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Solid rubbers have been incorporated into thermosets using the compositional quenching
process. Electron micrographs reveal that rubber particles a few micrometres or less in size
have been dispersed in the matrix. Two model systems were studied: an epoxy resin cured
with primary amines which represents a tight network structure, and a phenoxy resin cross-
linked with methylene diisocyanate which represents a loose network. The present study
indicates that a small amount of a cross-linking agent can reduce the degree of matrix yielding
with a resultant drop in impact strength. SEM fractography provides complementary
information on the transition from ductile fracture to brittle fracture.

1. Introduction

The compositional quenching process was patented
by Nauman in 1986 [1]. Since that time, our research
has spanned a variety of areas related to composi-
tional quenching. The underlying physical process of
spinodal decomposition has been studied from a
theoretical standpoint [2-5]. Experimental research
projects have involved the manufacturing of rubber-
modified engineering plastics (ABS [6], polyphenylene
ether [6], and polyimides [7]) and thermosets (epoxy
resins [6] and phenolic resins [8]). The role of inter-
facial bonding in the particulate reinforced-com-
posites has been studied using continuum mechanics
[91.

Compositional quenching provides a novel method
of incorporating rubbers into an otherwise brittle
matrix without interfacial bonding. One of the advant-
ages of this process is that the morphology of the final
product can be precisely controlled. Fig. 1 presents the
morphologies of polymer blends produced by different
processes. Phase separation during bulk, suspension
and emulsion polymerization generally produces
spherical rubber particles with matrix occlusions.
Even though such occlusions increase the effective
volume of the rubber particles, the yield strength and
modulus drop substantially. For example, the yield
strength of commercial HIPS is about one-third that
of polystyrene [10]. Melt blending tends to disperse
the rubber as irregularly-shaped particles. Stress anal-
ysis in a review paper by Chow [11] shows that the
stress concentration factor increases as the aspect
ratio increases. Thus, an irregularly-shaped particle
is also undesirable. Compositional quenching yields
non-occluded spherical particles well-dispersed in
the matrix. Experimental results [6, 7] proved that the
rubber-modified thermoplastics gain toughness with

0022-2461/91 $03.00 + .12 © 1991 Chapman & Hall

limited sacrifices in the yield strength and modulus.

The traditional route to toughen epoxies was pion-
eered by McGarry and Sultan [12], who used reactive
liquid carboxyl-terminated nitrile rubber (CTBN)
with a weight average molecular weight about 3000.
They observed that a CTBN/epoxy system cured with
piperidine improved the fracture toughness ten-fold.
Riew et al. [13] found that the toughness of the
CTBN/epoxy/piperidine system can be further im-
proved by the addition of bisphenol A. Using the
compositional quenching process, 5% polybutadiene/
epoxy/piperidine system also has improved mechan-
ical properties [6]. However, the significant improve-
ment of impact strength in an epoxy cured by primary
amines has not been reported.

The object of this study was to investigate the
structure—property relationships of the rubber-modi-
fied thermosets. Specifically, we have investigated the
effect of cross-linking density on the toughening mech-
anisms in thermosets. Epoxy resins and a phenoxy
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Figure 1 Particles produced by (a) matrix polymerization (b) melt
processing and (c) compositional quenching.
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resin have been selected as model materials because of
their similarity in chemical structure. The distinctions:
between the phenoxy molecular structure and that of
conventional epoxy are: (1) phenoxy contains no
epoxy group; (2) phenoxy is 10 to 30 times higher in
molecular weight; (3) phenoxy requires no curing
or chemical reaction to become a useful product;
(4) phenoxy has an essentially linear molecular struc-
ture [14]. Other information of phenoxy resins can be
found in the literature [15-17].

2. Experimental procedure

2.1. Materials

The epoxy resins (Structure I) used in this study result
from the reaction of bisphenol A with epichloro-
hydrin. Epon 828 and Epon 834, epoxy resins ob-
tained from Shell Chemicals, have epoxy equivalent
weights of 190 and 250, respectively, and n = 0 (86%)
and 1 (14%) for Epon 828, and n =0 (29%) and
1 (71%) for Epon 834.

