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The fracture energies of elastomer-modified epoxy polymers have been determined over

a range of strain rates from 1072 to 10° sec™

. The modifiers included a liquid carboxy-

terminated butadiene acrylonitrile and a solid rubber. They were used alone and also in
combination. In all cases, the modifiers increased the toughness of the base resin by
orders of magnitude and one combination of liquid and solid rubber increased toughness
by 60 times. There was a general decrease in fracture energy with increasing strain rate but
even during impact testing the modified epoxys were 10 to 20 times tougher than the base
polymer. Scanning electron microscopy revealed that, when combined with the liquid
rubber, the solid rubber induced a localized shear yielding.

1. Introduction

The effect of elastomeric modifiers on the fracture
behaviour of epoxy polymers has been described
by McGarry et ol [1, 2], Siebert er al. [3-5],
Bascom et al [6—8] and others [9, 10]. These
workers have investigated epoxy resins modified
with liquid carboxy-terminated butadiene acryloni-
triles (CTBN) in which the CTBN co-polymerizes
with the epoxy prior to gelation to form a dis-
persed phase of particles having diameters of a
few micrometres or less. These particles enhance
the toughness of the unmodified epoxy by orders
of magnitude by mechanisms that involve triaxial
dilation of the particles in the plane-strain stress
field at a crack tip [2, 6—8], plastic flow of the
epoxy matrix [11] and elongation of the par-
ticles [11,12].

Riew er al. [5] have shown that a bimodal
distribution of particle sizes enhances epoxy
polymer toughness more than a mono-dispersed
formulation. Some commercial elastomer—epoxy

*Present address: Hercules Inc., Bacchus, Utah 84044, USA.

formulations utilize both a liquid CTBN and a
solid rubber in an effort to achieve a multi-modal
distribution of particle sizes and greater toughness.
In the study reported here, a commercial epoxy
resin formulation, Hexcel F-185 (Hexcel Corp.
Dublin, CA), which contains both liquid and solid
elastomeric additives is examined to determine
the effect of these additives on the fracture
behaviour of an epoxy polymer.,

2. Experimental procedure

The composition of the epoxy resin without
elastomeric modifiers is given in Table I. The four
polymer compositions which were fracture tested
are listed in Table II and include the unmodified
base epoxy and the base epoxy modified with a
liquid CTBN (HYCAR® 1300 x 13, B. F. Goodrich
Chemical Co., Cleveland, OH) or a solid rubber
(HYCAR® 1472) or both. The solid rubber was
pre-cooked with the epoxy resin components of
Table I by heating in methylethyl ketone solution.
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TABLE I Composition of the base epoxy resin (205)

TABLE II Elastomer content of test resins

Solid rubber®

Component Approximate  Composition  Liquid CTBN?
weight % number (HYCAR® 1300 x 13) (HYCAR® 1472)
Epoxides 73 205° None None
(diglycidyl ether of bisphenol A) 206 8.1 wt% None
(epoxidized novolac, epox. eq. 207 8.1 wt% 1.0
wt. 165) 210 None 8.1
Diphenols 20 185 8.1 wi% 5.4
(bisphenol-A) a -
(tetrabromobisphenol-A) b Average molecular Wel.ght of 3500.
Catalysts 7 . Average molecular weight of 260 000.
(dicyandiamide) Base epoxy.

(substituted urea)

The resins were cast and cured into plates
approximately 15 cm by 10 cm by 0.6 cm at 82 to
88° C for 4 to 8h and then at 121° C for 1 h.
Most of the fracture tests were conducted using
compact tension (CT) specimens [13] cut from
the cast plates. The CT specimen geometry is
shown in Fig. 1 and the equation used to calculate
the fracture energy (?Ic, strain energy release
rate) is

)

where P, is the failure load, F is the bending mod-
ulus, Y is a geometry factor given by

Y = 29.6 — 186 a/W + 656 (a/W)?
— 1017 (a/W)® + 639 (a/W)*  (2)
and a, b and W are the crack length and specimen
|
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Figure 1 Compact tension test specimen.

w
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dimensions as shown in Fig. 1. Precracks were
made in the elastomer—epoxy composition speci-
mens by notching the end of the saw cut with a
razor blade. Specimens of the unmodified epoxy
were too brittle to use this notching method and
so it was necessary to machine a dove-tail at the end
of the saw-cut and tap the edge of the dove-tail with
a sharp blade to initiate a starter crack. The CT
specimens were tested for & at 25 ° C and various
loading rates using a mechanical test machine
(Instron Corp.). The bending modulus, £, was
determined using the three-point bending method.

