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The fracture toughness and uniaxial tensile yield strengths of unmodified and CTBN-rubber-
modified epoxies were measured under hydrostatic pressure. The purpose of these experiments
was to learn how suppressing cavitation in rubber particles affects the deformation
mechanisms and the fracture toughness of rubber-modified epoxy. It was found that the
cavitation of CTBN-rubber could be suppressed at a relatively low pressure (between 30 and
38 MPa). With cavitation suppressed, the rubber particles are unable to induce massive shear-
yielding in the epoxy matrix, and the fracture toughness of the rubber-modified epoxy is no
higher than that of the unmodified epoxy in the pressure range studied. Unmodified epoxy
shows a brittle-to-ductile transition in fracture toughness test. The reason for this transition is
the postponement of the cracking process by applied pressure.

1. Introduction

The toughening mechanism of CTBN-rubber-modi-
fied epoxy has been studied by many researchers
[1-8]. Yee and co-workers found that the ability of
CTBN-rubber to toughen epoxy is closely related to
CTBN-rubber cavitation [3, 4, 7, §]. Their previous
work [3, 8] shows that the physical reason why rubber
cavitation is essential to toughening is that upon
cavitation the rubber particles cause constraint relief
within the surrounding matrix. Owing to this effect,
the matrix material can shear deform more easily
because it is in a less constrained condition. If the
concentration of cavitated rubber particles is suffi-
ciently high, the plane stress state can actually be
reached [8]. The plane stress state is favourable for
plastic deformation, which allows the matrix epoxy to
absorb more energy. The cavitation mechanism is
therefore effective only in materials that are capable of
plastic deformation in the plane stress state, but which
undergo brittle failure in the plane strain state, i.e. in
the multiaxial tensile stress state.

The above conclusions were drawn from micro-
scopic analysis of specimens containing rubber par-
ticles capable of cavitating, in which subcritical crack
growth or fracture had occurred, and from macro-

* Author to whom all correspondence should be addressed.

scopic examinations such as tensile dilatometry and
other tests described in detail elsewhere [8]. To
establish fully the importance of cavitation in the
toughening process and to verify the proposed
toughening mechanism, it is necessary to determine
what happens if no cavitation is allowed to occur.

Two approaches can be used to prevent rubber
cavitation from occurring: (1) chemical modification
of the rubber to increase its cavitation resistance, and
(2) physical suppression of cavitation, which is a vol-
ume dilatation process, by applying hydrostatic pres-
sure during mechanical testing. Because it is very
difficult to change only the cavitation resistance of a
rubber without affecting its bonding with and disper-
sion in the matrix epoxy, and as the physical sup-
pression of cavitation neither changes the size and
dispersion of the rubber particle, nor the bonding of
rubber to the matrix, we have chosen to use the
second approach.

The study of the mechanical properties of materials
under pressure dates back at least to Nadai [9] and
Bridgman [107; however, the application of this tech-
nique to the study of synthetic polymers is much more
recent. Under pressure, a transition in the frac-
ture mode from brittle to ductile has been reported
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for amorphous polymers including polystyrene
(PS) [11-14], poly(methyl methacrylate) (PMMA)
{15-17], poly(vinyl chioride) (PVC) [18] and poly-
imide (PI) [19]. Some of these results were found to be
affected by the pressure-transmitting fluid used, espe-
cially in the low-pressure range [11, 15, 20]. By using
Teflon tape and a transparent silicone rubber to ex-
clude the pressure-transmitting fluid from coming into
contact with the polymer surface, brittle to ductile
transitions were found to occur under sufficiently high
pressure. At room temperature, the brittle-to-ductile
transition pressure is 45 MPa for PS [11], 25 MPa for
PMMA [15], and as low as 20 MPa for PVC [18].
This brittle-to-ductile transition was suggested by
Baer and co-workers [14, 13, 18] to be due to different
pressure dependences of competing microdeformation
processes of crazing and shear-banding. The crazing
process, which involves volume dilatation, is sup-
pressed by hydrostatic pressure. This leaves shear-
yielding as the sole remaining mechanism. Therefore,
the fracture mode changes from brittle to ductile.

A number of researchers have also studied the
deformation and fracture behaviour of rubber-modi-
fied polymers such as HIPS and found that they
behave like unmodified PS when the pressure is suffi-
ciently high [14, 21]. By using a sealing technique to
isolate the sample surface from the pressure-transmit-
ting fluid, Trent et al. [21] showed that the stress-
whitening (multiple-crazing) usually found in HIPS
was suppressed at relatively low pressures and the
material failed in a ductile manner over the entire
pressure range studied (up to 700 MPa). The yield and
fracture stresses of HIPS increased with increasing
hydrostatic pressure, but an initial reduction in the
elongation to fracture occurred until 2 minimum was
reached at around 45 MPa; thereafter, the elongation
increased with pressure. This minimum corresponded
to the disappearance of stress-whitening. It was
concluded that the deformation and fracture mode
changed from multiple-crazing in the pressure range
from one atmosphere to 12 MPa (0.12 kbar) to mixed
crazing and shear-banding (necking) in the pressure
range 12-40 MPa (0.12-0.4 kbar), and to shear-
banding only at pressures above 40 MPa (0.4 kbar).

