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SYNOPSIS

N-Phenylmaleimide (PMI)-N-cyclohexylmaleimide { CMI)-styrene (St) terpolymers were
used to improve the toughness of bisphenol-A diglycidyl ether epoxy resin cured with p,p’-
diaminodiphenyl sulfone (DDS). The terpolymers were effective as modifiers for toughening
of the epoxy resin system. The most suitable compositions for the modification of the epoxy
resin were inclusion of 10 wt % of the terpolymer (45 mol % PMI, 5 mol % CMI, and 50
mol % St units) with M, higher than 247,000, which led to ca. a 140% increase in the
fracture toughness (Kj¢c) of the cured resin with a medium expense of mechanical properties.
The glass transition temperatures of the modified resins were equal to or higher than that
of the parent epoxy resin. The morphologies of the modified resins were dependent on the
terpolymer molecular weight and concentration. On addition of 5 wt % of the terpolymer
(M, 400,000), the modified resins had two-phase morphologies and the terpolymer-rich
dispersed particles in the epoxy matrix. On addition of more than 8 wt % of the terpolymer,
the morphologies of the cured resins changed drastically and showed a tendency tc form
cocontinuous phases. The toughening mechanism was discussed in terms of the morpho-

logical behaviors of the modified epoxy resin systems. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Epoxy resins are one of the most important ther-
mosetting polymers and have wide use as structural
adhesives and matrix resins for fiber composites, but
their cured resins have one drawback: They are brit-
tle and have poor resistance to crack propagation.
The toughness of bifunctional epoxy resins such as
diglycidyl ether of bisphenol A (DGEBA) has been
increased by blending with reactive liquid rubbers
such as carboxyl-terminated butadiene acrylonitrile
rubbers (CTBN)!? or epoxide-containing acrylic
rubbers.®>7 These elastomers, however, are not al-
ways effective modifiers for highly cross-linked
epoxy matrix.

Engineering thermoplastics are interesting ma-
terials as modifiers for epoxy resins from the view-
point of the maintenance of mechanical and thermal
properties for the matrix resins. Modifications of
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epoxy resins with various types of ductile thermo-
plastics have been studied as an alternative to re-
active rubber toughening for improving the tough-
ness of epoxy resins. At first, commercial poly (ether
sulfone)s (PESs) such as Vitrex were used as mod-
ifiers in modification of polyfunctional epoxies
such as tetraglycigyl diaminodiphenylmethane
(TGDDM), but less effective owing both to their
high cross-linking structure and to poor interfacial
bonding between two uncompatibilized phase in the
cured resin.®'° Terminally functionalized polysul-
fones are more effective modifiers than is commer-
cial PES."'? Recently, other engineering plastics
have also been examined as modifiers, where poly-
etherimides, !¢ poly (aryl ether ketone)s,*”'® and
poly (phenylene oxide)®® have been reported as ef-
fective modifiers. Aromatic polyesters, prepared by
the reaction of (iso)phalic acids and «,w-alkanediois,
were also effective modifiers.?® Most recently, we
found that poly (N-phenylmaleimide-alt-styrene)
(PMS) was an effective modifier for the DGEBA
epoxy resins.?! In spite of the carbon-carbon single-
bond repeating units, PMS has a high T, of over
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200°C. It is thought that the bulkiness of two side
groups in PMS prevents the molecular motion of
the main chain, which raises the T, of PMS. Fur-
thermore, the high molecular weight polymer could
be easily prepared, whereas it is rather difficult to
obtain engineering thermoplastics with high molec-
ular weights, as the thermoplastics are generally
prepared by polycondensation.

In this study, poly (N-cyclohexylmaleimide-alt-
styrene) was at first prepared, but the copolymer
could not be used as a modifier because of its poor
compatibility with the DGEBA/p,p’-diaminodi-
phenyl sulfone (DDS) matrix. Then, N-phenyl-
maleimide (PMI)—N-cyclohexylmaleimide (CMI)—
styrene (St) terpolymer (PCMS) was used, because
it was expected that the morphologies of the cured
resins could be controlled by PCMS composition
and concentration and that such an approach would
give some information on the relationship between
the effectiveness as modifiers for toughening of the
epoxy resin and the molecular structure of PMS-
like thermoplastics:
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EXPERIMENTAL
Materials

The epoxy resin used was the liquid bisphenol A
diglycidyl ether (DGEBA) (Epikote 828, Shell
Chemical Industrial Co., epoxy equivalent weight
(EEW) 190). DDS was used as the curing agent.
PMI and CMI were provided by Nippon Shokubai
Corporation. St was purified in the usual way. Other
reagents were used as received.

