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Toughening mechanisms in elastomer-modified

epoxies
Part 2 Microscopy studies

R. A. PEARSON*, A. F. YEE?

Polymer Physics and Engineering Branch, Corporate Research and Development,
General Electric Company, Schenectady, New York 12301, USA

The toughening mechanisms of elastomer-modified epoxies are examined by scanning elec-
tron microscopy, transmission electron microscopy, and optical microscopy. DGEBA epoxies
toughened by various levels of several types of carboxyl terminated copolymers of buta-
diene--acrylonitrile (CTBN) liquid rubber are studied. The materials are deformed in uniaxial
tension and in three-point bending with an edge notch. Scanning electron microscopy of frac-
ture surfaces indicate cavitation of the rubber particles to be a major deformation mechanism.
Particle—particle interaction is also found. Optical microscopy of thin sections perpendicular to
the fracture surface shows that the cavitated particles generate shear bands. The toughening
effect is hypothesized to be due to cavitation, which relieves the triaxial tension at the crack
tip, and shear band formation, which creates a large plastic zone.

1. Introduction

In a previous paper [!] two epoxide resin systems
toughened with CTBN elastomers (carboxyl ter-
minated copolymers of butadiene—acrylonitrile) were
studied. Uniaxial tensile dilatometry was employed to
elucidate the toughening mechanisms. The tensile
dilatometry results indicate that the rubber particles
enhance shear flow at low strain rates and promote
cavitation when tested at high strain rates. Both mech-
anisms facilitate the shear localization process and
result in enhanced toughness by the formation of a
plastic zone ahead of the crack tip. This plastic zone
efficiently blunts the sharp crack.

The purpose of this paper is to provide additional
physical evidence that corroborates the deformation
mechanisms deduced from our previous tensile dilato-
metry experiments. The nature of the plastic zones will
be examined by a variety of microscopy techniques.
Furthermore, the question of whether the stress
whitened regions observed in the fractured specimens
of elastomer-modified epoxides is due to massive craz-
ing or simple void growth will be studied.

2. Experimental details

The preparation and mechanical testing of elastomer-
modified epoxies has already been described in Part
1 of this series [1]. The specifications for the CTBN
rubbers are listed in Table I. The composition of the
various resins and the nomenclature used in this paper
are listed in Table I1. The fracture surfaces of tensile
and single-edge notched three-point-bend (SEN-3PB)
specimens of the neat and elastomer modified epoxies

were examined using scanning electron microscopy
(SEM). The instrument used was an ISI Super II
scanning electron microscope. SEM specimens were
coated with a thin film of Au-Pd alloy by sputtering.
Also, backscattered electron imaging [2] was employed
to locate the elastomer regions on the fracture surface
of several rubber modified epoxies. These specimens
were stained with an aqueous tetrahydrofuran (THF)
solution of osmium tetroxide {OsO,) and coated with
a thin layer of carbon by evaporation. The electron-
dense OsO, preferentially adds to the double bonds of
the CTBN and provides contrast.

With few exceptions most solids do not fracture in
the manner idealized by Griffith [3], because there is
usually subsurface damage. The subsurface damage in
these elastomer-modified epoxies were, therefore,
examined by transmission optical microscopy (OM)
and transmission electron microscopy (TEM). OM is
useful for observing deformations that induce bire-
fringence, voiding, and crazing. In order to view dam-
age below the fracture surface, a thin section perpen-
dicular to the fracture surface was obtained by
metallographic thinning techniques [4]. Specimen
preparation involves embedding the specimen in clear
epoxy and then gradually producing a thin section by
polishing the two sides perpendicular to the fracture
surface, until a transparent slice in the centre remains.
These sections, which are less than 25 um in thickness,
were viewed in a Zeiss microscope with transmitted
light, with and without crossed polarizers.

TEM was performed on OsO, stained elastomer-
modified epoxies in order to investigate the nature of
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TABLE 1 Specifications for the liquid rubber modifiers

Hycar* CTBN

1300 x 8

1300 x 15 1300 x 13
Viscosity, Brookfield (mPasec™') or cP at 27°C 55000 125000 625000
Percentage carboxyl 2.47 2.37 2.40
Molecular weight 3500 3500 3500
Functionality 19 1.85 1.85
Acrylonitrile content (%) 10 17 27
Solubility parameter 8.45 8.77 9.14
Heat loss, 2h at 130°C (%) <2.0 <20 <20
Specific gravity at 25°C/25°C 0.924 0.948 0.960

*Registered trademark.

the stress whitening seen in fractured specimens. The
specimen preparation consists of potting the specimen
in clear epoxy, some microtoming, staining with OsO,
in an aqueous THF solution [5] and then obtaining
thin sections (800 to 120 nm) cut perpendicular to the
fracture surface. These thin sections were placed on
copper grids and then examined using a Hitachi H-600
transmission electron microscope.