Most of the published work on the hydrostatic
pressure cffect was carried out in the uniaxial tensile
mode on unnotched specimens, which gives only
tensile strength and ductility information. In a lim-
ited number of papers by Duckett and co-workers
[22-24], the fracture toughness of polyethylene (PE)
was evaluated under hydrostatic pressure. They found
that at sufficiently high pressures both PE and a tough
copolymer of PE failed in a brittle manner when a
surface notch was exposed to a suitable pressure-
transmitting fluid. The increase of yield stress with
pressure was offered as the reason for the ductile—
brittle transition. An extrapolation method was pro-
posed to estimate the critical stress intensity factor at
atmospheric pressure based on the toughness of PE
under pressure. They suggested that this provides a
means of short-term fracture testing of very ductile
polymers that would otherwise be accessible only by
low-temperature or long-term testing [24].
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The work reviewed above, although not compre-
hensive, illustrates that the superposition of hydro-
static pressure during mechanical testing provides a
useful approach for evaluating the behaviour of poly-
mer materials in complicated stress states that cannot
be achieved by experiments conducted at atmospheric
pressure. The superimposed hydrostatic pressure gen-
erally causes an increase in the yield stress of poly-
mers. Polymers whose deformation involves volume
dilatation such as crazing will experience suppression
of such processes due to the superimposed hydrostatic
pressure. For this reason, the hydrostatic pressure will
certainly affect cavitation, which is also a volume
dilatation process. In the research reported here, we
tested the fracture toughness and uniaxial tensile yield
strengths of unmodified and CTBN-rubber-modified
epoxies under hydrostatic pressure and followed this
by analysing the morphology by optical microscopy
and SEM. The purpose of these experiments was to
learn how suppression of cavitation in rubber particles
affects the deformation mechanisms and the fracture
toughness of rubber-modified epoxy. These experi-
ments also provided a direct test for the contention
that epoxies are toughened by virtue of the low modu-
lus of the rubber particles and that the cavitation is
simply an incidental or even deleterious mechanism
[25, 26].

2. Experimental procedure

2.1. Materials :
The materials used in this research consisted of Epoxy
DER® 331 and HYCAR® CTBN 1300 x 8 rubber.
Epoxy DER 331 is a liquid diglycidyl ether of bis-
phenol-A (DGEBA) with an epoxy equivalent weight
of 186-192 (g) and is produced by the Dow Chemical
Co. The CTBN 1300 x 8 rubber is a carboxyl-termin-
ated acrylonitrile-butadiene copolymer and is pro-
duced by the B. F. Goodrich Co. Details concerning
this rubber can be found elsewhere [27]. The curing
agent was piperidine purchased from the Aldrich
Chemical Co. and used as-received.

The preparation of the rubber-modified epoxy is
similar to that previously described by Yee and Pear-
son [3]. Briefly, liquid rubber and epoxy of the desired
ratio were mixed and allowed to pre-react at 80 °C for
1 h. The curing agent piperidine was then added and
this pre-reacted mixture was poured into a mould
which had been pre-heated to 120 °C. The mixture was
allowed to react at that temperature for 18 h, resulting
in a cast plaque of 250 mm x 200 mm x 3 mm (or
6 mm). Unmodified epoxy was prepared using the
same curing conditions, but without the pre-reaction
step. The glass transition temperature determined by
differential scanning calorimetry (DSC) at a testing
rate of 10°Cmin~! was 92 °C for unmodified epoxy
and 86°C for the 10 p.h.r. CTBN-rubber-modified
epoxy. The mechanical properties of these materials
are listed in Table I.

2.2. Mechanical testing methods
The experimental apparatus used in this research is
shown in Fig. 1 and was previously described in detail



TABLE I Mechanical properties of unmodified and 10 p.h.r. rub-
ber-modified epoxies

Materials E oy Kic

(GPa) (MPa) (MPam!?)
Epoxy: DER 331 294 74 0.85
Epoxy/CTBN: DER331/Pip/ 2.6 63 2.1

CTBN-8 10 p.hr.