Measurements

Molecular weights of terpolymers were determined
by gel permeation chromatography (Shimadzu LC-
5A instrument) using polystyrene standards. Me-
chanical properties of cured resins were measured
with a Shimadzu autograph AGS-500B universal
testing machine. Flexural tests were carried out at
a crosshead speed of 2 mm/min (JIS K7203). Frac-
ture toughness, K, was measured in a three-point

bent geometry at a crosshead speed of 1 mm/min
(ASTM E-399). Glass transition temperatures of
both terpolymers and cured resins were measured
by differential scanning calorimetry ( Shimadzu DSC
41 M type) at a heating speed of 10°C/min. Scan-
ning electron micrographs were taken with a Hitachi
SEM S-2100A instrument using failed specimens in
the Kjc tests. Dynamic viscoelastic analysis was
performed with a Rheometrics RDS-II type (Rheo-
metrics Co.) between —150 and 250°C at a heating
speed of 5°C/min at frequency of 1 Hz.

Preparation of N-Phenylmaleimide-N-
Cyclohexylmaleimide-Styrene Terpolymers

The terpolymers were prepared in the 1 : 1 mol ratio
of N-substituted maleimides and St. The molecular
weight of PCMS was controlled using dodecanethiol
as a chain transfer agent. A typical procedure is as
follows:

A flask was charged with PMI (39.0 g, 0.225 mol),
CMI (4.48 g, 0.025 mol), St (26.0 g, 0.25 mol), ace-
tone (500 mL), azobisisobutyronitrile (AIBN, 0.82
g, 1 mol %), and dodecanethiol (0.05 g, 0.05 mol
% ). The flask was purged with N, for 0.5 h and a
N, atmosphere was maintained throughout the po-
lymerization. The polymerization mixture was
stirred at 60°C for 3.5 h. After the polymerization
was over, the polymerization mixtures were diluted
with tetrahydrofuran (THF). Then, the terpolymer
was isolated using methanol as precipitant and pu-
rified twice by reprecipitation with THF / methanol.
The white solid polymer was dried in vacuo at 60°C
and obtained in a quantitative yield.

Curing Procedure

The terpolymer was dissolved into the epoxy resin
without solvents by heating at 140 or 160°C, depen-
dent on the molecular weight of PCMS. Then, the
curing agent, DDS, was added into the mixture,
which was kept at 120°C for about 1 h to dissolve
the DDS. The resulting clean mixture was poured
into a silicone mold preheated at 100°C. The curing
cycle was 120°C/1 h + 180°C/5 h. The curing agent
was used stoichiometrically to the epoxy resin. The
amount (wt % ) of PCMS used was calculated based
on the epoxy resin.

RESULTS

Characterization of Terpolymers

It has been reported that the copolymerization of
PMI and St gives alternating copolymers, indepen-
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Table I Characterization of N-substituted Maleimide—Styrene Terpolymers*®

Feed Composition

012H25SHb Yield M,,c de Tge

Entry No. PMI CMI St (mol %) (%) (10 (10%) M,/M, (°C)
PCMS I series

1°¢ 45 5 50 0.00 98.0 2.1 12.2 591 221

4 0.33 92.0 4.0 10.1 2.53 217

5 0.10 94.0 7.4 18.7 2.54 216

6 0.05 93.0 9.9 24.7 2.48 222

7 0.02 92.0 15.8 35.8 2.26 223

3 0.00 92.0 19.4 40.2 2.07 223
PCMS II series

2° 40 10 50 0.00 99.5 2.7 14.1 5.30 213

8 0.05 91.0 8.2 19.7 2.40 220

® AIBN 1 mol %; in acetone at 60°C.
b Chain transfer agent.

By GPC.

4By DSC.

