus 
completely removed in the subtraction spectrum. It is 
clear that positive absorbances from the zero baseline 
reflect structures that are formed during the process, 
while negative absorbances reflect structures that are 
lost. The subtraction spectra reported in Figure 5 in the 

l frequency range 950 -800cm-  show the gradual devel- 
opment of  the completely resolved BMI peak at 

1 830cm-  , for which a linear and consistent baseline 
can be identified. These absorbance values can be 
directly used to evaluate the BMI conversion as a 
function of the reaction time. 

Typical conversion versus time curves of  the S and 
polyester unsaturations in the neat UP resin are reported 
in Figure 6. The isothermal measurements reported in 
this figure have been carried out at 70°C, a typical curing 
temperature for a benzoyl-peroxide-initiated process. It 
is observed that the two conversion curves are coincident 
in the early stages of  the process, while starting from ca. 
40min the styrene conversion gradually exceeds the 
polyester conversion. For  the neat UP resin the above 
kinetic analysis has been performed over a wide range of 
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Figure 6 The conversion of styrene double bonds (curve A) and of the 
polyester unsaturations (curve B) as a function of the reaction time for 
the neat UP resin from isothermal measurements carried out at 70°C 
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Figure 7 The conversion of styrene double bonds versus the 
conversion of polyester double bonds in the neat UP resin at reaction 
temperature of 63 (©), 70 (v), 75 (~,), 80 (D) and 90°C (A) 

temperatures and will be discussed in detail in a separate 
publication. However, for the whole temperature range 
investigated in the latter work, a kinetic behaviour 
analogous to that found at 70°C was observed. 

Another way of plotting the kinetic data for this 
system is a conversion-conversion plot, as shown in 
Figure 7. In this representation, at 45 ° line characterizes 
the near-azeotropic behaviour of  the system in which 
styrene and polyester unsaturations are incorporated 
into the network in the same ratio as the initial 
composition of the reaction mixture, regardless of  the 
conversion. In Figure 7 the kinetic data relative to the 
various investigated temperatures are collectively 
reported. It is found that all of  the experimental data 
fall, within experimental uncertainty, on a common 
master-line which is close to the theoretical near- 
azeotropic copolymerization line. Only at higher polyester 
conversions (> 0.5) do we observe a 'bending-up' of the 
experimental curve, thus indicating that the styrene 
conversion substantially exceeds that of  the polyester. 

This behaviour can be interpreted by assuming, for the 
whole range of temperatures investigated for most of  the 
process where the near-azeotropic copolymerization 
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Figure 8 Conversion of the various reactive species at 55°C as a 
function of time in the B 10 (A) and B 15 (B) blends; in both cases curve 1 
refers to the BMI double bonds, while curves 2 and 3 refer to the styrene 
and polyester unsaturations, respectively 

behaviour dominates, that the crosslinking density of the 
system is not sufficient to influence the propagation 
mechanism of the styrene and polyester molecules. 
However, towards the end of the reaction the cross- 
linking density increases substantially, thus lowering 
appreciably the mobility of the vinyl groups in the large 
polyester molecules, while the styrene monomer is less 
affected. Consequently, styrene self-propagation is 
favoured, causing a higher conversion of styrene with 
respect to the polyester ]2. 

Attempts to follow the kinetic behaviour of the UP/ 
BMI blends in the above temperature range were 
unsuccessful because the process was too fast, with the 
conversion of the reactants already being high when the 
spectrum at zero time was collected. To circumvent this 
problem the kinetic analysis was performed at 55°C for 
both a B10 and a B15 blend. The results are reported in 
Figures 8A and 8B, respectively. 

It is observed in both of the blends that the BMI 
conversion is fast and almost quantitative. A conversion 
of ca. 80% is reached in 100 and in 50min for the B10 
and B15 blends, respectively. In addition, both the 
styrene and polyester unsaturations are involved in the 
crosslinking process, but with lower initial rates and 
lower values of conversion at the end of the process. 
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Figure 9 Styrene double-bond conversion at 55°C as a function of the 
reaction time for the B 10 blend (curve A), the B 15 blend (curve B), and 
the neat UP resin (curve C) 
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Figure 1O The conversion of styrene double bonds v e r s u s  the 
conversion of polyester double bonds at 55°C for the B10 blend (o) 
and B15 (12) blends 

Figure 9 compares the styrene conversion at 55°C for the 
B10 blend (curve A), the B15 blend (curve B) and for the 
neat UP resin (curve C). Such a comparison provides 
evidence that at this temperature the neat resin reacts 
very slowly and to a very limited extent, while the process 
is substantially accelerated in the presence of the BMI. 
Moreover, increasing the BMI content in the blend 
considerably increases the rate of the individual reactions 
involved in the complex crosslinking process. The above 
results indicate that BMI radicals are formed very easily 
in the system and are highly reactive. They may interact 
with the other unsaturations present in the system, thus 
causing the reactive mixture to undergo crosslinking 
even if the conditions are not suitable for polymerization 
to take place in the neat UP resin. 