3. Results and discussion

In order to facilitate identification and discussion of
the fractured tensile specimens and SEN-3PB speci-
mens the schematic representation in Fig. 1 is used.
The fracture surfaces of both types of specimens dis-
play distinct, visually observable regions. The fracture
surface of SEN-3PB specimens contain 4 to 5 distinct
regions: the saw cut, the razor cut, the starter crack,
the stress-whitened zone when the epoxy is rubber
modified, and the fast fracture zone which is almost
mirror-like in appearance. The fracture surface of the
tensile specimens are usually mirror-like in the case of
the neat resins. In the case of elastomer-modified
specimens distinct regions corresponding to slow and
fast crack growth rates exist.

3.1. Scanning electron microscopy
The fracture surfaces of SEN-3PB specimens were
examined using SEM. The neat epoxy 828 and 828-

13(5), which is essentially a one-phase material, do not
show any zones of stress-whitening. Except for a few
large fracture steps, the fracture surfaces are basically
featureless up to a magnification of 5000 x , although
some graininess approximately 0.1 um in scale is
discernible in 828-13(5) (Figs. 2 and 3). The absence of
significant topographical features, in spite of the
addition of CTBN rubber, correlates well with the
lack of toughness.

When examining the fractured elastomer-modified
SEN-3PB specimens by microscopy it is“useful to
describe the 3PB test. In the majority of cases the load
rises linearly to a maximum, then drops as the crack
propagates. During the rising load portion the elas-
tomer-toughened specimens develop a stress-whitened
zone ahead of the starter crack. For an unstable plane
strain fracture the rising load portion accounts for the
total energy to propagate a crack; thus, the stress-
whitening is directly related to the energy absorbing
mechanism.

The size of the stress-whitened zone increases with
rubber content. Gy also increases with increasing rub-
ber content. The subsequent rapid crack propagation
leaves a fracture surface without stress-whitening.
Stress-whitening is due to the scattering of visible light
from a layer of scattering centres, in this case voids.
However, the absence of stress-whitening does not
necessarily imply the absence of scattering centres,

TABLE II Composition and nomenclature of materials used (Sphr* piperidine, Epon 828 resin used for all material)

Amount BPA (phr)* Type of rubber Amount of Designation 17 ct
rubber (phr)*

- - 828 84.2
- Hycar CTBN 1300 x 8 5 828-8(5) -
- Hycar CTBN 1300 x 8 10 828-8(10) 85.6
- Hycar CTBN 1300 x 8 15 828-8(15) -
- Hycar CTBN 1300 x 8 20 828-8(20) 87.5
- Hycar CTBN 1300 x & 30 828-8(30) 824
- Hycar CTBN 1300 x 15 5 828-15(5) -
- Hycar CTBN 1300 x 15 10 828-15(10) 84.2
- Hycar CTBN 1300 x 15 15 828-15(15) -
- Hycar CTBN 1300 x 15 20 828-15(20) 89.4
- Hycar CTBN 1300 x 15 30 828-15(30) 86.1
- Hycar CTBN 1300 x 13 5 828-13(5) -
24 - - 828-BPA(24) 104.4
24 Hycar CTBN 1300 x 8 5 828-BPA(24)-8(5) 100.6
24 Hycar CTBN 1300 x 8 10 828-BPA(24)-8(10) -
24 Hycar CTBN 1300 x 8 15 828-BPA(24)-8(15) 97.6
24 Hycar CTBN 1300 x 8 20 828-BPA(24)-8(20) 90.5

*phr; parts per hundred parts resin by weight. )
tr , was determined by DSC at 20° Cmin~' from second heating.
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Figure ] Schematic representation of fracture surface morpho-
logical features.

merely that the scattering layer is insufficiently thick,
i.e. less than 1 um.