 Determined by using single-edge-notched type specimens in three-
point bending tests.
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Figure 1 Schematic illustration of the high-pressure testing
apparatus.

by Takahashi and Ogihara [28]. It consists of two
concentric cylinders connected by a piston. The larger
cylinder is the specimen chamber, which has an inner
diameter of 60 mm and can withstand pressures up to
250 MPa. The specimen to be tested is mounted with
one end connected to the bottom of the larger cylinder
and the other to the piston. Before the tensile test, the
two cylinders are filled with a pressure-transmitting
fluid at the same pressure. To begin the test, the shut-
off valve on the smaller cylinder is opened. Thus, the
pressure difference between the two cylinders drives
the piston outwards, which loads and eventually frac-
tures the specimen. The load is recorded by an elec-
trical resistance strain gauge load cell built inside the
large cylinder. Because of the outward motion of the
piston, the total volume of the specimen chamber
increases and, as a result, the pressure drops. Special
care was taken in the design of the apparatus to make
the diameter of the piston relatively small compared
with the sample chamber so that the pressure drop is
small. The average value of pressures before and after
the testing was taken as the pressure imposed on the
specimen.

Specimens for tensile testing were machined directly
from the cast plaque mentioned earlier. The thickness
of the plaque and the specimens was 3.0 mm. The
tensile specimens were of the conventional dumb-bell
shape. The overall specimen length was 65 mm. The
parallel gauge section was reduced from 12.5 mm at
the ends to 10 mm. Specimens were machined by a
milling machine. The specimen gauge section was

polished with wet no. 600 sand paper, followed by wet
no. 1500 sand paper, then with a cotton cloth soaked
with water and 5 pm polishing powder, and finally
finished with a cotton cloth soaked with water and
1.0 um polishing powder. This procedure was em-
ployed to minimize the effect of surface flaws on the
mechanical behaviour.

Single-edge notched specimens were tested in ten-
sion to determine the fracture toughness of both un-
modified and rubber-modified epoxies. The specimens
were 118 mm long, 21 mm wide and 3 mm thick.
Sharp edge cracks were introduced into the specimens
in the following way: first, a saw-cut notch 2.5 mm in
depth was made and then a sharp crack was initiated
by tapping a razor blade that had been chilled in
liquid nitrogen into the saw cut with a hammer. This
crack-initiation procedure results in very sharp cracks,
and has been discussed in detail previously [3, 4].

Owing to the design of the apparatus, the hydro-
static pressure also serves to produce traction on the
specimen so the rate of deformation depends on the
pressure, the friction of the piston against the wall of
the small cylinder, and the resistance of the specimen
to deformation. Furthermore, the load—time curve can
be obtained but not the strain—time relationship. The
strain rate can be estimated by assuming that the
strain at yield is not pressure sensitive. At atmospheric
pressure the strain at yield is 4.5%. The average strain
rate is then estimated by dividing the yield strain by
the time to yield. This gives a strain rate of 4 s~* under
a hydrostatic pressure of 80 MPa, which is two to
three orders of magnitude higher than the conven-
tional tensile strain rate (0.01-0.001 s*) used by most
researchers.

The pressure-transmitting fluid used in this research
was kerosene oil. Chemical resistance data [29] show
that cross-linked epoxy is very stable in such a fluid.
The effect of this fluid on the mechanical behaviour of
epoxy was determined and the results are presented
and discussed in the next section.

2.3. Microscopy analysis

Optical microscopy was used to examine the sub-
surface damage of fractured specimens. Thin sections
perpendicular to the fracture surface and parallel to
crack propagation direction were obtained by petro-
graphic thinning techniques. This included embedding
the damage zone portion of a specimen in a clear
mounting epoxy resin, then reducing the thickness by
a combination of cutting and polishing until a final
thickness of 25 um or less was reached. The finished
sections were examined using a Nikon research micro-
scope, with or without crossed polarizers, for observa-
tion of deformations such as plastic shear-induced
birefringence and cavitation.

SEM was used to examine the fracture surfaces of
both unmodified and CTBN-rubber-modified epoxies.
SEM was also used to reveal subsurface rubber defor-
mation. In this case, a section perpendicular to the
fracture surface and parallel to the direction of crack
propagation was made by microtoming with a dia-
mond knife on a Reichert-Jung Microtome. Both

2207



fractured and microtomed surfaces were coated with
a thin film of gold by sputtering before SEM exam-
ination. The instrument used was a Hitachi S-800
scanning electron microscope operating at 4 kV.

3. Results and discussion

3.1. Preliminary experiments

To examine the possible influence of the pressure-
transmitting fluid on the deformation and fracture
behaviour of unmodified and rubber-modified epox-
ies, we performed the following experiments: (1) speci-
men weight check before and after pressurization,
(2) comparative fracture toughness tests made at at-
mospheric pressure in air and in the pressure-trans-
mitting fluid, (3) tensile and fracture toughness tests of
specimens with different geometry, and (4) fracture
toughness test of specimens soaked under pressure for
different periods of time.