Further details concerning the role played by the 
BMI in the crosslinking process can be gained by 
plotting the kinetic data on a S-Pe conversion- 
conversion diagram (see Figure 10). If the BMI does 
not interact chemically with the styrene and polyester 
unsaturations, a linear behaviour close to the 45°C line 
would be found, in analogy to that which occurs in the 
neat UP resin. 
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Figure 10 provides clear evidence that the two data sets 
relative to the B10 and B15 blends fall on a common 
master-curve which strongly deviates from the 45cC line. 
In particular, all of the data points are located well above 
the reference line and the whole master-curve can be 
suitably approximated by two linear portions which have 
considerably different slopes. By comparing Figure 10 
with Figure 8 it appears that the change in slope occurs at 
a point where the BMI conversion is almost complete. 
Thus two different regimes can be distinguished: the first 
where the BMI actively participates in the crosslinking 
process, and the second where only the styrene and 
polyester unsaturations react. In the first regime, the 
slope is twice that of the reference line, thus indicating a 
much higher conversion of styrene with respect to the 
polyester. This suggests that BMI preferentially reacts 
with the styrene unsaturations, in agreement with 
literature data ~s which indicate that, in solution, BMI 
and styrene copolymerize through an alternating 
mechanism. On the other hand, styrene interacts with 
both BMI and the polyester unsaturations, thus resulting 
in a network structure. As the BMI is fully consumed, the 
copolymerization process proceeds with a mechanism 
which is analogous to that observed for the neat UP 
resin. In fact, the slope of the master-curve in the second 
regime of Figure 10 is very close to the value found for 
the UP resin over a wide temperature range. 

In the light of the above findings it may be reasonably 
assumed that the molecular structure realized during the 
polymerization of this system is as follows: the polyester 
chains are linked either intramolecularly or intermole- 
cularly by short sequences of a BMI/styrene alternating 
copolymer which is formed in the early stages of the 
process, and by styrene sequences which are formed at a 
later stage when all of the BMI has been consumed. 

The molecular structure of a typical BMI/styrene 
bridge can be represented as follows: 

+ 
BMI 

Polyester 
chain 

~ 1 6 4 5  

1582 

1650 1600 

4-000 3000 2000 
W o v e n u r r l b e r s  (c,m-- 1) 

1o'oo 

Figure 11 FTi.r. powder spectrum of the neat UP resin in the 
frequency range 4000-400 cm I after the curing protocol at 70"C; the 
inset indicates the analytical frequency range 

The presence of the BMI monomer within this network 
structure has two effects: 

1. It increases the crosslinking density, since the BM1 is 
tetrafunctional, while styrene is bifunctional. In fact, 
as can be seen from the above molecular structure, a 
single BMI unit can link four polyester chains, while a 
styrene unit can link only two. 

2. It increases the overall rigidity of the network, since 
the BMI unit is considerably stiffer than the styrene 
unit. 

Both of these effects influence the dynamic mechanical 
response as well as the low-strain mechanical properties 
of the blend system, as will be shown in the following 
sections. 

Spectroscopic analysis of the cured samples 
In order to carry out a mechanical characterization of 

this blend system, sheets of 4ram thickness were cured 
according to a protocol developed in the light of the 
above kinetic findings (see Experimental section). From 
these sheets, fine powders were obtained and these were 
then analysed by FTi.r. spectroscopy using the KBr 
pellet technique. Figure 11 shows the FTi.r. powder 
spectrum of the neat UP resin after the curing step at 
70"C in the frequency range 4000-400 cm -1. It is noted 
that the peaks characteristic of  styrene double bonds are 
absent, while the double-bond stretching of residual 
fumarate is detected at 1645cm -1, thus indicating 
incomplete polyester conversion. The amount of residual 
polyester unsaturations can be estimated from the area 
of the 1645 cm -t peak, which is normalized for thickness 

1 by using the 1601cm- reference band (see inset of 
Figure 11). 

The residual fumarate content, R, can be expressed as 
follows: 

A1645 R = ~ 100 (4) 
A 1645 

where 41645 is A1645/AI601 in the sample and 0 A1645 is the  
same absorbance ratio calculated for a thin film of the 
reactive mixture prior to the curing process. 

In Figure 12 the R parameter is reported as a function 
of the BMI content in the blend for samples cured at 
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70°C (curve A) and for those postcured at 100°C (curve 
B). The neat UP resin shows a residual unsaturation 
content exceeding 20%, which gradually decreases as the 
BMI content in the blend is enhanced. The postcuring 
step decreases the residual unsaturations of the matrix by 
ca. 5%, while a less pronounced effect is found for all of 
the investigated blend compositions. Moreover, it was 
found that the styrene and BMI conversions were both 
already complete after the 70°C treatment at all 
compositions. These results provide evidence that a 
further effect of the BMI is to facilitate polyester- 
polyester interactions by altering the system microstruc- 
ture. It is likely, during the early stages of the curing 
process (55°C), that dense microgel structures are present 
in the blends, with these containing mostly unreacted 
polyester chains with a low amount of styrene monomer. 
These structures may further react at 70°C owing to the 
presence of some unreacted radical initiator in the 
system. Thus the final polyester conversion and the 
local crosslinking density are increased with respect to 
the neat resin. A full morphological analysis is currently 
underway in order to obtain further details of the 
complex microstructure of this blend system. 