¢ In toluene at 70°C.

dent of the feed monomer composition.”? The co-
polymerization of CMI and St gave also an alter-
nating copolymer.?® The terpolymerization of PMI,
CMLI, and St must also afford alternating copolymers
composed of PMI/St and CMI/St units. Table I
reports some characteristic properties of the ter-
polymers, In this study, the terpolymer composition
is expressed conveniently in terms of the feed
monomer composition. The glass transition tem-

Table II Physical Properties of Cured Epoxy Resins

perature of terpolymer PCMS was over the range
of 216-223°C.

Mechanical and Thermal Properties of Modified
Epoxy Resins

Table II shows representative results for the mod-
ification of the epoxy resin with PCMS I (45 mol
% PMI, 5 mol % CMI, and St 50 mol % units) or

Kic Flexural Properties (kgf/mm?)
PCMS*® Content TS
Entry No. Wt % (MN m??) n® Strength Modulus n® (°C)
0 0.71 £ 0.02 6 16.6 + 0.4 337+ 8 8 18C
PCMS I (PMI : CMI : St, 45 : 5 : 50) series
4 5 0.96 + 0.04 6 17.1 £ 0.5 383+ 6 7 182
4 10 0.99 = 0.01 6 15.0 0.9 384+ 6 6 186
7 5 0.95 = 0.04 7 154+ 1.6 377 £ 12 7 186
7 10 1.69 + 0.05 6 9.8+ 04 377+ 6 6 186
PCMS II (PMI : CMI : St, 40 : 10 : 50) series

2 5 0.93 = 0.04 7 16.0 £+ 0.4 310+ 6 6 176
2 10 1.00 + 0.04 6 159 + 0.6 334 + 8 7 176
8 5 0.95 + 0.03 7 17.3 £ 0.7 385+ 5 6 184
8 10 1.53 + 0.04 7 8.7+ 05 395+ 4 7 186

2 Entry number in Table 1.
» Specimen number.
° By DSC.
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Figure 1 Dependence of fracture toughness for modified resins on PCMS molecular
weight. PCMS I: (@) 5 wt % addition; (O) 10 wt % addition. PCMS II: (R) 5 wt %

addition; ([J) 10 wt % addition.

I1 (40 mol % PMI, 10 mol % CMI, and St 50 mol
% units). The cured parent epoxy resin was trans-
parent, but the modified resins became translucent.
In the modification with PCMS I of lower molecular
weight (MW ) than M,, 150,000, the fracture tough-
ness, Kjc, increased 30-40% at no expense of me-
chanical and thermal properties of the modified resin
on addition of 5-10 wt % of PMS. On addition of
15 wt % of PCMS (M, 122,000), the viscosity of
the uncured epoxy mixture at 120°C increased
greatly and the cured resins could not be obtained.
The use of 10 wt % of PCMS I with M,, 187,000 led
to a significant increase (120%) in Kjc. Figure 1
shows the PCMS MW dependence of the fracture
toughness, K¢, for the modified resins. On addition
of 5 wt % of PCMS I, K¢ increased 30-40% inde-
pendent of PCMS MW. On addition of 10 wt % of
PCMS 1, K, for the modified resins increased with
increasing PCMS MW and leveled off, together with
decreasing flexural strength. Inclusion of 10 wt %
of PCMS I (M, 247,000) brought about a 140% in-
crease in Kjc. Flexural moduli for the PCMS I-mod-
ified resins increased, compared to that for the par-
ent epoxy resin. The T, values for the modified resins
were equal to or higher than that for the parent
epoxy resin (Table II).

Figures 2 and 3 show the mechanical and thermal
properties of the PCMS I-modified resins as a func-
tion of concentration of PCMS. The K¢ values for
the modified resins increased gradually on addition
of lower MW PCMS I. In the modification with
higher MW PCMS I, the increased PCMS concen-

tration led to a drastic increase in Kjc. The use of
PCMS I with lower M, (122,000) brought about no
decrease in flexural strength for the cured resins. In
the use of PCMS I with higher M,, (402,000), the
flexural strength for the modified resins hardly
changed on addition of 5 wt %, but decreased in the
modification with more than 8 wt % of PCMS. Flex-
ural moduli for the modified resins did not change,

15
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Figure 2 Fracture toughness for modified resins as
function of PCMS I concentration: (O} M, 402,000; (A)
M, 358,000; (@) M, 122,000.
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Figure 3 Physical properties of PCMS-modified resins
as function of PCMS I concentration: (O) M,, 402,000;
(®) M, 122,000.

compared to that for the parent resin. T,’s for the
modified resins were almost equal to or higher than
that for the unmodified resin.