The SEM details of the stress-whitened region of
the elastomer-modified epoxies show that the rubber
particles and the matrix have cavitated; and the
diameters of the cavities in this region are greater than
the diameters of the undeformed rubber particles as
determined by TEM. In contrast, the cavities located
in the fast fracture region are essentially the same size
as the undeformed rubber particles. Evidence that
these rubber particles have cavitated by cohesive fail-
ure will be presented later in this paper. The fracture
surfaces of each rubber-modified epoxy system
studied in this investigation are examined in the
following sections.

The SEM micrographs of the stress-whitened regions
on the fracture surfaces of the 828-15 materials are
shown as a function of rubber content in Figs. 4 to 6.
Aside from the increase in the density of void two
features are noteworthy as the rubber content is
increased. The first is that the voids become more
uniform in size; the second is that the diameters
become systematically larger. The first feature is
simply due to the increase in uniformity of the rubber
particles, while the second feature is probably due to

Figure 2 SEM of fracture surface of Epon 828 cured with piperidine.

Figure 3 SEM of fracture surface of 828-13(5). No dispersed phase
is present.

particle—particle interaction at high rubber concentra-
tions. To provide further evidence for particle-particle
interaction, a higher magnification SEM micrograph
from the stress-whitened region of a SEN-3PB speci-
men of 828-15(30) is examined in Fig. 7. It is clear that
the solid here resembles a closed-cell foam, and the
voids are not spherical, but rather approach poly-
hedrons in shape. These polyhedral voids most likely
began as spherical voids due to the net hydrostatic
tension, but their growth became retarded as the voids
began to ““see” each other. Void growth due to a large

Figure 4 SEM from the stress-whitened area of fractured SEN-3PB
specimen of 828-15(10). The white lines are due to tearing of the
material between two crack planes, causing a surface step.
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Figure 5 SEM from the stress-whitened area of fractured SEN-3PB
specimen of 8§28-15(20).

shear stress would have resulted in elongated shapes.
Most of the voids in Fig. 7 have a clearly defined hole
at the centre. The matrix surrounding the voids exhibits
notable plastic deformation as evidenced by the
bevelled edges of the voids. The plastic deformation
becomes larger as the particle—particle distance
decreases: further evidence for particle—particle inter-
action. In Fig. 7, where the voids are quite close
together, the bevelled edges actually intersect each
other, forming fairly sharp ridges between neighbour-
ing voids.

Figure 6 SEM from the stress-whitened area of fractured SEN-3PB
specimen of 828-15(30).
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Figure 7 Higher magnification SEM of Fig. 6. Note the non-circular
outline of the cavities due to particle—particle interactions. The
edges of the cavities slope upward to meet the crack plane and form
ridges.

The interaction between particles can also be seen
by comparing the diameters of the fracture surface
cavities (SEM) with the diameters of the undeformed
rubber particles at various levels of rubber content
(TEM). The analytical technique is described in Part
1 [1]. These results are shown in Fig. 8. It can be seen
that in most cases the fracture cavities are larger than
the corresponding rubber particles at the same rubber
content. The expansion in the diameter in going from
the undeformed state to the fracture cavity becomes
more significant at increasing rubber content. The
cavitation of the particles caused increases in diameter
from ca. 50 to 200% in the case of the SEN-3PB
fracture surfaces. The same figure shows that the
diameter of the tensile fracture voids are larger than
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Figure 8 Dependence of diameters of rubber particles and fracture
surface cavities on rubber content for the 828-15 system. (O) TEM,
(Q)) SEM 3PB-SEN, stress-whitened area, (a) SEM, tensile specimen.



Figure 9 SEM from the stress-whitened area of fractured SEN-3PB
specimen of 828-8(10). The striations have the same origin as those
in Figure 4.

the undeformed particles by at least 50% at 5 and
10 phr rubber. However, at 20 phr the rubber particles
are virtually unchanged in diameter to within measure-

ment uncertainty. This is undoubtedly due to the fact
that, according to the mechanical studies [1], at such
a high rubber content the tensile deformation is
essentially by shear.

Figure 10 SEM from the stress-whitened area of fractured SEN-
3PB specimen of 828-8(20).

Figure 11 SEM from the fast fracture area of fractured SEN-3PB
specimen of 828-8(10).

