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SYNOPSIS 

An amino-terminated butadiene-acrylonitriile copolymer was chemically modified into a maleim- 
ido-terminated rubber and was used as a toughening agent for an unsaturated polyester resin. 
The reactive rubber was characterized by Fourier transform infrared spectroscopy. The mechanical 
and fracture properties of the blends containing the unmodified and the modified rubbers were 
investigated. Furthermore, a morphological analysis was carried out by scanning and transmission 
electron microscopy. A substantial enhancement of toughness was found when the modified 
rubber was used in place of the plain copolymer. 0 1996 John Wiley & Sons, Inc. 

I NTRO DU CTlO N 

Unsaturated polyester (UP) resins represent one of 
the most important matrices for composite appli- 
cations. They are particularly useful in sheet-mold- 
ing compounds (SMC) and bulk-molding com- 
pounds (BMC) for manufacturing automotive parts.' 
Like other thermosets, UP resins are blended with 
several additives to enhance their properties. For 
example, the polymerization shrinkage of the ma- 
terial during curing may cause molding problems 
such as poor surface quality, warpage, and difficult 
dimension control. Most of these problems are 
eliminated using low-profile additives like poly- 
(methyl metacrylate) and poly(viny1 a ~ e t a t e ) . ~ ? ~  
Moreover, the UP resins are limited by their brit- 
tleness, especially when good impact behavior is re- 
quired. To overcome this limitation, blending with 
liquid rubbers has been widely used,'-6 often with 
limited success. The critical point of this approach 
is the limited solubility of the rubbery component 
in the unreacted resin as well as the poor chemical 
reactivity of the rubber toward the polyester func- 
tionalities. We have thus chemically modified com- 
mercially available liquid rubbers so as to enhance 
their reactivity toward the UP end groups. In par- 
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ticular, in a previous c~ntribution,~ a hydroxyl-ter- 
minated polybutadiene was transformed into an 
isocyanate-terminated rubber and the isocyanate 
functionalities were reacted with the hydroxyl end 
groups of the UP resin prior to the curing process. 
Interesting results in terms of toughness and mor- 
phology were obtained on this blend system. In the 
present work, a further modification of a commercial 
liquid rubber is described: An amino-terminated bu- 
tadiene-acrylonitrile copolymer is transformed in 
maleimide-terminated rubber; these functionalities 
are able to interact chemically with the other un- 
saturations present in the UP resin during the curing 
process. The molecular characterization of such a 
modified reactive rubber was accomplished by Fou- 
rier transform infrared spectroscopy (FTIR). The 
mechanical properties of the cured materials were 
studied at  low and high rates of deformation, using 
the linear elastic fracture mechanics approach. The 
results of this analysis were correlated eventually 
with the morphology of the samples investigated by 
transmission and by scanning electron microscopy. 

EXPERIMENTAL 

Materials 

The UP resin was an uncured, unsaturated polyester 
kindly supplied by Lonza S.p.A. The resin was 
available as a solution containing 35% of styrene. 
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The acid number of the prepolymer, defined as the 
mg of KOH used for the titration of 1 g of prepoly- 
mer, was 19.2. The OH number, obtained by titration 
of the excess acetic anhydride used to fully esterify 
the hydroxyl groups, was 53.4. This corresponds to 
0.34 mmol of COOH groups and 0.95 mmol of OH 
groups per gram of resin. In the UP formulation, 
0.1% by weight of hydroquinone was employed as 
inhibitor to prevent premature curing. Benzoyl per- 
oxide (BOP) was the radical initiator and was re- 
crystallized twice from absolute ethanol before use. 

The liquid rubber was an amino-terminated bu- 
tadiene-acrylonitrile copolymer (ATBN) produced 
by Goodrich. The acrylonitrile content was 18% and 
the molecular weight = 3600. 

Preparation of Maleimide-terminated Copolymer 

The imidation reaction was carried out in two steps: 
First maleamic acid was formed, followed by cycli- 
zation through dehydration with acetic anhydride/ 
sodium acetate. In a round-bottom flask equipped 
with a nitrogen inlet and a condenser, 30.0 g of 
ATBN were dissolved in 250 mL of chloroform; upon 
complete dissolution, the temperature was increased 
to 65°C and 7.5 g of maleic anhydride was added. 
The solution, initially clear, gradually became turbid, 
indicating a reduced solubility of the maleamic acid 
intermediate in chloroform. After 5 h, 15.6 g of acetic 
anhydride and 0.10 g of sodium acetate were added, 
and the mixture was kept at 65°C for additional 3 
h. At the end of this period, the solution became 
homogeneous again, and its color changed from 
white ivory to brown-red. At this point, the solution 
was cooled and filtered and the solvent was elimi- 
nated in a rotovapor. Further purification was car- 
ried out by vacuum drying for 24 h at  70°C up to 
the constant weight of the product. 