In the modification with PCMS II, the modifier
MW dependence of K¢ for the modified resins was
similar to that for the PCMS I ones (Fig. 1). K¢
for the PCMS II (M,, 197,000) -modified resin in-
creased 115% with a medium expense of flexural
strength on addition of 10 wt %, compared to that
for the parent epoxy resin. Flexural behavior for the
PCMS II-modified resins was also similar to that
for the PCMS I ones (Table II). T}’s for the modified
resin were almost equal to or higher than that for
the parent epoxy resin. It is noteworthy that PCMS
I with the highest M, (402,000) is slightly difficult
to handle, because of an increase in the viscosity of
the uncured epoxy mixture.

Morphologies of Modified Epoxy Resins

The morphologies of the cured resins were investi-
gated by scanning electron micrographs (SEMs).
The parent epoxy resins had only one phase as re-
ported previously.® Inclusion of PCMS led to phase
separation of the cured resins. The morphologies of
the cured resins changed drastically, dependent on
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the PCMS MW and concentration. Figure 4 shows
SEMs of the cured resins modified with 10 wt % of
various MW PCMS I. The use of PCMS with low
M, (122,000) led to two-phase morphology with
PCMS-rich spherical particles dispersed in the
epoxy-rich matrix; the volume fraction (V;) and the
average diameter (D) of the particles were, respec-
tively, 0.06 and 0.72 um on 5 wt % addition of PCMS
I and 0.11 and 0.83 um on 10 wt % addition. The
use of 10 wt % of PCMS I with M,, 187,000 led to
a drastic change in the morphology for the modified
resin, which had a cocontinuous phase morphology.
Figure 5 shows a change in morphological behavior
with increasing PCMS I concentration in the mod-
ification with high MW PCMS. On addition of 5 wt
% of PCMS I (M,, 402,000), the modified resin had
a two-phase morphology with spherical particles
dispersed in the matrix, where V; and D are 0.14
and 1.64 um, respectively. In the use of 8 wt % of
the same modifier, the particles coagulated and
formed the continuous phase, but a small amount
of particles remained in the matrix. The morphology
of the cured resin modified with 10 wt % of PCMS
I (M, 402,000) was similar to that with 8 wt % ad-
dition of the same modifier.

The morphological behavior in the modification
with PCMS II was similar to that in the PCMS I
modification system. In the use of lower M, PCMS
II (141,000), the modified resins had two-phase
morphologies; V;and D were, respectively, 0.12 and
0.80 um on 5 wt % addition of PCMS II and 0.22
and 1.20 um on 10 wt % addition. When using 10
wt % of higher M, PCMS II (197,000), the modified
resin had the cocontinuous phase morphology.

Dynamic Viscoelastic Analysis of Modified Epoxy
Resins

Dynamic viscoelastic analysis can give information
on the microstructure of cured resins. Figure 6 shows
the storage moduli, G’, and tan ¢ for the unmodified
and PCMS 1 (M, 247,000)-modified resins. The
peak position of the a-relaxation in the tan é curves
hardly changed in the modification with PCMS, but
the peak became broader on addition of 10 wt % of
PCMS, compared with dynamic viscoelastic behav-
ior for the parent epoxy resin. The storage moduli
in the glass state were comparable to the unmodified
resin.

DISCUSSION

PCMS was an effective modifier for improving the
toughness of the epoxy resin systems, but fractural
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Figure 4 SEMs of fracture surfaces for the cured resins modified with 10 wt % of PCMS
I. M, of PCMS and the scale bar, in um, respectively: (A) 122,000 and 50; (B) 187,000
and 200; (C) 247,000 and 200.
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Figure 5 SEMs of fracture surfaces for the cured resins modified with PCMS T (M,
402,000). Amount of PCMS I: (A) 5 wt %; (B) 8 wt %; C, 10 wt %. The scale bars are 50
pm.
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Figure 6 Dynamic viscoelastic analysis for unmodified and PCMS-modified resins.