The curing agents for the epoxy resins were meta-
phenylene diamine (MPDA), Tonox 40/60 (a eutectic
mixture of 40% MPDA and 60% 4,4-methylene-
dianiline [18]) and diethylene triamines (DETA). The
selection of the curing agent was dependent on the
viscosities of the final products.

PKHH, (Structure II) a phenoxy provided by
Union Carbide Corporation, is a high molecular
weight polymer of bisphenol A and epichlorohydrin.
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Phenoxy resins can be cross-linked with polyisocyan-
ates, urea, phenol or melamine formaldehyde resins
through the secondary hydroxy groups to yield ex-
cellent solvent resistance. The cross-linking agent used
in this study was Rubinate 44, a highly pure difunc-
tional methylene diphenyl diisocyanate (MDI, Struc-
ture III), ICI Americas Inc. The isocyanate equivalent
weight is 125 and the melting point is 38 °C.

OCN@CHz@NCO

(I1T)

Isocyanates react with phenoxy resins via the hy-
droxyl group yielding a urethane linkage. A cross-
linked system (Structure IV) is obtained from this
difunctional material and the polyols of phenoxy
resins [19].
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A polybutadiene and/or a nitrile rubber were used
in this study. Polybutadiene tends to agglomerate at
high concentrations during the compositional quen-
ching process whereas a nitrile rubber may form a
single-phase mixture with epoxy resins owing to their
compatibilities. Taktene 1202 and Hycar 1042 nitrile
rubber were employed in this study.

Taktene 1202, a rubber with high cis-1,4-
polybutadiene content, was obtained from Polysar
Incorporated. The glass transition temperature is

— 110°C, one of the lowest of the rubbery polymers.
The weight average and number average molecular
weights are 375000 and 114 600, respectively [20].

Hycar 1042, a random copolymer of acrylonitrile
and butadiene with 31% acrylonitrile content, was
provided by BF Goodrich Company. The glass trans-
ition temperatures of this elastomer are — 38 and

— 24°C [21]. The weight average molecular weight is
approximately 400 000.

2.2. Mixture preparation

In order to obtain uniformly dispersed rubber par-
ticles of definite size and shape in the final product,
rubber selection is much more restrictive in epoxy
resins than in phenoxy resins. The viscosity of epoxy
resin is low and decreases dramatically as the temper-
ature increases, while the viscosity of the phenoxy
resin is relatively insensitive to temperature. Phase
coarsening tends to occur in the compositional quen-
ching process or during curing if the rubber, such as
polybutadiene, is not compatible with the epoxy resin.
If the rubber, such as nitrile rubber, is compatible with
epoxy, the high viscosity of the rubber—epoxy mixture
results in processing difficulties such as mould filling
and degassing during cure.

Table 1 presents the compositions of the specimens
of nitrile rubber-modified epoxy systems. Systems
containing over 15% Hycar 1042 nitrile rubber had
high viscosities and required high mixing and
degassing temperatures. Instead of Epon 834, the
lower viscosity Epon 828 was used. Tonox 40/60
was selected over MPDA because the former is less
reactive.

To reduce the difficulty of processing, a mixed
rubber/epoxy system, which has a low viscosity, was
made. One part of a nitrile rubber with two parts of a



TABLE I Izod impact strength of nitrile rubber-modified epoxy resins

Epoxy resins Rubber content

Curing agent

Stoichiometric Izod impact

(%) ratio {ft b in~1)
Epon 834 0 MPDA 1:1 1.79
Epon 834 7% Hycar 1042 MPDA 1:1 1.01
Epon 834 7% CTBN MPDA 1:1 1.10
Epon 834 10% Hycar 1042 MPDA 1:1 0.75
Epon 828 0 Tonox 40/60 1:1 091
Epon 828 10% Hycar 1042 Tonox 40/60 1:1 0.65
Epon 828 15% Hycar 1042 Tonox 40/60 1:1 0.70

a1ftlbin~'=53.38%10"3 Jmm™!

polybutadiene rubber were found to control success-
fully the morphology of the rubber-modified epoxy.
Table II presents such a mixed rubber/epoxy system.
For comparison, the same mixed rubber compositions
were used in the phenoxy system, Table ITIL.