Preparation Procedures of a Typical UP/Rubber 
Blend 

Seven grams of rubber (ATBN or ITBN) were mixed 
with 63 g of UP resin for 30 min under vigorous 
mechanical stirring. After the homogenization of the 
mixture, 1.26 g of the radical initiator BOP were 
added, continuing the mixing for additional 5 min. 
At this stage, the reactive mixture was degassed un- 
der vacuum for 2 min and poured into a glass mold 
which was immersed in a thermostatic bath at 50°C 
for 2 h. The cure was continued for 10 h at 70°C 
and was followed by a postcure at 100°C for 2 h. 
This procedure describes the preparation of a 90/10 
UP/rubber blend. The compositions and codes of 

the various investigated blends are reported in Ta- 
bles I and 11. 

Techniques 

FTIR spectra were collected on thin films obtained 
by sandwiching a drop of the reactive rubber between 
two KBr windows. The spectra were obtained at  a 
resolution of 2 cm-’ with a Perkin-Elmer System 
2000 spectrometer equipped with a deuterated try- 
glicine sulfate detector (DTGS) and a germanium/ 
KBr beam splitter. The recorded wavenumber range 
was 4000-400 cm-’; the interferogram data were 
Fourier transformed using a triangular apodization 
function. The frequency scale was internally cali- 
brated to an accuracy of k0.02 cm-’ using a He - Ne 
laser. 

Uniaxial compressive tests were made on samples 
1 2  mm long, 6.0 mm wide, and 4.0 mm thick using 
an Instron mechanical tester a t  ambient tempera- 
ture and at a crosshead speed of 1 mm/min. Three- 
point bending specimens were used to perform frac- 
ture tests at room temperature at low and high strain 
rates. The low strain rate measurements were carried 
out on an Instron apparatus at a crosshead speed of 
1 mm/min. The high strain rate tests were per- 
formed on a Charpy instrumented pendulum at room 
temperature and at an impact speed of 1 m/s. For 
both the tests, samples (60 X 6.0 X 4.0 mm) were 
cut from sheets of the cured materials and then 
sharply notched. The fracture data were analyzed 
according to the concepts of linear elastic fracture 
mechanics.8 

The critical stress intensity factor, K,, was cal- 
culated using the following equation: 

where v is the nominal stress at the onset of crack 
propagation; a, the initial crack length; and Y, a 
calibration factor depending upon the specimen ge- 
ometry. For three-point bending specimens, Y is 
given by Brown and Srawley? For the determination 

Table I 
ATBN Blends 

Codes and Compositions of the UP/ 

Code UP (wt %) ATBN (wt %) 

BO 
B4 
B8 
B10 
B15 

100 
96 
92 
90 
85 

- 

4 
8 

10 
15 
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Table I1 
ITBN Blends 

Codes and Compositions of the UP/ 

Code UP (wt %) ITBN (wt %) 

c 4  96 4 
C8 92 8 
c10 90 10 
C15 85 15 

of the critical strain energy release rate, G,, the fol- 
lowing equation was used 

where U is the fracture energy; B and W ,  the thick- 
ness and the width of the specimen respectively; and 
4, a calibration factor which depends on the length 
of the notch and the size of the sample. Values of d, 
were taken from Plati and Williams." 

Ultrathin sections of rubber-modified UP resin 
were examined using a Philips transmission electron 
microscope (TEM). Specimens were first trimmed 
on an ultramicrotome to form truncate pyramids. 
The blocks were then stained by immersion in a 2 
w/w % aqueous solution of osmium tetroxide with 
an equal volume of tetrahydrofuran. Immersion of 
40 min was found to give a stained layer around 20 
pm deep, from which several sections were cut, 
around 100 nm thick, using a diamond knife. These 
were collected on a 3 mm copper grid, ready for in- 
sertion in the TEM. 

Fractured surfaces were coated with a thin layer 
of a gold-palladium alloy and then examined by 
scanning electron microscopy (SEM). Prior to SEM 
examination, some samples were etched with boiling 
CHzC12 to selectively remove the rubber component. 

RESULTS AND DISCUSSION 

Spectroscopic Characterization of the Reactive 
Rubber 

To improve the reactivity of the amino-terminated 
butadiene-acrylonitrile copolymer (ATBN) toward 
the UP matrix, the - NH2 end groups of the liquid 
rubber were chemically transformed into maleimide 
groups. The - NH2 groups on ATBN were obtained 
by reacting a carboxyl-terminated butadiene-acry- 
lonitrile copolymer with methylpentamethylene di- 
amine. Thus, the chemical structure of the ATBN 
terminal groups is the following: 

R y 3  

~C-NH-CH2-CH-CH2--CH2-NH2 

The reaction scheme for the preparation of the 
maleimido-terminated copolymer (ITBN) is the fol- 
lowing: 

0 

AqO. NaAc 1 
!? 9 

Qw$) + 2  HzO 

KBN 

The reaction is carried out in chloroform as the 
solvent and proceeds in two steps. First, maleamic 
acid is formed by reacting the -"HZ end groups 
with a stoichiometric amount of maleic anhydride 
at room temperature. Then, this intermediate 
(MATBN) is cyclized by adding to the solution 
acetic anhydride and sodium acetate. It has been 
found that the cyclization reaction also proceeds at 
temperatures above 100°C (to be discussed later). 