The results were as follows: (1) The weight gain of
specimens tested after pressurization up to 100 MPa
was found to be less than 0.05%. (2) The comparative
fracture toughness test results are listed in Table II,
and they show that, at atmospheric pressure, the
fracture -toughness results of both unmodified and
CTBN-rubber-modified epoxies in the kerosene oil
were within 5% of those obtained in the air. The
standard deviation of the fracture toughness of un-
modified epoxy is 0.07 MPam?'/?, or 8%. Thus, the
difference is insignificant. These facts confirm that the
pressure-transmitting fluid does not affect the fracture
toughness at atmospheric pressure. (3) The tensile
tests show that kerosene oil is not an environmental
crazing/cracking agent for epoxy, even under high
pressure. If that were the case, it would have caused
premature failure of the epoxy. In fact, both materials
became stronger and tougher under pressure. On the
other hand, the fracture toughness tests also show that
kerosene oil is not a plasticizer for epoxy, either. If that
were the case, the toughness and the observed plastic
zone would have been influenced by the amount of
kerosenc oil diffusing into the surface of the specimen
under pressure. Because an immersed specimen is in
total contact with the fluid, including the crack tip
(Fig. 2a), the plasticized zone, if it forms, would be in
the shape illustrated in Fig. 2b and the resulting
plastic deformation zone would be in the shape illus-
trated in Fig. 2b. However, the experimental results
indicated that a plastic zone existed only in front of the
pre-crack and no plastic.deformation was observed at
the side surfaces (Fig. 2c). This eliminates the possib-
ility of the existence of a static diffusion-controiled
plasticized zone. Furthermore, the plastic zone is more
than 3 mm long. Because the actual tensile fracture

TABLE II Fracture toughness of unmodified and 10 p.h.r.
CTBN-rubber-modified epoxies under room atmosphere

K. + o, MPam'/?)

In air In kerosene oil
Unmodified epoxy 0.81 + 0.07 0.84 + 0.07
Epoxy/CTBN-8 10 p.h.r. 2.05 + 0.05 2.10 + 0.06
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Figure 2 Schematic illustration of the plastic zone expected if kero-
sene oil is a plasticizer of epoxy: (a) positions in contact with
kerosene oil; (b) expected plasticized zones for a single-edge
notched specimen; (c) scanning electron micrograph of the fracture
surface plastic zone of a single-edge notched specimen.

takes place in less than 2 ms, it is impossible for stress- -
assisted diffusion of the kerosene to take place over
this distance in such a short time. These results dem-
onstrate that plasticization of the epoxy by the pres-
surizing fluid did not occur to any significant extent.
(4) Longer soaking time under pressure (30 min com-
pared with 1.5 min in a regular test) was tried to see if
fracture toughness increases with soaking time, but
the result was negative. -

In conclusion, kerosene oil is neither an environ-
mental cracking agent nor a plasticizer for the epoxy.
Both unmodified and CTBN-rubber-modified epoxies
are very stable in kerosene oil, and this may be due to
their cross-linked structure. The results we observed
in the tensile and fracture tests are due to the pres-
surization effect only.

3.2. Suppression of cavitation by applied
hydrostatic pressure

The suppression of cavitation by the applied hydro-
static pressure is first evidenced by the disappearance
of the stress-whitened zone in specimens tested in
simple tension. A photograph of a series of 10 p.h.r.
CTBN-rubber-modified epoxy specimens tested in
uniaxial tension under different levels of superimposed
pressures is shown in Fig. 3. For specimens tested
under a pressure of 30 MPa or below, a very distinct-
ive stress-whitened zone due to the presence of numer-
ous cavities in the material can be seen, and the extent
of stress-whitening decreases gradually as the applied
pressure is raised. When hydrostatic pressure is raised
to 38 MPa, the stress-whitening virtually disappears.
This phenomenon can also be observed in notched
tensile tests, and 38 MPa is the minimum hydrostatic
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Figure 3 CTBN-rubber-modified epoxy specimens tested at differ-
ent pressures to demonstrate the disappearance of stress-whitening
(rubber cavitation).

pressure at which stress-whitening is eliminated. In
our previous work [3, 4, 8], we demonstrated, by a
combination of optical and scanning electron micro-
scopy, that cavitation of CTBN-rubber is the cause of
stress-whitening, For the present research we used the
same techniques to demonstrate that cavitation is
suppressed when the applied hydrostatic pressure is
38 MPa or higher. The observation of stress-whiten-
ing depends on the occurrence of two sequential
events: rubber cavitation or debonding, and the
growth of the resultant voids into larger ones by
plastic shear. Because the yield strength of the epoxy is
not very sensitive to pressure (see Fig. 6 below), we
conclude that the disappearance of stress-whitening is

due to the suppression of cavitation of the rubber, and
not because the shear plasticity occurs with signific-
antly more difficulty.