The compositional quenching process, as shown in
Fig. 2, was used to incorporate elastomers into epoxy
and phenoxy resins. In the epoxy system, a nitrile
rubber (or a mixture of one part of nitrile rubber and
two parts of PB rubber) and an epoxy resin were
dissolved in a common solvent (THF ), by mechanical
mixing. This solution was then heated to 260°C
and pressurized to 500-1000 psi. (103 p.s.i
=6.89 Nmm~2) to prevent boiling in the heat
exchanger. THF was removed when this solution
entered the flash chamber which was maintained at
5 torr (6.665x10% Pa). The temperature was about
210°C before entering the flash chamber. The final
blend was a single-phase mixture of Hycar 1042 and
epoxy. For the mixed elastomer systems, a two-phase
mixture was obtained. For the case of phenoxy,
the mixed elastomers and the phenoxy resin were
dissolved in a solvent consisting of 40% toluene and
60% THF. The operating conditions were exactly the
same as in the epoxy system. The final blend was an
opaque, two-phase mixture. The total polymer con-
centrations of the solutions prior to the flash were
10% and 4% for the epoxy and phenoxy systems,
respectively.

2.3. Fabrication of the specimen

For thorough cross-linking, the hydrogens of the
primary and secondary amines should be matched 1:1
with the epoxy group. The amounts of the curing
agent and epoxy resin needed in order to obtain the
1:1 stoichiometric quantity are calculated as follows
from Equation 1.

Molecular weight of amine x epoxy equivalent weight (EEW) _ Parts by weight of amine to be used

TABLE II Compositions of the mixed rubber/Epon 828 system

Sample Rubber content (%) Composition (wt %)
NR/PB/Epon 828

1 0 0/0/100

2 5 1.67/3.33/95

3 10 3.33/6.67/90

4 15 5/10/85

5 20 6.67/13.33/80

TABLE [III Compositions of the mixed rubber/phenoxy

(PKHH)* system

Sample Rubber content (%) Composition (wt %)
NR/PB/PKHH

1 0 0/0/100

2 10 3.33/6.67/9

3 15 5/10/85

4 10 6.67/13.33/80

5 25 8.33/16.67/75

3. The curing schedules were 2 h at 80°C, 4 h at
150 °C for aromatic amines; 4 h at 40°C and 12 h at
65 °C for aliphatic amine.

4. On completion of the cure cycle, the heater was
switched off and the mould was allowed to cool slowly
to minimize residual stress

5. Specimens were machined to specific dimensions
for tensile and Izod impact tests.

The heating and cooling rates were 10 and
1°C min ™!, respectively.

The phenoxy resin was dried (6 h in vacuum at
70 °C) and then stored in a container with desiccant
before processing. MDI was stored in a freezer
( — 20°C) to prevent dimerization of isocyanate.

No. of available hydrogens per molecule x 100

The following general method was used for curing
both solid and liquid rubber/epoxy systems.

1. The stoichiometric amount of a primary curing
agent was mixed into the rubber/epoxy blend, using
a high shear stirrer under vacuum. If necessary, this
blend was heated to lower the viscosity.

2. This mixture was poured into an aluminium
mould treated with a silicone release agent.

1
with 100 parts by weight of epoxy )

All phenoxy samples without MDI were fabricated
into tensile and Izod specimens using an air-operated
Mini-Jector, an injection moulding machine (New-
bury Industries, Inc). The temperature and pressure
conditions maintained were 270°C and 5000 p.s.i,
respectively.

Phenoxy/MDI cross-linked systems were manufac-
tured using a male-female compression mould. Mould-
ing conditions were 2000 p.s.i. at 180°C for 10 min
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Figure 2 Compositional quenching apparatus.

followed by cooling to 60 °C in the mould. The speci-
mens were machined to the same dimensions as the
ones made by injection moulding.

The gauge dimensions of the tensile specimens for the
epoxy and phenoxy systems were 2.5in x 0.5in x 0.125
in and 0.5inx0.125inx0.125in (6.35 c¢cm x 1.27 cm
x 0.318 cm and 1.27 cm x 0.318 cm x 0.318 cm), respec-
tively. The strain rate was 0.004 min~"! for the tensile
test. Owing to the limitation imposed by injection
moulding conditions, smaller tensile specimens were
used in the phenoxy system. The Izod impact speci-
mens were 2.5inx0.5inx0.1251in (6.35cm x 1.27 cm
x 0.318 cm) for both systems.

