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ABSTRACT: N-Phenylmaleimide-styrene-p -hydroxystyrene terpolymers (PMSH) and
N-phenylmaleimide-styrene-p -allyloxystyrene terpolymers (PMSA), containing pen-
dant functionalities, were prepared and used to improve the toughness of the bismale-
imide resin composed of bis (4-maleimidediphenyl)methane and o,o *-diallyl bisphenol
A. PMSH (0.5 mol % p -hydroxystyrene [HSt] unit) was more effective as a modifier
than PMSA (0.5 mol % p -allyloxystyrene unit) . When using 5 wt % of PMSH with 0.5
mol % HSt unit, the fracture toughness (KIC ) for the modified resin increased 60% with
only a modest loss of flexural strength and with retention in flexural modulus and
the glass transition temperature. Morphologies of the modified resins changed from
particulate to cocontinuous and to inverted phase structures, depending on the modifier
structure and content. The most effective improvement of properties for the modified
resins could be attained because of the cocontinuous structure. The toughening mecha-
nism was discussed in terms of the morphological characteristics of the modified bisma-
leimide resin systems. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1451–1461, 1997

Key words: bismaleimide resin; modification; N-phenylmaleimide-styrene-p -hydro-
xystyrene terpolymers; n -phenylmaleimide-styrene-p -allyloxystyrene terpolymers;
fracture toughness

INTRODUCTION o,o *-diallyl bisphenol A (DBA), has been devel-
oped by Ciba Geigy to improve mechanical proper-
ties and processability.1 However, the fractureAddition polyimide resins are some of the most
toughness of the two-component bismaleimide isimportant thermosetting polymers and have re-
not yet sufficient for use as a composite matrix.ceived attention because of high thermal stability

The toughness of epoxy resins has been in-and mechanical properties. The drawback of the
creased by blending with reactive liquid rubberspolyimide resins is that they are brittle and diffi-
such as carboxyl-terminated butadiene acryloni-cult to process. Bismaleimide resins are also
trile rubbers2 or epoxide-containing acrylic elasto-attractive because of good processability and non-
mers.3–7 Engineering thermoplastics are interest-volatility. Recently, a two-component bismale-
ing materials as modifiers for bismaleimide resinsimide system (Matrimid 5292), composed of
from the viewpoint of the retention of mechanicalbis (4-maleimidediphenyl)methane (BMI) and
and thermal properties. Engineering thermoplas-
tics examined as modifiers for epoxies include
poly(ether sulfone),8–10 polysulfone,11–13 poly-Correspondence to: T. Iijima.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/081451-11 (etherimide),14–17 poly(ether ketone),18–20 poly-
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1452 IIJIMA ET AL.

(phenylene oxide),21–23 poly(butylene terephthal- by differential scanning calorimetry (Shimadzu
DSC 41M type) at a heating speed of 107C/minate),24–26 and soluble aromatic polyesters.27–29

Modification of the bismaleimide resin has been in an atmosphere of nitrogen. Scanning electron
micrographs (SEM) were taken with a Hitachicarried out on the basis of information on the tough-

ening of epoxies in our laboratory. In our previous SEM-2100A instrument using failed specimens in
the KIC tests. Dynamic viscoelastic analysis wasarticles, we have reported that N-phenylmaleimide-

styrene copolymers (PMS) were effective modifi- performed with a Rheometrics RDS II type
(Rheometrics Co.) between 050 and 3507C at aers for both the bismaleimide and the epoxy

resins.30–32 N-Phenylmaleimide-styrene-p-hydroxy- heating rate of 57C/min at a frequency of 1 Hz
(dynamic mode, 0.1% strain) under nitrogen.styrene terpolymers (PMSH) having functionalities

and hybrid modifiers composed of PMS and PMSH
were also effective modifiers for epoxies.33,34

Preparation of ModifiersThis article reports the modification of the two-
component bismaleimide resin with both PMSH N-Phenylmaleimide-styrene- p-tert-butoxystyreneand N-phenylmaleimide-styrene-p -allyloxysty- terpolymers (PMST) were prepared by radical poly-rene terpolymers (PMSA) containing functional merization, as reported previously.33 PMSH wasgroups that react with the maleimide group. The prepared by de-tert-butylation of PMST. PMSAeffects of chemical structure, molecular weight, was prepared by the reaction of allyl bromide andand amount of the modifiers used on the tough- p -hydroxystyrene (HSt) unit in PMSA with aness of the cured resin were examined. phase transfer catalyst, tetrabutylammonium

bromide (TBAB). A typical procedure was as fol-
lows.