In Figure 1 are compared the FTIR transmission 
spectra of ATBN [Fig. l(A)], MATBN [Fig. l(B)], 
and ITBN [Fig. l(C)]. In the discussion below, we 
focus attention on the spectral regions where the 
amide and carbonyl groups display their character- 
istic absorptions (3600-3000 cm-' for the u N H  vibra- 
tions and 1800-1550 cm-' for the amide modes). 

The ATBN spectrum displays a broad, irregularly 
shaped absorption centered at 3300 cm-' which can 
be attributed to the uNH modes of the amide linkages 
and of the primary amine in the terminal groups. 
This peak displays a higher-frequency shoulder a t  
approximately 3385 cm-'. The low-frequency com- 
ponent is due to hydrogen-bonded N - H groups, 
while the high-frequency shoulder is due to free 
amidic N-H. Typical amide absorptions are de- 
tected also in the carbonyl frequency range [see Fig. 
2(A)]. In particular, two peaks centered at  about 
1650 and 1545 cm-' (amide modes I and 11) are ob- 
served. Unlike the essentially isolated NH stretch- 
ing, these two modes are more complex vibrations. 

In particular, the amide I mode is predominantly 
a C = 0 stretching, but has significant contributions 
from a C-N stretching and a C-C-N defor- 
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Figure 1 
( B )  MATBN, and (C)  ITBN. 

FTIR transmission spectra in the frequency range 4000-400 cm-' of (A) ATBN, 

mation." This mode is conformationally sensitive 
and has been widely used to detect the different con- 
formations in polypeptides and proteins.12 In the 
ATBN spectrum, the amide I band clearly displays 
two unresolved components at 1670 and at 1645 
cm-'. The two components are assigned to hydrogen- 
bonded carbonyls (at 1645 cm-') and to carbonyls 
not involved in specific intermolecular interactions 
(at 1675 cm-'). Thus, in the system under investi- 
gation, the following type of hydrogen-bonding in- 
teractions takes place: 

0 n 
wC-N-cy-i;H-cy-cy-~ 

I 

H 

Hydrogen bonding involving carbonyls as acceptors 
and -NH2 groups as donors cannot be entirely 
ruled out. 

Assuming that the absorptivities of interacting 
and noninteracting carbonyls do not differ substan- 
tially, as it is generally the case, in the ATBN co- 
polymer at room temperature, the population of in- 
teracting C = 0 groups prevails over the population 
of noninteracting groups. 

Well-defined differences are observed in the 
MATBN spectrum with respect to the spectrum of 
the parent copolymer. In particular, in the NH 
stretching region, the peak intensity increases sub- 
stantially; the absorption is now centered at 3275 
cm-' and remains rather broad. This effect is due 
to the presence, in the MATBN spectrum, of the 
contribution of the newly formed NH groups of the 
maleamic acid moieties, which further complicate 
the V N H  region. 

The carbonyl region of the MATBN spectrum is 
also very different from that of the parent copolymer 
[see Fig. 2(B)]: A new, highly symmetrical peak cen- 
tered at 1719 cm-' is observed, which is assigned to 
the vc=o vibration of the carboxyl groups in the ma- 
leamic acid moiety. A further absorption is found at 
1635 cm-', while the peak originally centered at 1545 
cm-' in the ATBN spectrum strongly increases in 
intensity and shifts at 1576 cm-l. This doublet is 
still due to amide bands I and I1 and the intensity 
increase arises from the newly formed amide groups 
in the maleamic acid units. However, the shape of 
the 1635 cm-' band is different from that observed 
in the ATBN spectrum. Its position corresponds to 
that of hydrogen-bonded amide carbonyls, although 
the frequency is 7 cm-' lower than that of the same 
mode in the ATBN spectrum; furthermore, it is very 
sharp (fwhh = 15 cm-') and rather symmetrical, 
These observations, along with the shift of amide 
band I1 by 30 cm-', indicate that the molecular in- 
teractions realized by the maleamic acid moieties of 
AMTBN are different and stronger than those oc- 
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Figure 2 FTIR transmission spectra in the frequency 
range 1900-1500 cm-' of ( A )  ATBN, ( B )  MATBN, and 
( C )  ITBN. 

curring among the amide linkages present in the 
terminal groups of ATBN. The symmetry of the 
1719 and the 1635 cm-l peaks also indicate that the 
vast majority of maleamic acid groups are involved 
in the same kind of molecular interactions. 