Figs 9 to 12 are SEM micrographs from the stress-
whitened (slow crack growth) and fast crack growth
regions of the SEN-3PB fracture surfaces of the 828-8
system. The fast crack growth regions show very shal-
low disc-shaped cavities. The cavities found in the
slow crack growth regions are larger than those in the
fast crack growth regions. This was also observed for

Figure 12 SEM from the fast fracture area of fractured SEN-3PB
specimen of 828-8(20).
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Figure 13 SEM from the stress-whitened area of fractured SEN-
3PB specimen of 828-BPA(24)-8(5).

the 828-15 materials. The cavities for the 828-8 epoxies
are quite smooth and featureless. Actually, the cavity
walls are lined with a layer of rubber. This will be
shown to be the case when the backscattered electron
analysis is presented. Then, the rubber particles
appear to have cavitated and then “ballooned-out”
with the growing void in the matrix. The difference in

Figure 14 SEM from the stress-whitened area of fractured SEN-
3PB specimen of 828-BPA(24)-8(10).
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Figure 15 SEM from the stress-whitened area of fractured SEN-
3PB specimen of 828-BPA(24)-8(15). Note the glassy occlusions in
the fractured rubber particles.

the morphology of the fractured rubber particles
between 828-15 and 828-8 is perhaps due to a greater
crosslink density of the latter since its acrylonitrile
content, hence DGEBA solubility, is greater. Despite
these differences in the fracture surface morphology of
these two types of rubber, the fracture toughness
values of these two systems are comparable (see [1]).
These observations suggest that the rubber type is not
very important, as long as it is able to form a distinct
dispersed phase.

The fracture surface of the BPA modified epoxy is
also dependent upon rubber content. At 5 and 10 phr
the rubber particles form a distinct single phase. The
SEM micrographs from the SEN-3PB fracture surface
in the stress whitened region show cavities similar in
appearance to those of the 828-8 system except that
they are much smaller in size (see Figs 13 and 14). At
15phr rubber, large multiphase particles approxi-
mately 10 gm in diameter are formed. These particles
have a ‘“‘salami’’-type structure similar to that found in
high impact polystyrene. At this rubber content these
particles are within one diameter of each other; fur-
thermore, very small (approximately 0.1 um) particles
populate the interstitial space between the large parti-
cles. Figs 15 to 18 are higher magnification SEM
micrographs from the stress-whitened and fast frac-
ture regions, respectively, of the SEN-3PB fracture
surface of 828-BPA(24)-8(15). These SEM micro-
graphs reveal the now-familar difference in the depths
of the cavities in the two regions. Note that the sub-
micron cavities in the interstitial space between the
larger cavities do not appear to be smeared out or
otherwise show signs of enhanced plastic flow on this
scale. The source of enhanced toughness of this system



Figure 16 Higher magnification SEM of the fracture surface in Fig.
15. Note the cavities formed by the small particles in the interstitial
space between the large particles.

may thus lie in the higher ductility on a much grosser
scale.

Observations of the fracture surfaces by SEM can
casily lead one to the conclusion that the cavities are
all that remains after the rubber particles have some-

Figure 17 SEM from the fast fracture area of fractured SEN-3PB
specimen of 828-BPA(24)-8(15). Compared with Fig. 15, the cavi-
ties are shallower and the cavity diameters are smaller.

Figure 18 Higher magnification SEM of the fracture surface in Fig.
17.

how been ejected from the fracture surface. To deter-
mine whether the cavities are rubber-lined or empty,
a backscattered electron imaging technique was
employed. This technique measures the extent to
which electrons are elastically scattered from the sur-
face. Contrast between the epoxy matrix and the elas-
tomer phase is obtained by OsO, staining. OsO,
preferentially adds only to the unsaturated elastomer.
Since osmium has a significantly larger scattering
cross-section than organic polymers, it can be readily
detected by producing a higher intensity of back-
scattered electrons. Figs 19 to 21 are SEM microgrphs
of OsO, stained fracture surfaces of 828-BPA(24)-
8(15), 828-8(10), and 828-15(10), respectively, using
the backscattered electron imaging technique. The
osmium stained regions appear light in these micro-
graphs. In Fig. 19, the internal structure of the rubber
particles in the BPA-modified epoxy is clearly dis-
cernible, yet details of the fracture surface are lost.
The cavities found on the fracture surfaces of the other
two systems are likewise shown to be lined with
rubber.

The use of tensile tests to investigate toughening
mechanisms in plane strain fracture is predicated upon
the argument that the deformation mechanisms are
similar in both cases. This argument should be correct
for tensile cracks that mainly propagate in a plane.
Direct SEM evidence to support this similarity are
presented here.