3. Results

3.1. Nitrile rubber-modified epoxies

Nitrile rubber with 31% acrylonitrile content has been
found to be compatible with liquid epoxies. Owing to
the high viscosity of this single-phase mixture, mixing
of the curing agent and degassing had to be conducted
at an elevated temperature (typically, 60-90°C). At
such high temperatures, aliphatic amines caused the
material to gel before mixing and degassing were
completed. Instead, the less reactive aromatic amines
(MPDA and Tonox 40/60) were used as curing agents.

During the cure, the nitrile rubber precipitates in
the form of spherical rubber domains dispersed in
the epoxy matrix. Phase separation is caused by both
the increase in molecular weight of the epoxy and the
generation of hydroxyl groups along the backbones of
the chain. These hydroxyl groups reduce the compat-
ibility of the epoxy with the rubber [22].

Table I summarizes the results of experiments
undertaken with a view towards exploring the tough-
ness of nitrile rubber-modified epoxies. The impact
strength of rubber-modified epoxy resins is less than
that of the control samples. Comparison of Hycar
1042/epoxy/MPDA and reactive liquid CTBN/epoxy/
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MPDA systems shows the difference in impact
strength is insignificant. This observation indicates
that chemical bonding does not play a significant role
in toughening epoxies. The discussion of the import-
ance of interfacial bonding for different inclusions can
be found in the literature [9].

Figs 3-5 are SEM fractographs of impact test speci-
mens. Even though morphologies may be varied with
different systems, the average rubber particle size is
about a micrometre or less. No debonding between
the rubber and the epoxy matrix has been observed.

3.2. Mixed rubber/epoxy/DETA system

Table II presents the compositions of the mixed
rubber—epoxy systems that were studied. The effect of
the mixed rubber content on the impact strength of
the DETA-cured epoxy is shown in Fig. 6. The Izod
impact strength is seen to decrease as the rubber
content increases. Fig. 7 demonstrates that as the
rubber content increases, the yield strength and modu-
lus also decrease.

SEM fractographs of the mixed rubber/epoxy sys-
tems are shown in Figs 8 and 9. Most rubber
particles are of submicrometre size and are well dis-
tributed through the matrix. An improper ratio of
nitrile rubber to polybutadiene rubber results in a
poor morphology as shown in Fig. 10. The large
rubber particles may have resulted from the agglom-
eration of polybutadiene.

In the rigid three-dimensional network of primary
amine-cured epoxies, the rubber inclusions act as
stress concentrators. Instead of microshear band
formation, microcracks initiate from the rubber par-
ticles. In the absence of matrix yielding, these micro-
cracks accelerate the crack propagation and result in
poorer tensile and impact properties.



Figure 4 Fracture surface of nitrile rubber-modified epoxy resin.

Figure 5 Fracture surface of nitrile rubber-modified epoxy resin.

3.3. Mixed rubber/phenoxy system

The load-displacement diagram of pure phenoxy is
presented in Fig. 11. Shear yielding (necking) starts
from an internal flaw or surface defect and extends
throughout the whole gauge section. Unstable crack
growth from such defects result in a scatter in the
ultimate strains from 10% to 50%.

1zod (ft Ibf in™h

00 i 1 1 1 i
0 10 20 30

Rubber content {9)

Figure 6 Impact strength of mixed rubber-epoxy system.
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Figure 7 Tensile behaviour of mixed rubber-epoxy system.

Figure 8 Fracture surface of mixed rubber-epoxy system.

Load—displacement curves of 10%, 15%, 20% and
25% rubber-modified phenoxy are presented in
Fig. 12. At low stress or strain states, all the materials
follow Hooke’s law. Stress whitening and shear yield-
ing occur when the stress reaches the upper yield
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Figure 10 Fracture surface of mixed rubber-epoxy system with
excess polybutadiene.

stress. Extensive matrix yielding and molecular ori-
entation during the yield process resuits in a substan-
tially increased yield strain and ultimate strength for
the 10% rubber/phenoxy system. As the rubber con-
centration increases, the average interparticle distance
decreases. This reduced distance results in stress field
interactions among the rubber particles. These inter-
actions promote yielding and reduce the modulus,
yield strength and failure strain. The magnitude and
the percentage change of these properties as a function
of rubber content are shown in Figs 13-15.