Dynamic mechanical properties of the cured samples 
The storage modulus (E') and the loss tangent (tan/5) 

curves as a function of temperature for the neat UP resin 
and for a B15 blend are reported in Figures 13A and 13B, 
respectively. Over the temperature range investigated the 
storage modulus of the UP resin shows a gradual and 
continuous decrease in the range from -75 to 30°C. At 
this point, a sudden drop is observed, corresponding to 
the onset of large-scale molecular mobility. A similar 
trend is found for the B15 blend, with the only difference 
being that the E'  values are slightly higher in the blend, 
with E'  starting to drop at a slightly higher temperature. 
More information is gained by inspection of the tan 15 
curves: two loss peaks are observed in the transition 
region of the neat resin, indicating the existence of two 
distinct relaxation processes, which are referred to as/3 
and a (in order of increasing temperature). In the 
literature, a further relaxation peak has been reported 

o 19 below -75 C . The/3-transition appears as a shoulder of 
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Figure 13 The storage modulus (A) and the loss tangent (B) as a 
function of temperature for the neat UP resin (O) and B 15 blend ([2) 

the main a-peak and is located at 98°C, while the a-peak 
is centered at 175°C. There have been some attempts to 
relate the chemical structure of the UP networks to their 
dynamic mechanical response. According to Tanaka 2° 
and to Cook and Delatyki 21-23, the a-transition corre- 
sponds to the activation of long-range motions of the 
polyester main chain, which are involved in the glass 
transition phenomena. There is some controversy, 
however, concerning the origin of the fl-transition. 
Lenk and Padget 19 proposed that it was related to the 
relaxation of styrene-based bridges. More recently, 
Melot et al. 24 suggested that the/3-transition is due to 
the motion of molecular groups in the vicinity of the 
residual fumaric double bonds (network defects). They 
showed, by decreasing the amount of residual double 
bonds, that the fl-transition is shifted towards higher 
temperatures. The tan t5 relaxation spectrum of the B I 5 
blend shows that the /3-transition is shifted towards 
higher temperature by ca. 10°C, while the a-transition 
remains unaffected. Assuming that the /3-relaxation is 
due to the bridging units, and in the light of the 
molecular structure of the network proposed above, 
the shift can be associated with an increased rigidity of 
the styrene/BMI structures bridging the polyester 
molecules in the blend, with respect to the styrene units 
in the neat UP resin. On the other hand the shift of the/3- 
transition could also be due to a reduction of the 
'network defects' which is brought about by the presence 
of BMI. In fact, we have shown that the amount of 
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Polyester/bismaleimide polymer networks. 1: E. Martuscelli et al. 

residual  unreac ted  doub le  bonds  decreases by increasing 
the B M I  conten t  in the blend.  The mechanica l  and  
fracture proper t ies  o f  this b lend system will be discussed 
in detai l  in a fur ther  publ ica t ion .  

C O N C L U S I O N S  

In this present  cont r ibut ion  we have repor ted  on an 
intercrossl inked po lymer  ne twork  which is obta ined by 
the s imultaneous curing o f  an unsa tura ted  polyester  and a 
thermoset t ing bismaleimide resin. In format ion  concern- 
ing the kinetics and  the mechanism of  the curing process 
was ob ta ined  by isothermal  FTi . r .  spectroscopic measure-  
ments. I t  was shown that  BMI  strongly accelerates the 
curing reactions of  the U P  matr ix,  thus causing the system 
to crosslink even at  temperatures  which are not  suitable 
for obta in ing  polymer iza t ion  in the neat  UP resin. The 
avai lable spectroscopic evidence also indicated that  BMI  
interacts preferential ly with the styrene unsaturat ions ,  in 
agreement  with l i terature reports  on BMI/s tyrene  solut ion 
copolymerizat ion.  Moreover ,  the spectroscopic analysis 
al lowed us to propose  a likely molecular  structure for this 
complex intercrossl inked network.  

Powder  F T i . r .  spect ra  p rov ided  evidence that  the 
residual  a m o u n t  o f  unreac ted  fumara t e  doub le  bonds  in 
the U P  mat r ix  (ne twork  defects) decreased on increasing 
the BMI  content  in the blend.  In  addi t ion ,  the dynamic  
mechanica l  behav iour  o f  a typical  b lend compos i t ion  
was found  to be consis tent  with the p r o p o s e d  molecu la r  
s t ructure  o f  the ne twork .  
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