Figs 22 to 24 contain SEM micrographs of the slow
crack growth regions of the tensile fracture surfaces of
the 828-15 system containing various amounts of rub-
ber. Although not as large as those in the stress-
whitened zone of the SEN-3PB specimen, the dia-
meters of these voids are generally larger than those of
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Figure 19 SEM in the back-scattered electron mode from the same Figure 21 SEM in the back-scattered electron mode from the frac-
type of fracture surface as in Fig. 15. The fracture surface has been ture surface of 828-8(10). The fracture surface has been stained with
stained with OsQ,. The rubber particles appear lighter than the 0s0,.

epoxy because the osmium is concentrated on the unsaturated

rubber.

Figure 20 SEM in the back-scattering electron mode from the frac-
ture surface of 828-15(10). The subsurface rubber particles are
faintly visible because the OsO, stain can penetrate beyond the Figure 22 SEM from the slow crack growth area of a fractured
surface. tensile specimen of 828-15(10).
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Figure 23 As in Fig. 22, but for 828-15(15).

the undeformed particles. In the tensile case the parti-
cles appear to have failed in a “cup and cone” type of
fracture, presumably after a cavity has been initiated
in the centre of the particle. However, these cup and
cone pairs appear to be in turn surrounded by disc-

Figure 24 As in Fig. 22, but for 828-15(20). Note that the cavity
diameters are smaller than those in Fig. 23. This is because at this
level of rubber and strain rate, the deformation is essentially by
shear.

Figure 25 SEM from the slow crack growth area of a fractured
tensile specimen of 828-8(10).

shaped cavities which originally may have been deeper
just prior to total separation, but have recovered some
of the deformation afterwards. Note that the epoxy
matrix around these voids is very flat, in contrast to
the bevelled edges in the SEN-3PB specimens.

Figs 25 to 28 are SEM micrographs from both the
slow and fast crack growth regions of tensile speci-
mens of 828-8. The fractured rubber particles in SEN-
3PB and tensile specimens are virtually indistinguish-
able from each other.

In spite of the differences noted, the tensile and
SEN-3PB fracture surfaces are quite similar, thus
lending credence to the ability of the tensile dilato-
metry experiment to model fracture toughening mech-
anisms. The energy dissipation processes observed in
these SEMs are: the cavitation and fracture of the
rubber particles, and the dilation and plastic defor-
mation of the surrounding matrix at the surface.

The fact that stress-whitening is visible on most of
the fracture surfaces indicates that a damage layer in
at least the micrometre range in thickness undoubtedly
exists. However, the nature of the subsurface damage
cannot be unambiguously determined from the SEM
of fracture surfaces. For example, remnants of broken
craze fibrils are usually extremely difficult to view on
the fracture surface. Shear bands do not usually
produce sufficiently sharp surface topography. The
following discussion is devoted to investigations of
subsurface damage by OM and TEM.

3.2. Optical microscopy

OM is particularly useful for observing deformations
that induce birefringence. Thus thin sections perpen-
dicular to the fracture surface of SEN-3PB specimens
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Figure 26 As in Fig. 25, but for 828-8(20).

are viewed in an optical microscope to elucidate the
nature of the subsurface damage zone.

Figs 29 and 30 are optical micrographs from SEN-
3PB specimens -of -828-8(20) and 828-BPA(24)-8(15),
respectively. These micrographs show a strongly bire-
fringent damage zone that is from 100 to 150 ym in
thickness. Fig. 30 shows a fracture surface that con-
tains many steps, indicating that the crack has travelled

Figure 27 As in Fig. 25, but from the fast fracture area.
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Figure 28 As in Fig. 26, but from the fast fracture area.

along different planes. Figs 31 and 32 are higher mag-
nification micrographs taken from the same two speci-
mens, respectively. The fracture surface in Fig. 32 is at
the upper right hand corner. In these micrographs,
thick bands of highly birefringent material are seen to
meander from particle to particle. These bands are as
a whole not parallel to the plane of the fracture.
Further away from the fracture surface, where there
are fewer bands, it is easier to see that these birefrin-
gent bands are distinctly inclined with respect to the
fracture surface. The inclination of these bands is
characteristic of shear bands. Near the fracture sur-
face, the rubber particles appear to be significantly
larger than those outside the plastic zone. The limited
resolution of OM makes it impossible to ascertain the
exact size of these enlarged particles, nor is it possible
to determine if cavitation has occurred. But cavitation

100
0 um

Figure 29 Bright-field OM of thin section perpendicular to the
fracture surface showing subsurface damage in SEN-3PB specimen
of 828-8(20). The crack ran from right to left. The dark region is the
plastic zone caused by voids and shear bands.
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Figure 30 As in Fig. 29, but for 828-BPA(24)-8(15). Note the larger
plastic zone corresponding to higher toughness.

or debonding of the particles must have occurred,
judging by the intense stress whitening.