Finally, the FTIR spectrum of ITBN [Fig. l(C)] 
clearly shows the occurrence of the cyclization pro- 
cess. The vNH absorption decreases as a consequence 
of the consumption of the NH groups of the male- 
imide. The vc=o peak centered at 1719 cm-' in the 
MATBN spectrum is shifted at  1708 cm-' and its 
intensity is enhanced; a satellite band appears as a 
shoulder of the main vc=o absorption at 1775 cm-'. 
This doublet is characteristic of imides and is due 
to the in-phase and out-of-phase stretching vibration 
of the imide carbonyls, respectively. As expected, 
both amide bands I and I1 decrease in intensity down 
to the values originally found in the ATBN spec- 
trum. 

It has been already mentioned that the cyclization 
reaction also proceeds at temperatures above 100°C. 
Since the cyclization of the maleamic acid end 
groups produces well-detectable features in the in- 
frared spectrum, FTIR spectroscopy represents a 
particularly attractive technique to follow the ki- 

netics of such a process. To this end, a thin film 
(= 5 pm) of MATBN was subjected to thermal cy- 
clization in a temperature chamber directly mounted 
in the FTIR spectrometer. Infrared spectra were re- 
corded at  fixed time intervals for the real-time mon- 
itoring of the process during the isothermal exper- 
iment; the collected spectral data are reported in 
Figure 3(A) and (B). 

The gradual decrease with time of the absorben- 
cies a t  3270, 1632, and 1558 cm-' is evident (deple- 
tion of the amide groups). Concurrently, the peak 
originally centered at 1719 cm-l gradually shifts a t  
1710 cm-' and increases in intensity, and a satellite 
band at  1775 cm-' develops (formation of imide 
rings). 

From the above spectral data, it is possible to 
evaluate the relative conversion of maleamic acid 
groups as a function of the reaction time using as 
analytical peak the one centered at  1632 cm-'. The 
a vs. time curve relative to the process carried out 
at 125°C is reported in Figure 4; it is observed that, 
a t  this temperature, complete cyclization is ap- 
proached in about 100 min. 

The spectrum of the thermally cyclized ITBN is 
very close to that of the ITBN obtained by the so- 
lution reaction. However, while the latter product 
remains soluble in all the solvents of the rubber, the 
former is completely insoluble. Evidently, a cross- 
linking reaction occurs at temperatures of 125°C or 
above, which is not detected spectroscopically. Such 
a process is likely to involve the bismaleimide un- 
saturations which could be thermally activated ow- 
ing to their very high reactivity. 

The bismaleimide double bonds give very weak 
signals in the IR spectrum and, being present as 
terminal groups, their concentration is very low. 
This accounts for the fact that  no detectable dif- 
ferences are observed between the spectra of sol- 
uble and insoluble products. In this context, a fur- 
ther relevant observation is that, unlike the ATBN 
copolymer which remains stable, the ITBN pre- 
pared by the solution method becomes insoluble 
when treated a t  125°C. This confirms that the 
crosslinking involves the maleimide groups and 
suggests that during the thermal ring-closure pro- 
cess cyclization and cross-linking occur simulta- 
neously. 

Morphological Analysis of UP-based Blends 

Ultrathin sections of UP/ATBN and UP/ITBN 
blends stained with osmium tetroxide were exam- 
ined by transmission electron microscopy (TEM) to 
obtain information on the internal structure of the 
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Figure 3 Real-time spectroscopic monitoring of the cy- 
clization reaction of MATBN at 125°C: ( A )  frequency 
range 3900-2400 cm-'; ( B )  frequency range 2000-1100 
cm-'. The up and down arrows in the figures indicate, 
respectively, absorbance increase and decrease with re- 
action time. 

rubber particles. Both ATBN and ITBN contain 
unsaturated sites along their backbone and are 
therefore dark-stained in the presence of osmium 

tetraoxide, giving a good contrast with the saturated 
UP matrix. This is clearly shown in Figures 5 and 
6 where TEM micrographs of UP/ATBN and UP/ 
ITBN blends containing 10% by weight of rubber 
are reported. 

For both types of the modifier, the rubbery phase 
shows a spherical shape, indicating that no defor- 
mation of the rubbery domains during sectioning 
has occurred. However, most of the ATBN particles 
appear detached from the UP matrix, while all the 
ITBN domains remain well bonded to the matrix. 
This is an indication that better adhesion between 
the two phases is attained in the UP/ITBN system. 
The stained ATBN particles (see Fig. 5) show a very 
coarse internal structure in contrast with the rela- 
tively fine and homogeneous texture exhibited by 
the ITBN particles. 