EXPERIMENTAL A flask was charged with 60 g of PMSH (5
mol % HSt unit, GPC-average molecular weight

Materials (MGPC) 359,000) and 900 mL of dichloromethane.
After the PMSH was dissolved, 25.9 g (0.214 mol)The bismaleimide resin was a commercial product
of allyl bromide, 3.4 g of sodium hydroxide, 600composed of BMI and DBA (Matrimid 5292). N-
mL of water, and 13.8 g of TBAB were added. ThePhenylmaleimide (PMI) was provided by Nippon
mixtures were stirred vigorously at room temper-Shokubai Co. and used as received. p -tert-Butoxy-
ature for 24 h. The polymer dichloromethane solu-styrene (tBSt) was supplied by Hokko Chemical
tion was poured into methanol and washed withIndustrial Corporation. Styrene (St) and tBSt
methanol, and the polymer isolated was dried inwere purified in the usual ways. Other reagents
vacuo at 607C. The crude dry polymer was purifiedwere used as received.
by reprecipitation with THF/hexane and dried in
vacuo at 607C. The yield was 94%. MGPC was

Measurements 386,000. The p -allyloxystyrene unit in PMSA was
4.9 mol % by 1H NMR spectrum (CDCl3, 607C).1H-nuclear magnetic resonance (NMR) spectra of

the terpolymers were recorded on a 90-MHz in-
strument (JEOL JNM-9MX 90) at 607C using di- Curing Procedure
methyl sulfoxide-d6 as solvent and tetramethylsi-
lane as internal standard. Molecular weights of The terpolymers were dissolved in DBA by heating

at 1607C. Then, BMI was added to the mixture,the terpolymers were measured by gel permeation
chromatography (Shimadzu LC-5A instrument) which was kept at 1307C to dissolve BMI. DBA and

BMI were used in a molar ratio of 1 : 1. The re-with polystyrene standards. The mechanical prop-
erties of the cured resins were determined with a sulting clean mixture was poured into a mold pre-

heated at 1307C and degassed in vacuo to obtain 4-Shimadzu autograph AGS-500B universal testing
machine. Flexural tests were carried out at a or 7-mm-thick plaques. The mold consisted of one

pair of upright and metal clip-held glass platescrosshead speed of 2 mm/min (JIS K7203). The
fracture toughness, KIC , was measured in a three- spaced by a U-shaped silicon rubber stick. The resin

plate obtained was machined by a diamond saw.point bend geometry at a crosshead speed of 1
mm/min (ASTM E-399). The glass transition The amount (wt %) of the modifiers was calculated

based on the Matrimid 9252 system. The curingtemperatures (Tg ) of both terpolymers and cured
resins were measured as the onset temperatures cycle was 1607C/3 h / 1807C/1 h / 2007C/2 h
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MODIFICATION OF BISMALEIMIDE RESIN 1453

trolled with dodecanethiol as a transfer agent.
The terpolymer compositions were equal to the
feed compositions by 1H NMR spectroscopy. It
is well known that the radical copolymerization
of PMI and St gives alternating copolymers.35

The terpolymerization of PMI, St, and tBSt
must also afford alternating copolymers com-
posed of both PMI-St and PMI-tBSt units.
PMSH was prepared by de-tert-butylation of
PMST (Scheme 1) . PMSA was prepared by the
allylation of PMSH with allyl bromide. The
polydispersity of PMSA became large. Then,
the GPC-average molecular weight (MGPC ) was
used as a measure of the molecular weight
(MW) of the terpolymers, and the MW depen-
dence of physical properties for the modified
resins was discussed by using MGPC in this
study. Table I reports some characteristic prop-Scheme 1
erties of the terpolymers. In spite of the carbon-

/ 2507C/6 h. After curing, the oven temperature carbon single bond repeating units, PMSH and
was decreased to 1007C at 0.57C/min. PMSA have high Tg values of ca. 2207C, as well

as PMS, because the bulkiness of two side
groups prevents the molecular motion of theRESULTS AND DISCUSSION
main chain. Furthermore, hydrogen bonding

Characterization of the Terpolymers also contributed to the increase in Tg , based on
the p -hydroxyphenyl units in PMSH, as re-PMST was prepared in a quantitative yield.