Some of the particles in Fig. 32 are quite large, and
they contain subinclusions. This feature has already
been observed earlier using SEM. The particles near
the fracture surface are slightly elongated; they scatter
light whenever the birefringent bands pass through
them. The scattering is due to internal voiding. Again
the limited resolution of OM does not allow the pre-
cise determination of these features. Here, too, the
intense stress whitening indicates that voiding or
debonding must have occurred. Near the fracture sur-
face (upper right hand corner), the bands coalesce so
that they form patches of birefringence. In the black
and white photographs shown, they have a mottled
appearance. .

Figs 33 to 36 are transmission optical micrographs
of the subsurface damage zone from 828-15(10) SEN
test specimens and tensile specimens. The lower rub-
ber content and large rubber particles bring out cer-
tain features obscured in the higher rubber content
systems. Fig. 33 is a bright field micrograph of the
subsurface damage in a fractured tensile specimen.
Here, internally voided rubber particles appear black
due to the diffraction of visible light by the voids. This
same section, when viewed between crossed polarizers,

is shown in Fig. 34. The highly birefringent bands
radiating from the voided rubber particles are dis-
tinctly shear bands. These micrographs provide fur-
ther evidence for the proposed toughening mechan-
ism, i.e. internal voiding and enhanced shear band
formation. Figs 35 and 36 are transmission optical
micrographs of the subsurface damage of a fractured
SEN specimen. Again, the same two types of mechan-
isms are observed: internal voiding and shear band
formation. These results support the assumption that
the deformations measured by tensile dilatometry [1]
are similar to the deformations occurring at the crack
tip.

An important observation pertaining to the
sequence of deformation events can be made up study-
ing Figs 31, 32, 35 and 36. In the region far away from
the fracture surface, where the stress is lower, only
voiding is observed. By comparison, in the region
closer to the fracture surface, where the stress is rela-
tively higher, both voiding and shear banding are
observed. Thus, it can be unambiguously concluded
that voiding precedes shear banding. In fact, it can be
deduced that the voids enhance shear band formation.
This can be understood in terms of the stress con-
centration caused by the voids, which shortens the
relaxation time in a highly localized manner [1, 6}.

To sum up the OM observations, the formation of
thick plastic zones appear to be associated with the
presence of a high volume fraction of rubber particles.
Close proximity of the rubber particles to each other
appears to enhance the formation of shear bands
between the particles. Particle-particle interaction is
thus indicated. These bands have none of the charac-
teristics conventionally associated with crazes in
thermoplastics. The bands always pass through par-
ticles that diffract light, but not all particles that dif-
fract light have bands emanating from them. The light
diffracting property of the particles is most likely
caused by internal cavitation. Thus, the deformation
process is one of cavitation of the particles followed by
shear bands that form between the particles.

The cavitation of the rubber particles observed by
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Figure 33 Bright-field OM of thin
section perpendicular to the frac-
ture surface of a tensile specimen
of 828-15(10). The cavitated rub-
ber particles are dark because of
light diffraction.

Figure 32 As in Fig. 30, but at a
higher magnification and viewed
between crossed polarizers. The
fracture surface is at the upper
right hand corner. The cavitated
particles appear dark because of
light diffraction. Near the fracture
surface the cavitated particles are
also somewhat elongated. Shear
bands, which are birefringent,
span the particles. The rubber
particles furthest away from the
fracture surface (lower left hand
corner) are not cavitated. In the
intermediate zone the cavitated
particles are not always asso-
ciated with shear bands.

Figure 34 The same thin section
in Fig. 33 viewed between crossed
polarizers. The shear bands are
highly birefringent and appear as
bright bands. Not all the cavi-
tated particles in Fig. 33 are asso-
ciated with shear bands.
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OM can be corroborated by TEM of sections micro-
tomed perpendicular to the fracture surface. A typical
TEM micrograph is shown in Fig. 37. With few excep-
tions, the rubber particles are torn easily from the
matrix, apparently during the microtoming, if they are
very near the fracture surface. But the OsO, stained
rubber particles far away from the surface are cut
without any tearing. This indicates that the particles
near the surface have much lower mechanical integrity
prior to the microtoming. It can be surmized that
they have undergone cavitation or debonding. The
matrix exhibits no crazing or voiding of any kind. It is
possible that the technique used in sample preparation
is not sufficiently refined to allow extremely small
voids or crazes to be observed. What is more likely,
though, is that these types of deformations, if they
exist, are not at all prevalent.