Moreover, both ATBN and ITBN particles do 
not seem to contain inclusions of UP resin, indi- 
cating that the dispersed phase is made solely of the 
rubber component. The size of the rubber domains 
is the same for both the blend systems investigated 
and ranges from 5 to 10 pm. To obtain further details 
on the nature and distribution of these rubber par- 
ticles, fracture surfaces obtained by breaking the 
blend samples in liquid N2 were examined by scan- 
ning electron microscopy (SEM). Prior to the SEM 
observation, the fracture surfaces were etched with 
a solvent of the rubber component (CH,CI,). 

Figure 7 shows the micrographs of the UP resin 
modified with 10% of ATBN and ITBN. Comparing 
the micrographs, it appears that the etching treat- 
ment removes completely most of the ATBN par- 
ticles [see Fig. 7(A)], leaving cavities uniformly dis- 

0.90 

0.75 

0.60 

a 0.45 

0.30 

0.1 5 

0.00 4 I I I I I I 

0 15 30 45 60 75 90 

time Iminl 
Figure 4 Relative conversion, a, of the maleamic acid 
end groups of MATBN as a function of the reaction time 
for the process carried out at 125OC. 
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styrene system being cured. In such a case, some 
ITBN molecules would be firmly bonded to the UP/ 
styrene network, thereby improving the interfacial 
adhesion among the phases. This improvement, in 
turn, will play an important role in determining the 
low and the large strain properties of the UP/ITBN 
blend system. In the next paragraphs, we show ev- 
idence indicating the both the ITBN reactions men- 
tioned above do occur simultaneously. 

Chemical interactions occurring in the UP/ITBN 
system during the curing process were further con- 
firmed by selective extraction of the blend compo- 
nents. The blends were first finely ground and then 
left in CHzClz for 48 h; the solvent removes the sol- 
uble fraction of the rubber as well as the residual 
uncrosslinked UP fraction. The quantitative results 
of such an analysis are reported in Table 111. It is 
noted that in pure UP the amount of unreacted UP 
molecules is negligible (1.6%). 

In the 90/10 UP/ATBN blend, the total soluble 
fraction amounts to 12.45%. Solution infrared anal- 

2pm - 
Figure 5 
tion of the B10 blend. 

TEM micrographs of a stained ultrathin sec- 

2pm H 

tributed within the matrix. In contrast, the fracture 
surface of the UP/ITBN blend remains almost 
completely unaffected by the etching treatment [see 
Fig. 7(B)], thus indicating that the ITBN domains, 
after the curing process, are no longer soluble in 
CHZClz, likely because a crosslinking reaction of the 
rubber has occurred. The FTIR results discussed in 
the previous paragraph indicated that the ITBN is 
readily crosslinked at  temperatures above 120°C 
through a radical process involving the maleimide 
end groups. The curing process of the blend is carried 
out at lower temperatures but in the presence of a 
peroxide catalyst which could also initiate the ITBN 
crosslinking process. Crosslinked rubbery domains 
would exhibit a higher stiffness, and this could ac- 
count for the finer texture observed in the TEM 
analysis, which is likely due to a more efficient mi- 
crosectioning of the rubber particles in the UP/ 
ITBN system with respect to the UP/ATBN blend. 

Furthermore, once formed, the ITBN macrorad- 
icals may also interact at  the interface with the UP/ 

2pm - 
Figure 6 TEM micrographs of a stained ultrathin sec- 
tion of the CIO blend. 
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A )  

Figure 7 SEM micrographs of the fracture surfaces of 
samples broken in liquid N2 and etched in CHC13: ( A )  
B10 blend; ( B )  C10 blend. 

ysis showed that 9.15% of this fraction is ATBN, 
while the remaining 3.3% is unreacted UP. Thus, 
we were able to extract most of the rubber initially 
present in the blend (91.6%). 

On the contrary, in the 90/10 UP/ITBN blend, 
the total recovered fraction drastically decreases 
(4.47%) due to the fact that only 15.7% of the initial 
ITBN content can be extracted. The unreacted UP 
fraction does not change noticeably (2.9%). Finally, 

for the 85/15 UP/ITBN blend, we found 9.7% of 
extractable ITBN and 2.9% of UP. 