SEM was used first to examine the surface of
CTBN-rubber-modified epoxy specimens fractured
under different pressures, and the results are shown in
Fig. 4. Fig. 4a and c show the fracture surfaces of
10 p.h.r. CTBN-rubber-modified epoxy tested at at-
mospheric pressure and at a pressure of 80 MPa,
respectively. Three regions can be seen: (I) pre-crack;
(IT) slow crack growth and (III) unstable fracture.
Although the two specimens had almost identical
geometries and crack lengths, the size of the slow
crack growth region for the pressurized specimen is
substantially larger than that of the one tested at
atmospheric pressure. The fracture surface of the pres-
surized specimen is much rougher than the other.
These observations will be further discussed in a later
section. Fig. 4b and d show the same slow crack
growth regions as in (a) and (c), respectively, but at
higher magnification. The fracture surface of the speci-
men tested at atmospheric pressure (b), reveals that
almost all the rubber particles had cavitated prior to
rupture. On the fracture surface of the specimen tested
under a pressure of 80 MPa (d), most rubber particles
did not form cavities prior to rupture. We note that
cavitation must be followed by the subsequent growth
of the resulting void, ie. by plastic flow of the sur-
rounding matrix, in order for the cavities to be visible.
Otherwise cavitation may not be apparent. Because of
the cavitation and subsequent dilatation, the rubber
particles in micrograph (b) appear larger and deeper
than those in micrograph (d). We note also that some

Figure 4 Scanning electron micrographs of the fracture surfaces of CTBN-rubber modified epoxy specimens tested at different pressures:

(a, b) atmospheric pressure; (c, d) 80 MPa.
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rubber particles in Fig. 4d exhibit evidence for in-
cipient debonding by the formation of microscopic
cavities at the interface. Such a phenomenon is to be
expected when the cavitation resistance of the rubber
is increased, in this case by the superimposed pressure.

Suppression of cavitation of rubber by applied
hydrostatic pressure is not just a surface phenomenon.
Subsurface cavitation is also affected by pressure.
SEM of microtomed sections perpendicular to the
fracture surface and parallel to the direction of crack
propagation was conducted, and the results are depic-
ted in Fig. S. Fig. 5a gives the relationship of the
microtomed section to the fracture surface. Fig. 5b
shows the damage zone of a 10 p.h.r. CTBN-rubber-
modified epoxy specimen tested at atmospheric
pressure. It shows that cavitation of rubber particles
accompanied by plastic dilatation of the surrounding
epoxy occurs both on and below the fracture surface
in the damage zone. Fig. 5c is from a specimen of the
same material but fractured under a hydrostatic pres-
sure of 80 MPa. It indicates that no rubber cavitation
had occurred, either on or below the fracture surface.
Consequently, no plastic dilatation had occurred.

In summary, the cavitation of CTBN-rubber
was suppressed at a relatively low pressure. For the
current material system, the minimum hydrostatic
pressure required to eliminate rubber cavitation is
between 30 and 38 MPa, and is not precisely deter-
mined due to the friction in the experimental appar-
atus. This minimum pressure is related to the critical
cavitation resistance of the CTBN-rubber and is weli

Fracture

Microtoming
section plane

surface

(a)

below the tensile yield stress of unmodified and rub-
ber-modified epoxies at atmospheric pressure.

3.3. The tensile yield and fracture of

unmodified and rubber-modified

epoxies under pressure
Over the entire pressure range studied, both unmodi-
fied and CTBN-rubber-modified-epoxies yield in
tension, but fracture shortly after the peak load is
reached. The yield stresses o, of both unmodified and
CTBN-rubber-modified epoxies increase with the
superimposed hydrostatic pressure. These results are
plotted versus the average pressure in Fig. 6. We made
no attempt to fit these results to obtain a pressure-
dependent coefficient of yield stress [307] because the
strain rate was not constant in our tests.

An important point to note is that the strain rate in
this test is approximately 4 s~*. At such a high strain
rate and at atmospheric pressure, these epoxy resins
fail before the yield point can be reached. However,
with a superimposed hydrostatic pressure of 22 MPa
or higher, both materials fail after reaching the yield
point at a similar strain rate. This change in failure
mode shows that there is a strong effect of the super-
imposed hydrostatic pressure on fracture. The reason
may be that the superimposed hydrostatic pressure
reduces the mean stress and therefore suppresses the
cracking process, because the local mean stress con-
centration has been shown to be the cause of cracking
in epoxies [8] and other polymer materials [31].
Narisawa and Ishikawa [32] also showed that by

Crack
cut cut tip

Saw Razor Slow crack

propagation zone

\

Subsurface
deformation zone

Figure 5 Preparation of microtomed section surfaces for SEM examination and the position micrographs taken are illustrated in (a)
Micrographs of microtomed surfaces of CTBN-rubber-modified epoxy specimens tested at different pressures: (b) atmospheric pressure;
(c) 80 MPa. Dashed lines in (b) and (c) denote the position of the fracture surface. Arrows indicate crack propagation direction.
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Figure 6 Tensile yield stress of (M) unmodified and (A) 10 p.hr.
CTBN-rubber-modified epoxies versus hydrostatic pressure at
25°C. Strain rate is ~ 45~ L.

increasing the superimposed hydrostatic pressure,
crazing or cracking in blunt-notched bending
specimens of PP, PE and PA-6 was suppressed or
eliminated.