With the addition of rubber, microshear bands initi-
ate from rubber inclusions and this results in uniform
matrix yielding throughout the specimen. Figure 16
schematically illustrates the fracture development pro-
cesses for neat and rubber-modified phenoxy resins.
Rubber inclusions may act as crack arrestors thus
preventing catastrophic failure.

The effect of rubber content on the impact tough-
ness of phenoxy resins is shown in Fig, 17. The tough-
ening effect of the rubber inclusions increases initially
very rapidly with increasing rubber concentration.
The impact strength of the modified phenoxy reaches
a maximum, and then begins to decrease with further
a increase in rubber content. The initial increase in
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Figure 13 Tensile modulus of rubber-modified phenoxy systems.
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Figure 14 Yield strength of rubber-modified phenoxy systems.



impact toughness with increasing rubber content is
due to the presence of more rubber particles which act
as nucleation sites for matrix yielding. However, be-
yond a certain rubber content (in this case 20%), the
decrease in impact toughness with increasing rubber
content is closely related to the morphology of the
sample. At high concentrations, the rubber particles
begin to agglomerate, thus decreasing the effective
surface area density. At the same time, the interparticle
distance is reduced and hence the effective volume of
the matrix which undergoes yielding is reduced.

3.4. Effect of cross-link density on the
rubber-modified phenoxy resins

Hydroxyl groups attached to the backbone of the

phenoxy resin provide the cross-linking sites. Methyl-

ene diisocyanate which has difunctional isocyanate
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Figure 15 Ultimate strength of rubber-modified phenoxy systems.

groups was selected to cross-link the 10% rubber-
modified phenoxy samples. Table IV shows the theor-
etical M, (molecular weight between cross-links) of
different weight ratios of MDI/phenoxy. The equival-
ent isocyanate weight of MDI is 125 and the equival-
ent hydroxy weight of phenoxy is 284.

The effect of the MDI concentration on the impact
strength of rubber-modified phenoxy resin is shown in
Fig. 18. For comparison purposes, the 0% and 5.5%
MDI-cross-linked pure phenoxy points are also in-
cluded. The results indicate that even with small
amounts of MDI, the impact strength drops substan-
tially. Only at MDI concentrations below 2% is a
sharp upturn in impact strength seen. Figs 19 and 20
are the SEM fractographs of the 11% and 1.375%
MDI samples, respectively. The brittle fracture surface
of 11% MDI sample and the limited plastic deforma-
tion of the 1.375% MDI sample result in low impact
toughness. Figs 21 and 22 present the fracture surface
of the 10% and 20% rubber-modified specimens with-
out MDI. Extensive plastic deformation around the
rubber particles accounts for the high impact strength
of rubber-modified phenoxy resins. The transition
from brittle to extensive plastic deformation is clearly
revealed.

To study the homogeneity of MDI in the phenoxy
resin, polarized light microscopy was used to study
MDI-cured samples. Such samples were microtomed
to approximately a 5pum thickness and placed be-
tween two glass plates. Figure 23 shows a micrograph
of the 5.5% MDI-cured 10% rubber/phenoxy speci-
men. It shows that the sample is well-mixed and no
cluster of MDI crystals are seen to diffract the polar-
ized light.

\

Pure
phenoxy Gauge Localized Extention Failure
T portion yielding of yielding
Rubber -modified . ]
phenoxy
Gauge Uniform Ductile
portion yielding failure

Figure 16 Fracture processes of neat and rubber-modified phenoxy.
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TABLE 1V Theoretical M, of different MDI/phenoxy ratio

Phenoxy (parts) MDI (parts) M,
100 44 284
100 22 568
100 11 1136
100 55 2272
100 2.75 4544
100 1.375 9088
20
-IT 15F 1
R
2 10t -
T -
~N
.T !
0 1 - L . L
0 10 20 30 40
Rubber (%)

Figure 17 Impact strength of rubber-modified phenoxy systems.
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Figure 18 Impact strength of crosslinked rubber-modified phenoxy.