Modulus and Yield Stress Measurements 

The Young’s modulus, E,  of the various rubber- 
modified UP resins was determined in three-point 
bending mode using the equation 

L3P 
4d WB3 

E = -  (3) 

where d is the displacement; P, the load at the dis- 
placement d; L, the span; and W and B, the width 
and the thickness of the specimen, respectively. The 
E vs. composition curves for both UP/ITBN (curve 
A) and UP/ATBN (curve B) blends are shown in 
Figure 8. As expected, for all the materials tested, 
the modulus decreases gradually with increasing the 
amount of rubber. In particular, a linear correlation 
is found between the modulus and composition. It 
can be noted, however, that the ITBN based blends 
display higher values of E with respect to the ATBN 
blends. This apparently surprising result can be ex- 
plained by assuming that the ITBN rubber under- 
goes a crosslinking reaction during the curing of the 
UP matrix. Such a process enhances the ITBN 
modulus and, therefore, the softening effect of the 
ITBN rubber is less pronounced than that of the 
uncrosslinked ATBN rubber. 

To predict large-strain properties, the yielding 
behavior of all the investigated blends was examined 
under an uniaxial compression mode. Typical stress- 
strain curves obtained at the same loading rate and 
temperature as for the Young’s modulus are shown 
in Figures 9 and 10 for UP/ATBN and UP/ITBN 
blends, respectively. It can be observed that, when 
loaded in compression, all the samples yield and flow, 
contrary to what appears in tension,13 where they 
exhibit a completely brittle behavior. For conve- 
nience, all the stress-strain curves have been re- 

Table I11 Results of the Selective Extraction of the Blend Components 

Amount of Rubber Extracted 
Fraction Total Amount Total Amount of on the Total Rubber Present 

Code Extracted (%) of UP Extracted (%) Rubber Extracted (%) in the Blend (%) 

BO 1.55 
B10 12.45 
c10  4.47 
C15 4.36 

1.55 
3.30 
2.90 
2.90 

9.15 
1.57 
1.45 

91.6 
15.7 
9.7 
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Figure 8 Elastic modulus, E ,  as a function of blend 
composition: (A)  UP/ITBN system; (B) UP/ATBN 
system. 

ported up to 15% deformation, although some sam- 
ples were found to deform to strains exceeding 20%. 

The compressive yield stress, a,,, evaluated as in 
Figure 9, is plotted as a function of blend compo- 
sition in Figure 11. For both UP/ITBN (curve A) 
and UP/ATBN (curve B), the yield stress decreases 
with increasing rubber content. This is a direct con- 
sequence of the lower shear modulus of the rubbery 
phase compared to the thermosetting matrix, which 
prevents the rubber domains to support a significant 
amount of the applied stress. 

From Figure 11 it is also evident that, in the com- 
position range investigated, the UP/ITBN system 
exhibits higher a,, values with respect to the UP/ 

A 

. . . . . . . . . . . . . . . . . . 

I I I I 

0 4 a 12 16 2 0  

Strain (%I 
Figure 9 Compressive stress-strain curves at ambient 
temperature and a t  a crosshead speed of 1 mm/min for 
the UP/ATBN system: (A)  BO; ( B )  B4; (C)  B8; ( D )  
B10; (E )  B15. 

0 4 a 12 16 20 

Strain ( % I  
Figure 10 Compressive stress-strain curves at  ambient 
temperature and at a crosshead speed of 1 mm/min for 
theUP/ITBNsystem:(A)BO;(B)C4;(C)C8;(D)ClO; 
(E)  C15. 

ATBN blend. This behavior is generally observed 
whenever an improved adhesion is realized between 
the matrix and the dispersed phase. In fact, in such 
a case, the rubbery domains are able to act as load- 
bearing components due to the mechanical conti- 
nuity of the structure. Thus, larger stresses are 

loo I 
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I 
m n 
1 60 

L: 

b" 

40 
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Composition (% rubber) 
Figure 11 Compressive yield stress, uey, as a function 
of blend composition: (A)  UP/ITBN system; (B) U P /  
ATBN system. 
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Figure 12 Critical stress intensity factor, K,,  at low 
strain rate (1 mm/min) , as a function of blend compo- 
sition: (A) UP/ITBN system; (B)  UP/ATBN system. 

needed to yield the material. The better adhesion 
realized in the UP/ITBN system may arise from the 
chemical interaction between the maleimide func- 
tionalities of ITBN and the unsaturations of the 
UP/styrene system during the curing process. 

Fracture Behavior 

On samples cured at 7OoC and postcured at 100°C, 
fracture mechanics tests at low and high deformation 
rates were performed to evaluate the intrinsic 
toughness. For both plain and rubber-modified res- 
ins tested at  a low deformation rate (1 mm/min), 
the critical stress intensity factor, K,, determined 
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Figure 13 Critical strain energy release rate, G,, at low 
strain rate (1 mm/min) as a function of blend composition: 
(A) UP/ITBN system; ( B )  UP/ATBN system. 
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Figure 14 Critical stress intensity factor, K,, under 
impact conditions (1 m/s) as a function of blend com- 
position: ( A )  UP/ITBN system; ( B )  UP/ATBN system. 