Another important point to note is that over the
entire pressure range studied, the yield stress of
CTBN-rubber-modified epoxy is lower than that of
the unmodified epoxy. This indicates that, although
rubber cavitation is suppressed by pressure, the
CTBN-rubber still behaved like soft particles, which
cause stress concentration and lower the tensile yield
stress of the modified material. This fact is important
to the discussion of the fracture toughness of unmodi-
fied and rubber-modified epoxy in the next section.

We also note that the superimposed hydrostatic
pressure and high strain rate do not raise the glass
transition temperature of the rubber to the point
where it is near room temperature — the temperature
range in which our tests were performed. According to
Billinghurst and Tabor [33], the pressure coefficient of
1,15 0.18°C MPa~!. Thus, at 80 MPa, the T, of the
rubber under pressure is — 41 °C. Changing the time
scale by a factor of ten times will shift the apparent T,
by roughly 7 °C for a typical polymer [34]. The strain
rate in our test (4 s~ 1) is about 4000 times higher than
the normal strain rate of 0.001 s~*. This strain-rate
difference results in an increase of 25 °C in T,. Assum-
ing these two effects can be linearly combined, then the
T, of the rubber is — 16 °C, which is still below room
temperature.

3.4. The fracture toughness of unmodified
and rubber-modified epoxies

The dependence of the fracture toughness on pressure
is shown in Fig. 7. The toughness of both unmodified
and rubber-modified epoxies increases with pressure.
The fracture toughness of 10 p.h.r. CTBN-rubber-
modified epoxy under pressure is approximately 40%
higher than that at atmospheric pressure, while the
fracture toughness of the unmodified epoxy under
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Figure 7 Fracture toughness of (M) unmodified and (&) 10 p.hor.
CTBN-rubber-modified epoxies versus hydrostatic pressure at
25°C.

pressure is approximately 300% higher than that
under atmospheric pressure. The fracture toughness of
the rubber-modified epoxy is no higher than that of
the unmodified epoxy in the pressure range from
38-150 MPa. Unfortunately, no data are available for
pressures below 38 MPa due to the friction in the
apparatus. Therefore, the pressure at which the tough-
ness difference disappears for these two materials has
not been determined.

3.4.1. Why does neat epoxy become
tougher under pressure?

We will demonstrate in this section that near-surface
plastic deformation enhanced by the superimposed
hydrostatic pressure causes the toughness of the un-
modified epoxy to increase. SEM was used to examine
the fracture surfaces of unmodified epoxy, and the
results are shown in Fig. 8. The fracture surface of an
unmodified epoxy specimen tested at atmospheric
pressure is shown in Fig. 8a. It is rather smooth and
featureless. In contrast, at 60 MPa, the fracture surface
near the starter crack is very rough (Fig. 8b). Fig. 8
and d are the start and end regions of this rough zone
at higher magnification. The roughness appears to be
a result of plastic tearing of the material between crack
planes initiated at different distances from the final
fracture plane. To verify that this surface roughness is
due to plastic deformation, a thin section perpend-
icular to the fracture surface and paraliel to the direc-
tion of crack propagation was made in the middle of
the specimen by petrographic polishing. The thin
sections thus obtained were examined by optical
microscopy and the results are shown in Fig. 9. With-
out crossed polarizers, the thin sections show the
profile of the fracture surfaces. It is smooth and fea-
tureless in the epoxy specimen tested at atmospheric
pressure (Fig. 9a), while that of the pressurized speci-
men has an elongated zone with a great deal of surface
roughness (Fig. 9¢). With crossed polarizers, the thin
section from the pressurized specimen exhibits a very
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Figure 8 Scanning electron micrographs of the fracture surfaces of unmodified epoxy tested at different pressures: (a) atmospheric pressure;
(b-d) 60 MPa.

Figure 9 Optical micrographs of thin sections of unmodified epoxy tested at different pressures: (a, b) atmospheric pressure; (c, d) 60 MPa.
The small arrow indicates the original crack tip position. The large arrow indicates the crack propagation direction.
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elongated birefringent zone (Fig. 9d), the result of
plastic tearing near the surface. In contrast, the thin
section from the specimen fractured at atmospheric
pressure shows a very short and narrow birefringent
zone (Fig. 9b), reflecting very little plastic deforma-
tion. From the comparison of the size and depth of the
plastic birefringence zones, it is obvious that epoxy
specimens tested under pressure would give much
higher toughness values, which, in fact, they do.