The molecular weights of PMST could be con- ported previously.33,36

Table I Characterization of the Copolymers

Copolymer Compositiona

MGPC
b MW

b Mn
b Tg

c

Entry No. PMI St HSt (ASt) (104) (104) (104) Mw /Mn (7C)

PMS 50 50 0 24.7 29.3 10.7 2.7 225

PMSH series: PMSH

15 50 49.5 0.5 12.6 12.7 4.7 2.7 229
12 50 49.5 0.5 27.4 23.2 8.4 2.8 229
14 50 49.5 0.5 34.2 27.6 8.7 3.2 230
11 50 49 1 34.5 40.0 14.1 2.8 225
10 50 47.5 2.5 36.5 30.1 12.9 2.7 228
13 50 45 5 32.8 25.5 9.1 2.8 233
7 50 35 15 23.2 30.0 8.5 3.2 239

PMSA series: PMSA

9 50 49.5 (0.5) 37.3 37.6 10.6 3.5 225
8 50 49 (1) 33.8 42.4 9.1 4.7 226

10 50 47.5 (2.5) 42.7 832 12.4 67.1 227
4 50 45 (5) 20.4 337 9.1 36.8 220
6 50 40 (10) 22.9 35.9 7.4 4.8 218

a mol %.
b By GPC.
c By differential scanning calorimetry.
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The use of higher MW PMSH led to a decrease in
flexural strength. Flexural modulus and Tg were
equal to or higher than those for the unmodified
bismaleimide resin.

Figure 2 shows the dependence of the mechani-
cal and thermal properties for the modified resins
on the terpolymer structure. PMSH was more ef-
fective as a modifier than PMSA. The KIC for the
modified resins decreased with increasing func-
tional unit content in the terpolymers, when the
KIC for the PMSA-modified resins decreased more
abruptly than that for the PMSH-modified mate-
rials. The fracture behavior in the bismaleimide/
PMSH modification is different from that in the
modification of the aromatic diamine-cured epoxy
resin with PMSH: in the modification of epoxies
with PMSH, the abrupt decrease in KIC was not
observed and the modified resins had balanced
properties with a 10 wt % addition of PMSH (less
than 3 mol % HSt unit) .33 Flexural strength for
the modified resins increased gradually, and
flexural moduli and Tg hardly changed with in-
creasing functional unit content, compared with
those for the unmodified resin.

Figure 3 shows the mechanical and thermal

Figure 1 Dependence of physical properties for the
modified resins on PMSH MW. PMSH (0.5 mol % HSt
unit) , 5 wt % addition. (* ) Control.

Mechanical and Thermal Properties
of Modified Resins

The cured parent bismaleimide resin was trans-
parent, as reported previously.30 The transpar-
ency of the modified resins depended on the terpo-
lymer structure. The cured resins modified with
the terpolymers containing less than 2.5 mol %
functional units (HSt or p -allyloxystyrene (ASt)
units) became translucent during curing. When
using 5 wt % of PMSH (5 mol % HSt unit) or
PMSA (5 mol % ASt unit) , the modified resins
were transparent. The results indicate that com-
patibility of the terpolymer with the bismaleimide
matrix increased with increasing functional unit
content because of reactive blends.

Figure 1 shows the modifier MW dependence
of the mechanical and thermal properties for the
modified bismaleimide resins on 5 wt % of PMSH
(0.5 mol % HSt unit) . The fracture toughness,
KIC , for the modified resins increased linearly
with increasing PMSH MW: the KIC for the PMS- Figure 2 Dependence of physical properties for the
modified resins increased discontinuously with an modified resins on the modifier structure with 5 wt %

of the modifier. (l ) PMS, (s ) PMSH, (h ) PMSA.increase in PMS MW, as reported previously.30
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MODIFICATION OF BISMALEIMIDE RESIN 1455

tures.31 However, in the epoxy/PMSH modifica-
tion system, the PMSH-rich phases could not be
removed by THF etching, when the modified res-
ins had particulate or cocontinuous morphologies.
In the modification of the bismaleimide resin with
PMS, the modified resins exhibited excellent sol-
vent resistance and could not be etched out at all
by THF or CHCl3 (at room temperature for 3
days). This would be because of the high physical
interfacial adhesion between the matrix and the
modifiers based on their structural similarity,
where the polar imide units in the matrix and
the modifiers would play an important role. The
PMSH- or PMSA-modified resins also exhibited
high solvent resistance.