from the load-displacement curves using eq. (1) is 
reported in Figure 12 as a function of the rubber 
content in the blend. It can be seen that, while in 
the case of the UP/ATBN system (curve B) the K, 
increase is relatively modest, for the UP/ITBN sys- 
tem (curve A), a substantial enhancement of tough- 
ness is found. In particular, K, increases sharply by 
addition of small amounts of ITBN rubber and than 
levels off at a rubber content of 10-15%. The en- 
hanced toughness showed by this blend system is 
further evidenced in Figure 13, where the fracture 
data are expressed by the parameter G, (critical 
strain energy release rate). The values of G, were 
calculated from the values of K, and of the elastic 
modulus E, according to the equation 

(4) 

where Y is the Poisson's ratio, taken as 0.35. In terms 
of G,, the addition of 10-15% of the modifier in- 
creases the toughness of the UP matrix by a factor 
of about 5 when the rubber is ITBN and of about 2 
in the case of ATBN. 

Fracture measurements were also carried out un- 
der impact conditions (1 m/s) in order to evaluate 
the toughness of these materials under rapid loading. 
The corresponding K, and G, values are reported in 
Figures 14 and 15, respectively. Here, the K, values 
were obtained as previously using eq. (l), while the 
G, values were estimated either by energy measure- 
ments according to eq. (2) or from the corresponding 
K, and E values according to the eq. (4). 
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Figure 15 Critical strain energy release rate, G,, under 
impact conditions ( 1  m/s) as a function of blend com- 
position: (A) UP/ITBN system; (B)  UP/ATBN system. 

The elastic modulus E used in eq. (4) was deter- 
mined at  an impact speed comparable to that used 
in the fracture measurements by means of rebound 
t e ~ t s . ' ~ , ' ~  The G, values determined by the above 
methods were practically coincident. 

The behavior of the impact toughness parameters 
is analogous to that observed in the low-speed tests, 
apart from a decrease in the absolute values of K, 
and G,. A reduction of toughness on increasing the 
loading rate is a general phenomenon related to the 
reduced capacity of viscoelastic and plastic defor- 
mation which polymeric materials exhibit when the 
strain rate is enhanced. 

The whole of the fracture data clearly evidence 
the higher toughening efficiency of the ITBN rubber 
with respect to ATBN. According to the currently 
accepted toughening theories on multicomponent 
thermosetting systems,16-18 during loading, in both 
the ATBN- and ITBN-modified resins, the rubber 
particles produce stress concentration at their 
equators and these act as sites for the initiation and 
growth of localized shear deformation in the matrix. 
This mechanism is believed to be the main source 
of energy dissipation and occurs to a greater extent 
in the UP/ITBN blend mainly because of the stron- 
ger adhesion across the particle-matrix interface, 
which prevents premature particle debonding. In 
fact, when a good adhesion is realized, the rubbery 
domains are able to act as load-bearing components 
due to the continuity of the structure. Thus, exten- 
sive shear yielding can be formed in front of the 
crack tip which can absorb a large amount of energy 
before the final fracture occurs. This process is 
strongly reduced when there is poor or no adhesion 
at  the particle/matrix interface. 

Further details on the deformation mechanism 
occurring in these blend systems were obtained by 
a fractografic analysis of the surfaces of samples 
fractures at a low deformation rate. In Figure 16 are 
shown the SEM micrographs of an UP/ATBN and 
an UP/ITBN containing 10% by weight of the mod- 
ifier. The micrographs were taken near the notch 
tip, in the region of crack growth. The micrograph 
of the UP/ATBN blend [Fig. 16(A)] reveals that the 
majority of the rubber particles have been fractured 
approximately along their equatorial plane. The av- 
erage diameter of these particles appears to be un- 
changed, within experimental uncertainty, com- 
pared to the diameter of the undeformed particles 
as determined by TEM. This seems to indicate that 
the fracture of the rubber domains occurs without 
particle cavitation. However, some unbroken par- 
ticles clearly debonded from the matrix are also ob- 
served. The above findings, together with the relative 
smoothness of the fracture surface around the rubber 
particles, indicate that no significant plastic defor- 
mation has occurred ahead the crack tip. The other 
UP/ATBN blend compositions investigated (mi- 
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Figure 16 SEM micrographs of fracture surfaces ob- 
tained at  low strain rate: ( A )  B10 blend; (B)  C10 blend. 
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crographs not reported) display analogous fracto- 
grafic features. 

When ATBN is replaced by ITBN [Fig. 16(B)], 
we again observe equatorial rupture of the rubber 
particles, but there is no evidence for particle de- 
bonding. Moreover, the fracture surface displays 
clear evidence of extensive plasticity of the UP ma- 
trix. 

