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Ductility and toughenability study of epoxy resins
under multiaxial stress states
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The local strains in unmodified and rubber-modified epoxies under multiaxial stress states
were examined. Matrix ductility was varied by using epoxide resins of different epoxide
monomer molecular weights. The stress state was altered from a plane strain case to a plane
stress case by varying the thickness of the test specimens. It was confirmed that, in the
case of unmodified resins, the thinner specimens which experienced nearly uniaxial tensile
stress exhibited much higher local strains at failure than the thicker counterparts which
experienced highly triaxial tensile stress. Also, the cross-link density was reduced as
monomer molecular weight increased, thus the increase in local plastic strain due to the
stress state change also became greater. Furthermore, it was found that rubber modification
markedly increased the plastic strain to failure, irrespective of the specimen dimensions, and
that the extent of this plastic strain increased as cross-link density was lowered. These
results are consistent with the concept that the cavitation of rubber particles relieves the
initial multiaxial constraint in a thick specimen, induces a stress state closer to plane stress
throughout the specimen, and consequently enables the matrix to deform to a larger extent.
The results also show clearly that the toughenability of a matrix resin is not independent of

the stress state and the matrix ductility. © 7998 Kluwer Academic Publishers

1. Introduction

Thermosetting resins are used widely as structural
materials and adhesives in the aerospace and elec-
tronics industries because of their high strength, high
elastic modulus, and good heat and solvent resistance.
It has been reasoned that these desirable properties
originate from the resin’s cross-linked structure [1].
However, an undesirable property is their low fracture
toughness relative to thermoplastic resins, and they
therefore need to be toughened if their range of ap-
plications is to be extended.

It is known that relatively low cross-link density
epoxy resins can be toughened by the incorporation of
elastomer particles, but more highly cross-linked ep-
oxy resins are difficult to toughen in this way [2,3].
McGarry et al. [4-6], Bascom et al. [ 7, 8] Pearson and
Yee [2,9,10], Sue [11] and Kinloch et al. [3,12,13]
have studied the toughening mechanisms in the elas-
tomer-toughening technique. The current paper is not
intended to be a comprehensive review on the subject
of rubber toughening of epoxies, and hence only the
work most relevant to our aims here is discussed
below. McGarry et al. [4] and Bascom et al. [7]
demonstrated the toughening effect of carboxyl-

terminated butadiene-acrylonitrile (CTBN) rubber
particles. The explanation of the mechanism at that
early stage was mostly on a macroscopic level in that
the crack tip plastic zone radius and the fracture
toughness were the only parameters mentioned, and
terms describing particle-size level and microscale
mechanisms involving triaxial stress, constraint relief,
hole growth, etc., were not discussed. Kinloch et al.
[12] noted some of the essential characteristics of the
mechanisms of rubber toughening in using caviation,
dilation and shear to explain the observed toughening.
However, a more exact mechanism, which is akin to
the void formation and dilation as described in the
metals literature, was not elucidated and a clear pic-
ture describing the exact particle-size level mechanism
was not given. In more recent years, there has been
some agreement that the mechanism of rubber
toughening is very similar to that occurring in metals
[14,15]. Lazzeri and Bucknall [ 14, 15] hold the opin-
ion that void formation and subsequent plastic void
growth are the most fundamental mechanisms of rub-
ber toughening. According to Yee and Pearson, the
role of the elastomer particles is to relieve the con-
straint in front of the crack tip by cavitation [9, 10].
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This mechanism then alters the stress field from one
dominated by triaxial stress, which causes brittle frac-
ture, to one dominated by deviatoric stress [11],
which promotes the formation of shear bands in the
matrix resin [2,9, 10]. Following this line of analysis,
the change in the stress state is considered to be
a trigger for the formation of shear bands. Addition-
ally, the intrinsic ability of the matrix resin to deform
plastically, i.e. its “ductility”, is considered a vital re-
quirement for the elastomer-toughening technique to
be effective, and this intrinsic ability has been termed
“toughenability” [2]. Therefore, the lower elastomer-
toughenability of highly cross-linked networks could
be a consequence of their low intrinsic ductility [2].
In general, the deformation behaviour of materials
depends very much on the given stress state. There-
fore, to be precise, the term “ductility” is meaningful
only if the stress state is also specified. The term
“ductility”, traditionally used in the deformation study
of metallic materials, has been used rather ambiguous-
ly in the field of polymers. In connection with this, the
term “toughenability” [2] has also been used to refer
to the ability of a polymer to be toughened. However,
these concepts and their relationships have not been
clearly defined due to the lack of understanding of
the stress-state-dependent behaviour of polymers. In
plane strain fracture toughness tests, the stress experi-
enced by the material ahead of a crack tip is one of
highly triaxial tension. Therefore, within the context of
toughening, the deformation behaviour of polymers
under dilatational (highly triaxial tensile) stress states
should be carefully considered. Yee et al. [16] used the
symmetric double-grooved strip tensile test to create
biaxial tensile stress states and to examine the change
in the apparent yield stress. They reasoned qualitat-
ively that when the rubber concentration is sufficiently
high, constraint relief caused by the rubber cavitation
can change the stress state in modified epoxy speci-