4. Discussion and conclusions
To understand the toughening mechanisms of thermo-
sets, two model materials (an epoxy resin and a phen-
oxy resin) were systematically studied. Epoxy resins
cured with primary amines form a tight, three-dimen-
sional network. Segmental movement is severely re-
stricted by the chemical linkages. Phenoxy resins have
a structure similar to epoxy resins but are thermo-
plastic. To control the morphology of the rubber-
modified epoxy and phenoxy resins, a nitrile rubber or
a mixture of nitrile rubber and polybutadiene rubber
was incorporated into the matrix by the composi-
tional quenching process. The average rubber particle
size was a few micrometres or less. Primary amines
were used to cure the epoxy resins. Methylene diiso-
cyanate was selected to cross-link the phenoxy resins.
Tensile tests provide information about a material’s
response to a unidirectional load at a low strain rate.
Molecules can adjust their conformation to the stress
field and undergo plastic deformation when the load
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Figure 19 Fracture structure of cross-linked, rubber modified
phenoxy, 11% MDI.

Figure 20 Fracture surface of crosslinked,
phenoxy, 1.4% MDIL

rubber modified

Figure 21 Fracture surface of uncrosslinked 10% rubber-modified
phenoxy

exceeds the yield strength of the material. Both pure
epoxy and rubber-modified epoxy show little plastic
deformation due to their tight network. Pure phenoxy
shows some shear deformation. Yielding starts from
internal flaws or surface defects and extends through-
out the material. However, unstable crack growth
results in a scatter in the data of the yield strain from
10-50%. Rubber inclusions in phenoxy resin provide



Figure 22 Fracture surface of uncrosslinked 20% rubber-modified
phenoxy

Figure 23 Transmission micrograph of MDI-cured phenoxy

multiple yielding sites on loading. If microshear bands
form uniformly throughout the specimen, the matrix
undergoes extensive plastic deformation and yield
strains as high as 200% can be achieved.

An Tzod impact test is perhaps the most severe test
to examine the toughness of materials. A hammer is
driven at a high strain rate into a notched sample. A
systematic study of the effect of molecular mobility on
impact toughness has been undertaken using MDI to
cross-link phenoxy resins. At a fixed rubber content,
the addition of MDI reduces the mobility of the
phenoxy resin. The results indicate that only a few per
cent of MDI is enough to restrict severely the plastic
deformation with attendant Jlosses in the impact
toughness. Thus, the impact toughness decreases to
the level of an epoxy system. This phenomenon has
been observed in Nylon-6 systems which have been
anionically polymerized with trifunctional activators
[23]. A 50% reduction in Izod impact strength was
observed when using 0.3 mol % triallyisocyanurate as
the cross-linking agent. It also confirms that energy
absorption by the rubber particles is negligible. If the
molecules are flexible in response to impact, rubber
inclusions provide multiple sites to initiate plastic
deformation. Multiple microshear bands throughout

the specimen account for the substantial increase in
impact toughness.

The SEM observations provide a wealth of in-
formation and serve as a valuable complement to
the mechanical characterization results. Photomicro-
graphs of the fracture surface reveal rubber particle
size and distribution details as well as details of the
ability of the matrix to yield. The rubber particle size is
approximately the same in both epoxy and phenoxy
systems. However, the SEM fractographs show that
the fracture surfaces of rubber-modified phenoxy are
very rough. On the other hand, the fracture surfaces
of both epoxy and cross-linked phenoxy show little
matrix yielding. These SEM observations confirm the
loss of impact strength in the thermoset system despite
the addition of rubber.

The epoxy material has a very tight three-dimen-
sional network and this results in a significant restric-
tion in the amount of plastic deformation. For pure
epoxies, the crack grows through the specimen by
breaking chemical bonds. When the rubber-modified
epoxies are subject to loads (tensile or impact), the
rubber particles act as stress concentrators and initiate
multiple microcracks around inclusions. Cracks
nucleate and grow around the inclusions. Either
micrometre or submicrometre size rubber particles are
too large for the tight network structure. Thus, the
change in crack growth path in the rubber-modified
systems cannot compensate for the loss of the energy
to break the chemical bonds of the pure epoxies.