We now turn to a discussion of why the amount of
plastic tearing in unmodified epoxy is increased under
pressure. The toughness of epoxy, like those of most
amorphous polymer materials, is determined by the
competition between the shear-deformation process
and the cracking process. (Because the occurrence of
crazing has not been confirmed in epoxies, we refer to
the cracking process only.) These two processes are
both strongly affected by the hydrostatic pressure, but
their pressure dependences are different. If the max-
imum deviatoric stress in front of the sharp crack
reaches the critical value for shear-yielding first, then
the specimen will yield and undergo shear deforma-
tion, On the other hand, if the maximum mean stress
reaches the critical value for cracking first, then the
specimen will fail by cracking, with little shear defor-
mation. At atmospheric pressure, epoxy specimens
with a sharp crack are brittle because the cracking
process caused by high mean stress is preferred, and
they fail with very little plastic deformation (see Fig. 9a
and c¢). With the superimposed hydrostatic pressure,
the tensile mean stress is substantially lowered. As a
result, cracking is postponed to a later stage. When
cracking does eventually occur it appears to be nu-
cleated from many sites (Fig. 8b) and more plastic
tearing can occur. This results in a larger plastic zone
(Fig. 9b and d) and leads to a large increase in the
fracture toughness. We hypothesize that the rough-
ness is due to the nucleation of many cracks at almost
the same stress or strain level. Because of the plastic
stability and the postponement of the cracking process
by pressure, more cracks can be nucleated. When these
cracks merge, the material between approaching crack
fronts tears plastically.

The pressure dependence of the fracture toughness
of epoxy is quite different from that of PE found by
Duckett and co-workers [23, 24]. The reason for this
is that PE is a ductile polymer, and its fracture mode
at atmospheric pressure is shear deformation dom-
inant. With increasing pressure, the amount of plastic
deformation is reduced due to increased yield stress
so that the toughness decreases. The mode change is
from ductile to brittle. In the epoxy resins we used at
atmospheric pressure the brittle cracking process is in
control. With applied hydrostatic pressure, the crack-
ing process is postponed, thus allowing some plastic
deformation to occur, increasing the fracture tough-
ness rather than decreasing it. Furthermore, the pres-
sure range we studied (up to 150 MPa) is much smaller
than that studied by Duckett and co-workers (up to
700 MPa). In our epoxy system we expect that as the
hydrostatic pressure increases beyond a certain value,
the yielding process will become more difficult and the
toughness may drop.

3.4.2. The toughness increase in rubber-
modified epoxy under pressure

Optical and scanning electron microscopy reveal that,
similar to the case of the unmodified epoxy mentioned
above, plastic deformation also causes toughness to
increase in CTBN-rubber-modified epoxy. As shown
in Fig. 4, the surface of a CTBN-rubber-modified
epoxy specimen fractured under hydrostatic pressure
has a larger plastic tearing zone than that of a speci-
men fractured at atmospheric pressure, even though
the cavitation of CTBN-rubber has been suppressed.
The fracture surface of the rubber-modified epoxy
under pressure is more similar to that of the unmodi-
fied epoxy fractured under high pressure (Fig. 8) than
to that of the rubber-modified epoxy fractured under
atmospheric pressure (Fig. 4a and b). A specimen frac-
tured at atmospheric pressure has a cavitation zone
that scatters light strongly (Fig. 10a), but one fractured
under high pressure (80 MPa) does not (Fig. 10c).
With crossed polarizers, the birefringent zone of the
rubber-modified epoxy specimen fractured at atmo-
spheric pressure (Fig. 10b) is larger than that of an
unmodified epoxy specimen fractured at the same
pressure (Fig. 9b), exhibiting enhanced plastic defor-
mation due to cavitation [8]. However, the size of this
subsurface zone is smaller than the plastic tearing zone
of a rubber-modified epoxy specimen fractured under
pressure (Fig. 10d). These observations are the results
of two different mechanisms which both reduce the
mean stress. The cavitation of CTBN-rubber particles
provides an internal mechanism for the relief of mean
stress, while hydrostatic pressure provides an external
mechanism for the reduction of mean tensile stress.
Both mechanisms result in an increase in fracture
toughness. The external pressure increases toughness
by increasing the amount of plastic tearing near the
surface, while the cavitation increases the amount of
plastic flow via both plastic dilatation and shear
localization. When the pressure is increased the mater-
ial switches from one fracture mechanism to the other.
Thus, by applying a hydrostatic pressure which supp-
resses cavitation, a slight net increase of surface plastic
deformation and hence toughness, compared to un-
pressurized state, resuits.