Fracture tests at strain rates considerably higher
than can be attained with a conventional mechani-
cal machine were carried out using the standard
Izod impact test method. Specimens measuring
5.5cm x 1.0 ecm x 1.0 cm were centre notched and
a razor cut was made at the base of the notch.
This razor cut avoids the ambiguities associated
with “blunt” notch and also the data scatter was
considerably reduced [14]. The impact load and
the impact energy were recorded simultaneously
as functions of impact time. The load was found
to increase linearly with impact time until fracture
which allows the use of linear elastic fracture
mechanics for data analysis [15]}. The impact
energy data were converted to &'; using the
method of Plati and Williams {16]. Plots were
made of impact energy against specimen cross-
sectional area (Fig. 2), the slopes of which give
the fracture energy directly. The net cross-sectional
areas of the specimens were varied by varying the
notch depth.

Post-failure examinations of the specimens
were made using scanning electron microscopy
(SEM).

3. Resuits
The fracture energies obtained over a range of
loading rates for the four epoxy and epoxy—
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Figure 2 Impact energy against specimen cross-sectional
area.

elastomer compositions listed in Table II are
plotted in Fig. 3. Four aspects of Fig. 3 should
be noted: (a) elastomer additives, both liquid and
solid, increase the fracture energy of the epoxy
by orders of magnitude at all strain rates; (b) used
alone, the liquid CTBN and the solid rubber have
about the same effect on toughness; (c) when
both elastomeric additives are present the fracture
energy is increased further by a factor of as much
as two times; and (d) all elastomer—epoxy compo-
sitions show a general decrease in fracture energy
with increasing strain rate but there was no strain
rate effect evident for the base epoxy polymer.
Associated with the high toughness of the
elastomer—epoxy compositions is the develop-
ment of a stress whitening at the crack tip prior
to fracture. On the other hand, the base, unmodi-
fied epoxy specimens showed no visible evidence
of stress whitening. The extent of stress whitening
increased with increasing toughness. In a pre-
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Figure 3 Fracture energy against strain rate. ¢, 205; o,
206;X,207;5,210;0, 185.

liminary report of this work [17], it was shown
that the extent of stress whitening and toughness
increased as the weight per cent of the solid rubber
was increased (at a fixed concentration of the
liquid CTBN of 8.1 wt%). Specimens of the 185
compositions showed the largest area of stress
whitening. In Fig. 4 specimens of the 185 compo-
sitions that had been tested at different strain rates
are shown and it is evident that the stress whiten-
ing decreases significantly as the strain rate is
increased and, in fact, the impact specimen shows

no evidence of stress whitening.
The fracture specimens were given a detailed,

post failure SEM examination. Fig. 5a is an SEM
view of the unmodified epoxy specimen at the
boundary between the pre-crack (LHS) and the
region of stow crack growth (RHS) as the fracture
initiated. The region of slow growth shows con-
siderable plastic deformation of the epoxy poly-
mer. Further to the right, where the crack was
moving very rapidly, the surface was smooth
which indicates much less yielding of the material.
A stress-whitened region of the specimen contain-
ing only the liquid CTBN additive (composition
206) showed evidence of massive shear yielding
as shown in Fig. 5b at low magnification and at
high magnification small holes are evident (Fig.
5c¢ and d) having diameters of a few tenths of
a micrometre.

SEM examination of the stress-whitened region
of the specimens containing both elastomeric
additives (composition 185) revealed two charac-
teristic features. At low magnification, as shown
in Fig. 6a, there is localized shear yielding that
appears to be associated with holes a few mi-
crometres in diameter. At high magnification
(Fig. 6b), small holes are observed similar to those
seen in the stress-whitened regions of the specimen
containing only the liquid CTBN (Fig. 5¢ and d).

The preceding SEM observations were made on
specimens tested at the lowest strain rate (~ 10 72
sec ). At increasing strain rate there was a gradual
diminishing of the severity of the deformation.
This change can be seen by comparing Fig. 7a
with Fig. 5d. Although the small holes are still
evident on the fracture surface of the impact speci-
men (Fig. 7a) they are shallower and less distinct
than on the specimen tested at the low strain rate
(Fig. 5). Similarly, the localized shear yielding and
the associated holes are still evident on the impact
specimen of the 185 composition material (Fig.
7b) but the degree of yielding is clearly reduced
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compared to that of the specimen tested at a low
strain rate (e.g. Fig. 6a).