Dynamic Viscoelastic Analysis
of the Modified Resins

Dynamic viscoelastic analysis can give informa-
tion on the microstructure of cured resins. Figure
4 shows the storage moduli, G *, and tan d curves
for the unmodified and modified resins. In the
modification with 5 wt % of the modifiers, the peak
positions of the a-relaxation in the tan d curve
shifted slightly toward lower temperature and
their magnitude became larger compared with theFigure 3 Physical properties of the modified resins
dynamic viscoelastic behavior for the parent bis-as a function of modifier concentration. (* ) Control,
maleimide resin. New relaxation (a*-relaxation)(s ) PMSH (0.5 mol % HSt unit; MW 274,000), (h )
peaks were observed at ca. 2307C, which would bePMSA (0.5 mol % ASt unit, MW 373,000).
based on the modifier-rich phase. The peak posi-
tion and the magnitude of the a*-relaxation
hardly changed, independent of the modifierproperties of the modified resins as a function of

the concentration of the modifiers. The KIC values structure. The appearance of the a*-relaxation
peak indicates the presence of the phase-sepa-for the PMSH (0.5 mol % HSt unit)-modified res-

ins increased discontinuously with a 5 wt % addi- rated structure for the modified resins. Storage
moduli at room temperature were comparable totion of PMSH and then decreased. PMSA (0.5 mol

% ASt unit) was effective with a 5–6 wt % addi- that for the unmodified resin.
tion to toughen the bismaleimide resin, but the
KIC decreased abruptly with a 7 wt % addition.

Morphologies of the Modified ResinsThe fracture behavior corresponds to the morphol-
ogy of the modified resin, as shown below. Flex- The morphologies of the modified resins were in-

vestigated by scanning electron microscopy. Theural strength decreased with increasing modifier
content. Flexural moduli for the modified resins parent bismaleimide resin had only one phase, as

reported previously.30 Inclusion of the modifierswere comparable to that for the parent bismalei-
mide resin. The Tg values for the modified resins led to two phase morphologies. Morphologies of

the modified resins depended on the structure andwere equal or slightly high, compared with that
for the parent resin. concentration of the modifiers.

Figure 5 contains SEMs of the fracture surfacesIn general, an advantage of reactive modifiers
over nonreactive materials is that they produce for the cured resins modified with 5 wt % of PMSH

(0.5 mol % HSt unit) . The morphologies of thehigher solvent resistance in the modified resins.
In the modification of epoxies with PMS, the PMS- modified resins changed drastically depending on

PMSH MW. When using 5 wt % of PMSH (0.5rich phases were etched out clearly by THF in
both particulate and cocontinuous phase struc- mol % HSt unit, MW 126,000), the modified resin
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Figure 4 The dependence of dynamic viscoelastic behavior of unmodified and modified
resins. ( ) 0 wt % (control); ( — – —) PMS (MW 274,000), 5 wt % addition; (------)
PMSH (0.5 mol % HSt unit, MW 247,000), 5 wt % addition; ( — – – —) PMSA (0.5
mol % ASt unit, MW 373,000), 5 wt % addition.

had a particulate structure having PMSH-rich Increasing PMSH (0.5 mol % HSt unit) concen-
tration also led to a change in the morphology ofparticles dispersed in the bismaleimide matrix

[Fig. 5(A)]. The PMSH (MW 274,000)-modified the modified resin [Figs. 5(B) and 7]. With 2.5
wt % of PMSH (0.5 mol % HSt unit) , the modifiedresin had a cocontinuous phase morphology as

well as the PMSH (MW 342,000)-modified mate- resin had a particulate morphology [Fig. 7(A)].
When using 5 wt % of the same modifier, the mor-rial, and the extents of dispersion of the PMSH-

rich phase were similar to each other [Fig. 5(B) phology of the modified resin became cocontinu-
ous phase structures [Fig. 5(B)], where KIC in-and (C)].

Figures 5(B) and 6 show the dependence of the creased discontinuously (Fig. 3). The extent of
dispersion of the cocontinuous phase becamemorphology of the modified resins on the modifier

structure with a 5 wt % PMSH addition. The higher by blending 7 wt % of the same modifier
[Fig. 7(B)], and the KIC decreased compared withPMSH (0.5 mol % HSt unit)-modified resins have

a cocontinuous phase morphology similar to that that for the 5 wt %–modified resin. The relation-
ship between the improvement in toughness andof the cured resin modified with PMS having no

functional group [Figs. 6(A) and 5(B)]. The ex- the morphology of the modified resin corresponds
to the previous modification results in the modifi-tent of dispersion of the PMSH-rich phase became

higher by blending PMSH containing the 1.0 mol cation of both the bismaleimide resin with PMS30