3.4.3. Why is the fracture toughness of

rubber-modified epoxy no higher

than that of neat epoxy?
When rubber cavitation is suppressed by superim-
posed hydrostatic pressure, the fracture toughness of
CTBN-rubber-modified epoxy is no higher than that
of the unmodified epoxy (Fig. 7). Scanning electron
micrographs of the fracture surface show that, with
identical geometries and crack lengths, the size of the
rough zone on the fracture surface of 10 p.h.r. CTBN-
rubber-modified epoxy (Fig. 4c, d) is smaller than that
of the unmodified epoxy (Fig. 9b—d), while the degree
of roughness is comparable. The deformation giving
rise to the roughness in these zones is plastic tearing.
However, there is less plastic tearing in the rubber-
modified epoxy than in the unmodified epoxy. On the
basis of the above observations, and the facts that the

2213



Figure 10 Optical micrographs of thin sections of CTBN-rubber modified epoxy tested at different pressures: (a, b) atmospheric pressure;
(c,d) 80 MPa. The small arrow indicates the original crack tip position. The large arrow indicates the crack propagation direction.

epoxy becomes more ductile under hydrostatic pres-
sure and that CTBN-rubber cavitation is prevented by
pressure, we conclude that a CTBN-rubber that is
incapable of cavitation does not increase the fracture
toughness of an epoxy matrix which already possesses
the capability for shear plasticity. This implies that
{1) stress concentration by rubber-particles alone will
not necessarily induce massive shear-yielding and in-
crease the fracture toughness, and (2) cavitation is very
important to the toughening. Without cavitation, even
though these rubber particles can still cause stress
concentration, they are not effective in toughening.
They may actually decrease the fracture toughness
somewhat, perhaps due to their low cohesive strength
and shear strength, although such a decrease cannot
be ascertained given the large scatter in the data
obtained (Fig. 7).

3.4.4. Final remarks

In the discussions above, we do not attempt to quan-
tify the contribution of dilatational plasticity to the
total fracture toughness in rubber-modified epoxies
because this complicated subject involves other crit-
ical aspects of the theory of toughening of many
plastics, and is best dealt with elsewhere [35, 36].
We note, however, that attempts to partition energy-
absorbing mechanisms into various processes as if
they are linearly additive miss, perhaps, the most
important conclusion reached in this paper, namely,
cavitation provides the key to effective toughening by
the rubber particles. It is the enabling event. Other
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subsequent events also have a causal relationship
when the volume fraction of rubber particles is low, i.e.
plastic dilatation increases the effective volume frac-
tion of voids, which interact non-linearly to form
localized shear bands. These sequential, interacting
events produce a total level of toughness far greater
than the sum of these events acting independently, if
they are able to occur. Although, in the present case,
another mechanism (plastic tearing) takes over when
cavitation is suppressed, this beneficial effect is more
the result of pressure-induced suppression of the cohe-
sive failure of the matrix. Put another way: if the
rubber particles are prevented from cavitating by
heavy cross-linking, then the toughness would de-
crease, this time without the extra plastic tearing to
compensate for the loss of the sub-surface plastic shear
mechanisms [37].

One other point worth noting is the pressure re-
quired to suppress dilatational plasticity. According to
a theory by Andrews and Bevan [38], the net hydro-
static tension D necessary to plastically enlarge a
cavity in an elastic-plastic solid is D = Wo, if the
surface energy term is neglected for cavities of this size.
W, the propagation constant, is between 2.4 and 3.3 for
a wide range of plastics. Thus, to suppress plastic
dilatation, the external pressure must be increased to
over 300 MPa, which is about ten times the critical
pressure found. This observation provides further
clear evidence for the critical role played by the cavit-
ation of the particles. By suppressing this one event,
the plastic dilatation cannot occur at all in the given
stress state.



4. Conclusions

The tensile properties and fracture toughness of un-
modified and CTBN-rubber-modified epoxies was
studied under hydrostatic pressure. The underlying
mechanisms responsible for the property changes as a
result of pressure were analysed by a combination of
optical and SEM microscopy. Our findings are as
follows.

1. The unmodified epoxy exhibits a brittle-to-
ductile transition in both tensile and fracture tough-
ness tests. The reason for this transition is the
postponement of the cracking process by the applied
pressure.

2. Cavitation of CTBN-rubber can be suppressed
at a relatively low pressure. For the current material
system, the minimum pressure required to eliminate
CTBN-rubber cavitation is between 30 and 38 MPa.

3. With cavitation suppressed, the rubber particles
are unable to induce massive .shear-yielding in the
epoxy matrix, and the fracture toughness of the rub-
ber-modified epoxy is derived from surface tearing just
like that in unmodified epoxy.
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