The fractografic analysis is in agreement with the 
toughness results and gives conclusive evidence that 
the primary source of energy dissipation is the for- 
mation of a plastic zone ahead the crack tip. In fact, 
the stress field associated with the rubber particles 
promote the formation of multiple but localized 
shear deformation bands in the matrix. Although 
the two types of rubber investigated display similar 
particle-size distribution, this mechanism is far more 
effective in the ITBN-modified resin. This may be 
related, as already pointed out, to a better adhesion 
at the particle/matrix interface which is realized in 
this system through a chemical interaction between 
the rubber and the UP resin. It is to be noted, how- 
ever, that a further contribution to energy absorp- 
tion in the UP/ITBN system arise from the cross- 
linked structure of the rubber domains which require 
a higher energy to be broken. 

Plastic Zone at the Crack Tip 

We have already stressed that localized yielding in 
the vicinity of the crack-tip is the main mechanism 
controlling the degree of plastic deformation and 
the increased toughness of the investigated rubber- 
modified UP resins. In the light of this observation, 
it is of interest to examine models which combine 
yield and fracture data in order to obtain a quanti- 
tative estimation of the deformation process occur- 
ring at the crack tip. It has been ~ h o w n ' ~ ~ ' ~  that, for 
relatively brittle polymers, the extent and shape of 
the localized plastic deformation ahead of a crack 
tip can be successfully described using the models 
developed by Dugdale" and Irwin." The Dugdale 
model assumes that the yielding of the material a t  
the crack tip renders the crack longer by an amount 
equal to the length of the plastic zone R. The value 
of R is related to K, and to the tensile yield stress 
u y  by 

Similarly, Irwin advanced the hypothesis that the 
shape of the plastic zone ahead the crack tip can be 

considered approximately circular. From geometrical 
considerations, he concluded that the radius, rp, of 
this zone, can be estimated, for the plain strain case, 
by 

1 K, 
67r uy 

rp = - (-) 
Comparison of eqs. (5) and (6) reveals that the 

Dugdale model predicts a larger extent of plasticity 
than does the Irwin circular model. However, both 
equations predict that the size of the plastic zone is 
proportional to (KC/uJ2.  

The R and rp values calculated according to eqs. 
(5) and (6), respectively, are reported as a function 
of blend composition in Figures 17 and 18, respec- 
tively. The tensile yield stress values were obtained 
from the uniaxial compression tests, assuming the 
ratio uty /ucy  to be equal to 0.75.21,22 Both the rp and 
R parameters increase linearly with increasing the 
rubber content in the blend, but the values relative 
to the UP/ITBN blend are higher than those of the 
UP/ATBN blend. These results further confirm the 
higher efficiency of the ITBN rubber in toughening 
the UP resin. 

CONCLUSIONS 

The NH2 end groups of a butadiene-acrylonitrile 
copolymer were transformed into maleimide groups 
to enhance the reactivity of the copolymer toward 
an unsaturated polyester matrix. The characteriza- 
tion of the ITBN copolymer was carried out by FTIR 
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Figure 17 The length of the plastic zone, R , as a func- 
tion of blend composition: (A) UP/ITBN system; ( B )  
UP/ATBN system. 
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Figure 18 The radius of the plastic zone, rp, as a func- 
tion of blend composition: ( A )  UP/ITBN system; ( B )  
UP/ATBN system. 

spectroscopy. The solution reaction between ATBN 
and maleic anhydride proceeds in two steps: the for- 
mation of a maleamic acid intermediate and its cy- 
clyzation via dehydrating agents. The cyclization 
process was also carried out by a thermal treatment 
above 120°C and followed by FTIR spectroscopy. It 
was found that in these conditions ITBN undergoes 
a crosslinking process initiated by its maleimide end 
groups. 

The mechanical and the fracture properties of a 
series of blends containing the modified (ITBN) and 
the unmodified ( ATBN) rubber were investigated. 
Both the modulus and the yield stress decreased 
upon addition of the rubber component, but this ef- 
fect was less pronounced for the UP/ITBN blends. 
Fracture measurements at low and high rates of de- 
formation demonstrated a substantial increase of 
toughness when ITBN was used as a modifier. These 
results were ascribed to an improved adhesion 
among the phases which is realized in the UP/ITBN 
system because of the occurrence of chemical inter- 
actions among the components during the curing 
process. 

The higher efficiency of ITBN as a toughener 
compared to ATBN was further confirmed by a 
morphological analysis performed by scanning and 
transmission electron microscopy. Such an analysis 
demonstrated that the primary source of energy dis- 
sipation in these blend systems is localized shear 
yielding of the matrix which occurred to a greater 
extent when ATBN was replaced by ITBN. 

Thanks are due to Mr. V. Di Liello for technical assistance 
in performing the mechanical and fracture measurements 
and to Mr. G. Orsello for his help in carrying out the 
morphological analysis. This work was partially supported 
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