When the solid rubber is present at a low con-
centration, e.g. 1wt% instead of 5.4 wt%, the
extent of micro-yielding is reduced. This can be
seen by comparing Fig. 8 with Fig. 6a and noting
that there is a difference in magnification of 5x.
Although there are regions of localized shear yield-
ing evident in Fig. 8, it is not as extensive as in

Figure 4 Decrease in stress-whitened
area with increasing strain rate. Strain
rate increases from left to right.

Fig. 6a. Also, on the fracture surfaces of the 206
composition (no solid rubber), occasional regions
of local yielding could be observed, associated
with large inclusions, as shown in Fig. 5b. These
inclusions are most likely to be unreacted dicyana-
mide or other constituents or impurities that did
not become fully dissolved or blended.

Finally, the fractography of the specimens
containing only the solid rubber revealed neither

Figure 5 SEM photomicrographs of the crack tip deformation zone for the base epoxy (a) and the stress-whitened zone
on 206 composition fracture specimens (b to d, 2.0 X 10 cm sec ™).
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Figure 6 SEM photograph of the stress-whitened zone on 185 composition fracture specimens (2.0 X 10 % cm sec ™).

the small holes evident on the specimens contain-
ing only the liquid rubber nor the massive localized
yielding evident on the specimens containing the
liquid rubber plus 5.4 wt% solid rubber. Instead,
there was considerable multi-level cracking indica-
tive of crack branching.

4. Discussion

The magnitudes of the increases in fracture tough-
ness of the epoxy by the liquid and solid elasto-
meric modifiers are consistent with the results
already in the literature. By itself the liquid CTBN
increased toughness by 30 times which is similar to
the results reported for this elastomer at a concen-
tration of approximately 10 wi% [6]. In combi-
nation with the solid rubber the toughness was
increased further by a factor of 2 times at the
lowest testing rate and this is consitent with the
result of Riew er al [5] for an epoxy—CTBN
composition having a bimodal distribution of
particle sizes. Indeed, at low strain-rate testing,

the contribution of the two types of modifiers
appears to be additive. At these low rates, the
F-185 composition has a toughness which exceeds
most thermoplastic polymers [18] with only a
modest (20%) decrease in modulus from that of
the unmodified epoxy. Using the liquid CTBN
alone, the toughness of the epoxy is as high as
that of polysulphone [19].

- The effect of increasing strain rate on ?Ic was
a modest but discernable decrease in fracture
energy for all of the elastomer-modified compo-
sitions. The exception to this general statement
is the very large decrease SZIC exhibited by the
F-185 composition when tested at 8.5 x 1072 ¢cm
sec ™' compared to the value obtained at 2.0 x
107 cmsec™. Admittedly, this sharp decline
in toughness depends heavily on the datum point
taken at the lower strain rate but this decrease
in toughness over a surprisingly short range of
strain rates is believed to be real especially since
the low strain rate toughness value is easily repeat-

Figure 7 SEM photographs of the deformation on 185 composition impact test specimens.
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able. Nonetheless, it is clear that with increasing
strain rate the additional toughness attained by
adding the solid elastomer is very significantly
reduced.

The general decrease in toughness with increas-
ing loading rate is consistent with a decreasing
capacity for viscoelastic and plastic deformation
which polymers exhibit with increasing strain
rate. However, it is interesting that even over ten
decades of time the decline in toughness is rela-
tively modest, e.g. about 50% for the composition
containing 8 wt% of the liquid CTBN.

Post-failure examinations of the specimens
containing only the liquid rubber revealed holes
slightly larger than the original particle size and
yielding of the matrix resin around the particles.
The same features have been observed in other
studies of the fracture of CTBN modified epoxies
and are generally attributed to the dilatational
deformation of the elastomer particle and the
shear yielding of the surrounding matrix. When
the solid elastomer is included in the formulation
along with the liquid CTBN another deformation
mechanism appears to come into operation. Fig.
6a, for example, shows the fracture surface of the
F-185 composition having 5% of the solid rubber
and the scallop-like features around relative large
holes. It would appear that the large particles
have induced localized shear yielding and that
this yielding is facilitated by the presence of the
smaller elastomer particles. This additional defor-
mation could explain the high toughness of the
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Figure 8 SEM photograph of the
stress-whitened region on 206
composition fracture specimen
(2.0 X102 cmsec™) showing
local shear yield around adven-
titious inclusions.

modified epoxy containing both liquid and solid
rubber.