PCMS I, M,, 247,000: (

behavior was changed to a considerable extent, de-
pendent on both PCMS MW and concentration.
The fractural behavior was investigated in detail in
the PCMS I modification system. The use of 10 wt
% of PCMS I with M, lower than 122,000 led to a
medium increase in Kjc at no sacrifice of mechanical
and thermal properties of the modified resins, and
the modified resins had two-phase morphologies. In
the modification with low MW PCMS I, the extent
of the improvement in the toughness is comparable
to that in the modification with the reactive acrylic
elastomers, butyl acrylate-glycidyl methacrylate-
acrylonitrile terpolymers, which were reported as ef-
fective modifiers previously.®’

In the modification with high MW PCMS I, the
fractural behavior changed drastically dependent on
PCMS I concentration (Figs. 1 and 2). On addition
of 5 wt % of PCMS I with M, higher than 187,000,
the extent of toughening is comparable to or slightly
larger than that in the use of lower MW PCMS 1.
Kic increased significantly when using 10 wt % of
higher MW PCMS 1. All PCMS I with M,, higher
than 247,000 used in this study have a similar effi-
ciency as a modifier for toughening of the epoxy
resin. PCMS I of M, 247,000 is one of the most

) control; (- — —-) 5 wt % addition; (- - -) 10 wt % addition.

effective modifiers and its 10 wt % inclusion leads
to 140% increase in Kic, whereas Kjc increases 30%
on 5 wt % addition.

The dependence of K;c on PCMS I concentration
in the higher MW PCMS modification systems is
quite different from that in the modification of
epoxies with reactive acrylic elastomers, where K¢
increased gradually with increasing the elastomer
concentration.>® In the modification with PCMS I
of M, higher than 187,000, K¢ increased rather dis-
continuously with the increase in PCMS I concen-
tration (Fig. 2). Figure 2 also indicates that the ef-
fectiveness of PCMS II as a modifier is similar to
that of PCMS 1. When using the most suitable
modifier, the extent of toughening in the PCMS
modification system is comparable to that in the
PMS one.” For example, inclusion of 10 wt % mod-
ifier leads to ca. 140% increase in K¢ for the higher
MW PCMS I-modified resins and 130% increase
for the PMS (M, 345,000) -modified resin.?!

The fractural behavior in the modification of the
epoxy resin with PCMS is slightly different from
that in the PMS modification system. The main dif-
ference between both modifiers is that the most
suitable MW range of PCMS is far wider than that



of PMS in the modification of the epoxy resin; the
effectiveness as modifier of PCMS having M,, be-
tween ca. 250,000 and 400,000 is similar in the
former modification system, but the M,, — Kjc curve
has a maximum at PMS M, of ca. 350,000 in the
latter one. This result could be explained by the dif-
ference in the compatibility of the modifiers with
the epoxy matrix as shown in the morphological be-
havior of the modified resins.

The morphological behavior of the modified res-
ins is interesting and instructive when considering
the toughening mechanism in the present modifi-
cation system. The morphologies of the modified
resins changed drastically, dependent on both
PCMS MW and concentration. On addition of 5 wt
% of PCMS, the modified resins had two-phase
morphologies with PCMS-rich spherical particles
dispersed in the epoxy matrix, independent of PCMS
composition and MW. Inclusion of 10 wt % of PCMS
led to a drastic change in the morphology of the
modified resin, dependent on PCMS MW, in the
use of PCMS I with M, less than 122,000, two-phase
morphologies were observed, but PCMS particles
coagulated and formed the cocontinuous phase in
the modification with PCMS I of M, higher than
187,000 (Fig. 4). The PCMS concentration depen-
dence of the morphological behavior was investi-
gated in the modification with high M, (402,000)
PCMS I (Fig. 5); two-phase morphologies were ob-
served on addition of 5 wt % of the modifier, but on
addition of more than 8 wt % of the same modifier,
the PCMS-rich particles coagulated and formed the
cocontinuous phase, together with the significant
increase in Kic (Fig. 3). When using PCMS II with
M, 141,000, the modified resins had the two-phase
morphology, and their V; and D were larger than
those for the PCMS I {M,, 122,000) on both 5 and
10 wt % addition. The modified resin for 10 wt %
of the high M,, PCMS II (197,000) had the cocon-
tinuous morphology. These morphological behaviors
correspond to the dependence of K;c on PCMS M,
and concentration. The significant increase in Kic
for the modified resin can be attained in the modi-
fication system having the cocontinuous phase. The
MW dependence of the change in the morphologies
for the PCMS-modified resins is similar to that for
the PMS-modification system.?