The deformation process during crack propagation
can be hypothesized from the above observations. It
appears that the sharp starter crack is first blunted by
a plastic zone which grows as the stress is increased.
Due to the constraint in the centre of this zone, a
triaxial tensile stress is generated, resulting eventually
in cohesive failure of the rubber particles along a plane
perpendicular to the major principal tensile stress.
Thus the initial plastic zone that blunts the start crack
consists of a voided material. But as soon as the shear
bands form they become the dominant mode of defor-
mation, causing the plastic zone to grow further.
According to this hypothesis, then, the principal
energy absorbing mechanism appears to be shear

Figure 35 Bright field OM of thin section perpen-
dicular to the fracture surface of a SEN-3PB speci-
men of 828-15(10). The cavitated rubber particles
are confined to a zone near the fracture surface.

banding, which is made possible by the voids formed
by the cavitated rubber particles.

4. Conclusions

A myriad of deformation mechanisms have been
observed in these studies: the rubber particles cavitate
and fracture; the resultant voids in the matrix grow
and coalesce; finally, the matrix also forms shear
bands. These observations are in agreement with the
volume strain measurements of Part 1 [1] where cavi-
tation and shear banding were deduced as the two
major deformation mechanisms.

The existence of crazes in the conventional sense
regarding thermoplastics cannot be verified in these
experiments. They have not been found unambiguously
in the dilatometric studies, nor by using TEM tech-
niques that in the past have been successful in locating
crazes. Certainly, no evidence for massive crazing
exists. These results contradict the conclusion of
Bucknall and Yoshii [7], Sultan and McGarry [8], and
Riew and co-workers [5, 9, 10]. It should be empha-
sized that the possible existence of isolated crazes in
crosslinked epoxies is not being discounted by the
foregoing discussion. Based on available evidence,
however, crazing is not an important energy dissi-
pation mechanism in the toughening of these epoxies.

The rubber particles undoubtedly also stretch and
tear; but, at least in the systems studied here, not to the
extent observed by Kunz and Beaumont [11-13]. By
themselves these rubber particles probably absorb
relatively little energy — even Kunz and Beamont’s

Figure 36 The same thin section in Fig. 35 viewed
between crossed polarizers. The birefringent shear
bands are confined to an even narrower zone near
the fracture surface than the cavitated particles.
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Figure 37 TEM of OsO, stained thin section of a SEN-3PB speci-
men. The fracture surface is near the top of the micrograph. The
rubber particles, which appear dark due to the staining, are cavitated.

model calculations show a contribution of only
several hundred J m ™2 at high rubber contents. Never-
theless, the particles appear to play an important role.

The difficult process of nucleating voids in a solid
has apparently been facilitated by the presence of the
rubber particles. Once formed the voids grow and
dissipate bulk strain energy. They also concentrate
stresses, and depending on the stress configuration
and volume fraction cause either ductile fracture of
the ligaments between adjacent voids aligned perpen-
dicular to the major principal tensile stress, or cause
shear localization (shear bending) to occur. They enable
the formation of large plastic zones, which probably
absorb most of the energy. These conclusions are in
accordance with those of Bascom and co-workers
[14-17], and Kinloch er al. [18].

Ultimately, the toughness of the material lies in the
ease with which the matrix can deform in shear,
though not necessarily to form narrow and sharp
shear bands. It seems reasonable to state that one
helpful property would be a high Poisson’s ratio, for
then a higher proportion of the strain energy goes into
shear. A high Poisson’s ratio in a real solid does not
mean that it is incompressible, merely that the bulk
modulus is high relative to the shear modulus. It is not
clear how the molecular structure of a glass relates to
its Poisson’s ratio. The effect of crosslink density,
though, is perhaps easier to predict. Increasing the
crosslink density should increase the bulk modulus
much less rapidly than the shear modulus; thus, a
lower crosslink density appears to be preferred from
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this standpoint. The effect of crosslink density will be
addressed in a subsequent paper (Part 3).
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