However, careful scrutiny of the fracture sur-
face of the F-185 composition failed to reveal
any evidence for a particle associated with the
solid rubber additive. Presumably, these large
particles are in some way connected with the
large holes seen in Fig. 6 and it is conceivable that
the particle underwent such a severe dilational
deformation that it is no longer recognizable as
a particle or that it was completely ejected out of
and away from the fracture surface. Neither of
these explanations is especially convincing. Care-
ful examination of the fast crack region of the
F-185 fracture specimen beyond the stress-whiten-
ing region revealed only an occasional particle a
few tens of micrometres in diameter but not in
sufficient numbers that would correspond to a
5% solid rubber content.

When the solid rubber was present at a 1 wi%
level, the fracture surface again showed regions
of massive localized yielding again associated with
a hole. The extent of this deformation was much
reduced compared to the composition containing
5 wt% of solid rubber and the fracture toughness
was correspondingly lower.

The fracture surfaces of the 210 composition
which contained only the solid rubber showed
none of the above mentioned fracture markings.
There was evidence of large particles but no
distinct localized deformation associated with
these particles. There had been considerable



yielding of the epoxy matrix but this was rather
randomly distributed throughout the stress-
whitened region. It is possible that when the solid
rubber is formulated into the epoxy that a certain
portion is dispersed either as a more or less homo-
geneous blend or as extremely small particles of
the order of 50nm. The presence of this finely
dispersed phase could be responsible for the
toughening action of the solid elastomer. Sayre
et gl. [20] have presented evidence that in epoxies
modified with liquid CTBN elastomers, in addition
to particles of a few tenths of a micrometre, the
rubber is also present as a finely dispersed phase
of particles having diameters of the order of
50 nm.

All of these fractography features were most
evident on the specimens tested at the lowest
strain rate. As the strain rate was increased there
were no changes in the type of surface markings
but there was a gradual decrease in the extent of
deformation. There was also a systematic decrease
in the length of the stress-whitened zone (Fig. 4).
However, the fact that the impact specimen of
the F-185 composition showed no stress whitening
is somewhat deceiving. Examination of this sur-
face using SEM revealed localized yielding similar
in appearance to that observed on the specimen
tested at low strain rates but diminished in the
extent of yielding that had taken place. The fact
that no stress whitening was observed on the
impact specimen indicates that the layer of defor-
mation was too thin to produce any detectable
light scattering.

5. Conclusions
It has been shown that the modification of an
epoxy resin by both a liquid and a solid elastomer
improves the toughness of the base epoxy to a
greater extent than when either modifier is used
alone. This enhanced toughness was observed
over a wide range of strain rates (including impact
testing) and that the effect of adding the solid
rubber was greatest at the lowest strain rate of
2.0x103cmsec™. All of the rubber-modified
epoxy compositions showed a systematic decrease
in fracture energy with increasing strain rate but
even at impact testing the fracture energies were
10 to 20 times greater than the unmodified epoxy.
Post-failure examination of the fracture speci-
mens using SEM indicated that the liquid elasto-
meric additive had formed particles 0.3 to 0.5 um
in diameter. In the crack tip deformation zone

these particles undergo dilatational deformation
and induce shear yielding in the surrounding
matrix. These are the two deformational mech-
anisms generally accepted as being responsible for
inducing toughness in elastomer-modified epoxy
polymers. The introduction of the solid rubber
introduces a new deformational mechanism which
appears to involve a local shear yielding of the
epoxy induced by particles having diameters of
2 to 4 um. The evidence for these larger particles
are holes in the fracture surface from which the
localized shear yielding appears to have emanated.
The actual large particles themselves could not
be found even after extensive SEM examination.

When the epoxy resin was modified with the
solid rubber elastomer alone, the fracture energy
was almost as high as when the liquid elastomer
was used. However, the mechanism of the toughen-
ing action when the solid elastomer was the only
modifier, is not clear. Post-failure SEM examina-
tion showed the presence of large (2 to 5 um)
particles but there was no specific localized yield-
ing associated with these particles. Instead, there
had been a random shear yielding of the epoxy
matrix.
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