In the previous paper, solvent-etched fracture
surfaces were taken by SEMs to examine the inter-
facial adhesion between the PMS-rich phase and
the epoxy matrix; the PMS-rich phase was clearly
removed by etching with THF in both two-phase
morphologies and cocontinuous morphologies.”
This result indicates that there are no chemical in-
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terfacial adhesion between the epoxy matrix and
PMS. It is thought that the interfacial adhesion be-
tween the matrix and the PCMS-rich phases would
be also based on the physical interactions, consid-
ering similar molecular structure of both modifiers.
In the PCMS-modification system, flexural modulus
and T, did not decrease by modification, but the use
of effective PCMS with higher MW led to a medium
decrease in flexural strength, which could be ex-
plained by insufficient interfacial adhesion between
the matrix and the modifier, based on physical in-
teractions such as the van der Waals forces. Such
deficiency would be overcome by using the modifier
containing functional groups that are able to react
with the epoxy matrix.

Dynamic viscoelastic analysis showed no evidence
of phase separation in the modification of the epoxy
resin with PCMS I (M, 247,000). There was no
shoulder peak in the a-relaxation of the tan é curve.
This behavior is different from that in the PMS (M,
344,000) -modification system;?! the shoulder peaks
at ca. 175°-185° in the tan & curve were observed
based on PMS-rich phases in the latter modification
and their transition temperatures were lower than
T, (219°C) (by DSC) of PMS. The dynamic vis-
coelastic behavior in the PCMS-modification system
would be explained by the incorporation of the epoxy
matrix into the PCMS-rich phase, considering the
morphological results for the modified resins with
two-phase structure.

The fractural behavior corresponds to the mor-
phology of the modified resin. In every case of this
study, the toughness of the epoxy resin could be im-
proved significantly because of the cocontinuous
structure of the modified resins. Similar behavior
was observed in the PMS-modification system.
These results suggest that two toughening mecha-
nisms could operate in the present modification sys-
tem as well as in the modification of epoxies with
PMS; one mechanism is due to the two-phase sep-
aration structure and similar to that in the rubber-
modification systems,’ and the other mechanism is
based on the cocontinuous phase morphology. The
latter mechanism would be similar to that in the
modification of epoxies with engineering thermo-
plastics such as polyetherimides > and poly (ether
ketone)s.!®

In the modification of tetraglycigyl-4,4’-diami-
nodiphenyl methane with polyetherimides (Ultem
1000, GE) (PEl), K¢ for the cured resin modified
with 25 phr of PEI increased 180%, whereas the
phase inversion of morphologies was observed and
the toughening of epoxies could be attained by the
absorption of fractural energy due to ductile drawing
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and tearing of the thermoplastic continuous phase.
We have also found that poly(phthaloyl diphenyl
ether)s (PPDE) were effective modifiers for
DGEBA resins cured with methyl hexahydro-
phthalic anhydride and that the cocontinuous
structure due to the spinodal decomposition was
formed in the modified resin with PPDE of higher
MW (Mgpc 56,300), together with a significant in-
crease in Kc.'®

Engineering thermoplastics have high 7T,’s based
on their rigid structures. PCMS also has high 7, as
well as does PMS, because of the retardation of mo-
lecular motion of the main chains based on the bulky
side chains. One of the drawbacks in the use of the
conventional engineering thermoplastics as modi-
fiers is poor processability, which is based mainly
on poor compatibility with the uncured epoxy resin;
in general, the use of a small amount of solvent is
essential to dissolve the thermoplastics into epoxies
in the modification with the thermoplastics. All
PCMS used in this study are soluble in the epoxy
resin without using solvent, and PCMS I of M,
higher than 247,000 are comparably effective mod-
ifiers to the engineering thermoplastics such as poly-
etherimides. The effectiveness of PCMS as a mod-
ifier could be explained by its similar structure to
PEI, where the polar imide units in PEI and PCMS
would play an important role in the physical inter-
facial adhesion between the epoxy matrix and the
thermoplastics. The 7T, values for the modified resins
with PCMS are almost equal to or higher than that
for the unmodified epoxy resin.