and the epoxy resin with PMS or PMSH.31–33% HSt unit [Fig. 6(B)]. In the modification with
PMSH containing the 5 mol % HSt unit (MW Figure 8 shows SEMs of the fracture surfaces

for the PMSA-modified resins. The contours of a328,000), the cured resin became transparent and
its morphology was ill defined, even at a higher cocontinuous phase structure were rather obscure

with the 5 wt % of PMSA with the 0.5 mol % AStmagnification (13,000) [Fig. 6(C)]. The morpho-
logical results also indicate that the compatibility unit [Fig. 8(A)], compared with the morphology

of the cured resin modified with PMSH, havingof PMSH with the bismaleimide matrix increased
with increasing HSt unit content in the modifier. similar MW and functional unit content [Fig.

5(B)]. This indicates that the ASt unit is moreThe morphological results correspond to the frac-
ture behavior for the modified resins: the KIC for effective in improving the interfacial adhesion be-

tween the two incompatible phases than the HStthe modified resin increased because of the cocon-
tinuous phase morphology (see Fig. 2). unit. The extent of dispersity of the PMSA-rich
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noteworthy that the modified resin had a typical
phase-inverted structure when using 7 wt % of
PMSA (ASt unit, 0.5 mol %; MW 373,000) [Fig.
8(D)] and that the phase-inverted structure in

Figure 5 SEMs of fracture surfaces for the cured res-
ins modified with 5 wt % of PMSH (0.5 mol % HSt
unit) . MW of PMSH used: (A) 126,000, (B) 274,000,
(C) 342,000.

phase became higher with increasing ASt unit Figure 6 SEMs of fracture surfaces for the cured res-
content in PMSA [Fig. 8(B)]. The modified resin ins modified with 5 wt % of the modifiers. (A) PMS
became transparent by blending 5 wt % of PMSA (MW 247,000), (B) PMSH (1.0 mol % HSt unit, MW
having the 10 mol % ASt unit, and the phase- 345,000), (C) PMSH (5.0 mol % HSt unit, MW

328,000).separated structure disappeared [Fig. 8(C)]. It is
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toughening mechanism. The morphologies of the
modified resins depend on the curing conditions
as phase separation competes with gelation or vit-
rification. In the modification of lightly cross-
linked epoxies with reactive liquid rubbers, the
modified resins had particulate structures and
toughening can be achieved by the formation of a
shear band of the matrix near the crack based on
the deformation of the dispersed particles as
stress concentrators.2 In the modification of
highly crosslinked epoxy and bismaleimide matri-
ces, the extent of shear band formation by de-
formed particles becomes lower and the particu-
late morphology is rather unsuitable for improv-
ing toughness.

In the modification of epoxies with thermoplas-
tics such as poly(ether sulfone), the modified res-
ins have particulate, cocontinuous, or phase-sepa-
rated morphologies, depending on both the resin
compositions and the curing conditions.38 Tough-
ening of epoxies by thermoplastics could be
achieved because of cocontinuous or phase-in-
verted structures: the fracture energy could be
absorbed by ductile drawing and tearing of the
modifier-rich phase. Furthermore, the good in-
terfacial adhesion between the matrix and the
modifier is important to improve the toughness of
the resin, as shown in the modification of epoxies
with rubber2,3 or engineering thermoplastics.11–13,20

We have also reported that the hybrid modifiers
composed of PMS and PMSH were effective in
improving the interfacial adhesion between the

Figure 7 SEMs of fracture surfaces for the cured res- epoxy matrix and the modifier, which was ascer-
ins modified with PMSH (0.5 mol % HSt unit, MW tained by SEM observation, and that the modified
274,000). (A) 2.5 wt % addition, (B) 7 wt % addition. resins had balanced physical properties.34

PMS was effective as the modifier for improv-
ing the toughness of both the bismaleimide30 and

the present modification is unsuitable in improv- the epoxy resins,31,32 and the toughening could be
ing the toughness as well as in the modification attained based on the cocontinuous phase struc-
of the bismaleimide resin with PMS.30

ture in both modification systems, where the frac-
The difference in these morphological behav- ture energy was absorbed due to ductile drawing

iors between PMS/bismaleimide and reactive and tearing of the PMS-rich continuous phase. In
modifiers [PMSH or PMSA]/bismaleimide curing the modification of bismaleimides with PMS, the
systems cannot be explained by the solubility pa- inclusion of 5 wt % of PMS with the weight-aver-
rameter; the SP values [(MJ/m3)1/2 ] for the Ma- age MW 231,000 led to a significant increase in
trimid A/B, PMS, PMSH (5 mol % HSt unit) , and KIC together with the moderate decrease in the
PMSA (5 mol % ASt unit) are 27.66, 26.99, 27.13, flexural strength. Furthermore, the effect of the
and 26.87, respectively (values calculated by the matrix composition on the toughening of the cured
method of Fedors37) . resins was examined in the modification of the