Phenoxy resins provide a flexible matrix to study
the rubber-toughening mechanisms. The addition of
rubber into the phenoxy resin shows a profound effect
on both the tensile and impact toughness. The rubber
inclusions act as multiple shear yield-initiating sites,
thus, permitting higher loads to be carried. Therefore,
both ultimate tensile strength and impact strength
are improved significantly. With the addition of cross-
linking agents to the originally tough matrix, the
molecules lose their mobility, and results similar to
rubber-modified epoxies have been observed.

In conclusion, only bulk properties of rubber-modi-
fied plastics were investigated in this study. The rub-
ber inclusion can be either a toughness modifier or a
defect depending on the properties of the matrix. This
study does not exclude the possibility of the applica-
tion of rubber-modified thermosets in fibre-reinforced
composites and as adhesives in which toughening
mechanisms are different. When fracture occurs in the
fibre-reinforced composites, debonding at the fibre/
matrix interface and deformation in the matrix absorb
the fracture energy and arrest crack propagation [24].
If the rubber-modified epoxies can promote the adhe-
sion between the fibre and the matrix, the toughness of
fibre-reinforced composites may be improved.

References

1. E.B. NAUMAN, US Pat. No. 4594 371 (1986).

2. N.P.BALSARAand E. B. NAUMAN, Proc. ACS Div. Polym.
Mater. 57 (1987) 637.

3. E.B.NAUMANand N. P, BALSARA, Fluid Phase Equilibria
45 (1988) 558.

6589



4.

11
12.

13.

14.

15.

16.

M. V. ARIYAPADI, J. HAUS and E. B. NAUMAN, Proc.
ACS Div. Polym. Mater. 61 (1989) 940.

M. V. ARIYAPADI and E. B. NAUMAN, Polymer Preprint
30 (1989) 92.

E. B. NAUMAN et al., Chem. Engng Commun. 66 (1988) 29.
J. FURNO and E. B. NAUMAN, Polymer, submitted.

S. TIRREL, MS thesis, Rensselaer Polytechnic Institute, Troy,
NY (1988).

S. H. LIU and E. B. NAUMAN, J. Mater. Sci.

C.B. BUCKNALL,in “Toughened Plastics” (Applied Science,
London, 1977) p. 183.

T.S. CHOW, J. Mater. Sci. 15 (1980) 1873.

J.N. SULTAN and F. J. McGARRY, Polym. Engng Sci. 13
(1973) 29.

C.K.RIEW,E. H. ROWE and A. R. SIBERT, in “Toughness
and Brittleness of Plastics”, Advances in Chemistry Series
no. 154 (ACS Washington, DC, 1976).

G. E. MYERS and J. R. DAGON, J. Polym. Sci. A2 (1964)
2631.

N. H. REINKING, A. E. BARNABEO and W. F. HALE,
J. Appl. Polym. Sci. 7 (1963) 2135.

Idem., ibid. 7 (1963) 2145.

6590

17.

19.

20.

21.

22.

23.

24.

W. F. HALE, in “Encyclopedia of Polymer Engineering and
Science”, Vol. 10 (Wiley, New York, 1968) p. 111.

G. LUBIN (ed.) “Handbook of Composites” (Van Nostrand
Reinhold, New York, 1982) p. 65.

J. 1. KROSCHWITZ (ed.) in “Encyclopedia of Polymer
Science and Engineering”, Vol. 6 (Wiley, New York, 1986)
p. 345.

Polysar Taktene 1202 Manual, Polysar Limited, Sarnia,
Ontario, Canada.

A. H. JORGENSEN, L. A. CHANDLER and E. A. COL-
LINS, Rubber Chem. Technol. 46 (1973) 1087.

C.B. BUCKNALL and I. K. PARTRIDGE, Polymer Engng
Sci. 26 (1986) 54.

R. A. JERRY, MSc thesis, Rensselaer Polytechnic Institute,
Troy, NY (1987) p. 108.

R.J. DIEFENDORF and E. TOKARSKY, Polym. Engng Sci.
15 (1975) 150.

Received 27 October 1989
and accepted 24 April 1990