In conclusion, PCMS is an interesting and effec-
tive modifier for improving the toughness of epoxy
resins. Two toughening mechanisms operate in the
present modification system dependent on PCMS
MW and concentration: One mechanism is due to
the two-phase separation structure, and the other,
to the cocontinuous phase morphology. The most
effective modification for the cured DGEBA resin
can be attained by the latter phase structure. The
suitable compositions for modification of the epoxy
resin were inclusion of 10 wt % of PCMS I with M,,
higher than 247,000. The drawback in the present
modification system is the medium decrease in the
flexural strength, perhaps owing to rather poor in-
terfacial adhesion between the epoxy matrix and
PCMS. It is thought that the efficiency of the mod-
ifier would increase by enhancing interfacial adhe-
sion due to chemical bonding.

The authors thank Dr. Shinji Takeda (Hitachi Chemical
Industrial Co., Ltd) for the dynamic viscoelastic analysis

and Dr. Misao Hiza ( Yokohama Rubber Co., Ltd) for the
measurement of SEMs.

REFERENCES

1. A.F. Yee and R. A. Pearson, J. Mater. Sci., 21, 2462,
2475 (1986) and references cited therein.

2. R. A. Pearson and A. F. Yee, J. Mater. Sci., 24, 2571
(1989).

3. M. Tomoi, J. Yamazaki, H. Akada, and H. Kakiuchi,
Angew. Makromol. Chem., 163, 63 (1988).

4. T. Iijima, M. Tomot, J. Yamasaki, and H. Kakiuchi,
Eur. Polym. J., 26, 145 (1990).

5. T. Iijima, M. Tomoi, A. Suzuki, and H. Kakiuchi, Eur.
Polym. J., 27, 851 (1991).

6. T. Iijima, T. Horiba, and M. Tomoi, Eur. Polym. J.,
27,1231 (1991).

7. T. lijima, N. Yoshioka, and M. Tomoi, Eur. Polym.
J., 28, 573 (1992).

8. C. B. Bucknall and L. K. Partridge, Polymer, 24, 639
(1983).

9. R. S. Raghara, J. Polym. Sci. Part B Polym. Phys.,
25, 1017 (1987).

10. R. S. Raghara, J. Polym. Sci. Part B Polym. Phys.,
26, 65 (1988).

11. J. H. Hedrick, 1. Yilgor, G. L. Wilkens, and J. E.
McGrath, Polym. Bull., 13, 201 (1985).

12. J. H. Hedrick, 1. Yilgor, M. Jurek, J. C. Hedrick,
G. L. Wilkens, and J. E. McGrath, Polymer, 32, 2020
(1991).

13. C. B. Bucknall and A. H. Gilbert, Polymer, 30, 213
(1989).

14. R. S. Bauer, H. D. Stenzenberger, and W. Romer, Int.
SAMPE Symp., 34, 899 (1989).

15. A. H. Gilbert and C. B. Bucknall, Makromol. Chem.
Macromol. Symp. 45, 289 (1991).

16. A. Murakami, D. Saunders, K. Oishi, T. Yoshiki, M.
Saito, O. Watanabe, and M. Takezawa, Nippon Set-
chaku Gakkaishi, 27, 364 (1991).

17. B. Z. Jang, J. Y. Lian, L.. R. Hwang, and W. K. Shih,
J. Reinf. Plast., 8, 312 (1989).

18. T. lijima, T. Tochimoto, and M. Tomoit, J. Appl. Po-
Ilym. Sci., 43, 1685 (1991).

19. A.F. Yee and R. A. Pearson, Polym. Mater. Sci. Eng.,
63, 311 (1990).

20. T.Ijjima, T. Tochimoto, M. Tomoi, and H. Kakiuchi,
J. Appl. Polym. Sci., 43, 463 (1991).

21. T. Iijima, N. Arai, K. Takematsu, W. Fukuda, and M.
Tomoli, Eur. Polym. J., 28, 1539 (1992).

22. J. M. Barrales-Rienda, J. I. Campa, and J. G. Ramos,
J. Macromol. Sci. Chem., A11, 267 (1977).

23. T. Otsu, A. Matsumoto, and T. Kubota, Polym. Int.,
25, 179 (1991).

Received May 13, 1992
Accepted September 18, 1992