bismaleimide resin with PMS, where the matrix
compositions were controlled by using DBA andDiscussion on the Toughening Mechanism
triallyl isocyanurate (TAIC).39 The increase in
TAIC content resulted in the lower extent of dis-The morphological behavior of the modified resin

is interesting, and it is instructive to consider the persion of the PMS-rich phase, but KIC for the
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Figure 8 SEMs of fracture surfaces for the cured resins modified with PMSA. (A)
PMSA (0.5 mol % ASt unit, MW 373,000), 5 wt % addition; (B) PMSA (1.0 mol % ASt
unit, MW 338,000), 5 wt % addition; (C) PMSA (10.0 mol % ASt unit, MW 229,000),
5 wt % addition; (D) PMSA (0.5 mol % ASt unit, MW 373,000), 7 wt % addition.

modified resin increased up to a 20 eq % addition blending PMSH having a 4 mol % HSt unit.
PMSHs having less than 3 mol % HSt units wereof TAIC and then decreased. The results indicate

that there is an optimal extent of dispersion of effective modifiers for toughening, and the modi-
fied resins had balanced physical properties.the cocontinuous phase to improve the toughness

of the bismaleimide resins to a greater extent. PMSHs having more than 4 mol % HSt units were
less effective. The results also indicate that thereIn the modification of epoxies with PMS and

the related nonreactive modifiers, the moderate is an optimal extent of dispersion of the cocontinu-
ous phase in reducing the brittleness of epoxiesdecrease in flexural strength would be caused by

poor interfacial adhesion between the matrix-rich by modification with PMS and the related modifi-
ers as well as in the modification of bismaleimidesand the PMS-rich phases. To obtain more effective

modifiers, PMSH having functionalities was pre- with PMS.
In this study, the terpolymers having a smallerpared and examined as the modifier for epoxies.33

Compatibility of PMSH with the epoxy matrix in- functional unit content were prepared and used
as modifiers for the bismaleimide resin, consider-creased with increasing HSt unit content. When

using 10 wt % PMSH having less than 5 mol % ing the modification results in the modification of
epoxies with PMSH.33 When using PMSH with aHSt units, the modified resin had cocontinuous

phase morphologies. The extent of dispersion of 0.5 mol % HSt unit, the modified resins had the
cocontinuous phase morphology and the extent ofthe cocontinuous phase became gradually higher

with increasing up to 3 mol % HSt unit content, dispersion of the cocontinuous phase was similar
to that for the PMS-modified resin [Fig. 5(B) andand the dispersity became abruptly higher by
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6(A)]; this would not be an optimal extent of dis- resins could be attained because of the cocontinu-
ous structures of the modified resins in both modi-persion, because the extent of dispersion of the

cocontinuous phase in the PMS/Matrimid system fication systems. When using 5 wt % of PMSH
having a 0.5 mol % HSt unit, KIC for the modified[Fig. 6(A)] is higher and undesirable to improve

the toughness of the bismaleimide resin, com- resin increased 60% with a medium loss of flex-
ural strength and with retention in flexural modu-pared with that in the PMS/Matrimid/TAIC sys-

tem, as reported previously.39 The PMSH (1 mol lus and Tg . The extent of dispersion of the mod-
ifier-rich continuous phases became high, and KIC% HSt unit)-modified resin also had the coconti-

nuous phase morphology, but the dispersity of the for the modified resins decreased with increasing
functional unit content in the modifiers.cocontinuous phase became higher because of the

increase in the compatibility of PMSH with the
epoxy matrix [Fig. 6(B)]. With 5 wt % of PMSH The authors thank Dr. Atsushi Kikkawa (Yokohama

Rubber Co., Ltd.) for providing the scanning electron(5 mol % HSt unit) , the contours of the continuous
micrographs.phases were ill defined, even at the higher magni-

fication [Fig. 6(C)]. KIC for the modified resin de-
creased with the increase in the extent of disper-
sion of the cocontinuous phases. A tendency to REFERENCES
increase in compatibility with increasing func-
tional group content was significant in the PMSA 1. H. D. Stenzenberger, Br. Polym. J., 20, 383 (1988).
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