mens from the plane strain towards the plane stress:

state. In order to verify this idea more clearly, more
quantitative studies on local deformation behaviour of
polymers under both plane strain and plane stress
states are necessary.

The objective of the present study was two-fold.
First, to observe the local deformation behaviour un-
der specific stress states and obtain measurement of
the plastic strain. Second, based on results from rub-
ber-toughened epoxies, to explain the dependence
of deformation behaviour on stress state. We also
examined the relationship between “ductility” and
“toughenability” of the epoxy matrix.

2. Experimental procedure

2.1. Materials

Matrix ductility was altered by using epoxide resins of
varying epoxide monomer molecular weights [2]. The
epoxy resins used in this investigation were three
kinds of diglycidyl ethers of bisphenol-A (DGEBA)
based resin, designated as DER661®, DER664®, and
DERG667®, provided by the Dow Chemical Company.
These resins are families of oligomers with the same
basic chemical composition but different molecular
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weights. The average epoxy equivalent weight of each
resin is 525, 925 and 1800 g/eq, respectively. Each resin
was cured with the stoichiometric amount of 4.4'-
diamino diphenyl sulphone (DDS), Sumicure-S®, pro-
vided by the Sumitomo Chemical Co. The active
amino-hydrogen equivalent weight of DDS is 62 g/eq.
The curing mechanism is predominantly by amine
addition. Therefore, the resulting cross-link density
(the molecular weight between cross-links) of a series
of cured resins can be systematically controlled.

Pre-formed polyamide particles, designated as SP-
500®, manufactured by Toray Industries, Inc., were
mixed with the epoxy resins as deformation markers
to examine the local strain of a series of cured neat
resins. The particles consisted primarily of Nylon-12
and were spherical in shape with 6 um average dia-
meter. The amount of particles used was 0.5 wt %. It
was supposed that the behaviour of the resin under
study would not be significantly altered at such a low
concentration, and indeed this assumption was verifi-
ed as shown later.

Toughened epoxy resins were prepared by incor-
porating 10 vol % carboxyl-terminated butadiene-
acrylonitrile liquid rubber, Hycar® CTBN 1300X13
supplied by the B.F. Goodrich Company, as the
toughening modifier. Polyamide particles were also
used as deformation markers in these CTBN-
toughened systems and the amount of particles was
again 0.5 wt %.

2.2. Fabrication of epoxy plaques

The epoxide equivalent weight of the resins used in
this work ranged from 525-1800 g/eq., and this differ-
ence gave rise to a viscosity difference between resins.
Therefore, two kinds of procedure were used for the
preparation of the epoxy plaques, as shown in Table 1.
First, each resin composition without DDS was
heated to the desired temperature in an oil bath and
stirred to make a homogeneous mixture. Next, the
stoichiometric amount of DDS was added to the resin
mixture while stirring for 15 min, until the DDS was
completely dissolved in the epoxy resin. This was
followed by vacuum degassing for 10 min at the same
temperature. Finally, the resin was cast into a pre-
heated mould treated with a release agent. The resin
was then cured in accordance with the schedule as
shown in Table I. After curing, the oven was switched
off and the cured resin was allowed to cool slowly to
room temperature.

TABLE I Curing procedures for the preparation of epoxy plaques

Resin Mixing/
Preheating  degassing Cure Post-cure
cycle cycle schedule schedule

O ® (O mn (G G (C M

DER661 140 >1 140 ~45 140 16 200 2
DER664 160 >1 160 ~20 160 16 200 2
DER667 160 >1 160 ~20 160 16 200 2




TABLE II Properties of the resins (cited from [2])

Formulation G2 M, from G, T, M, from T, E Gic o,
(dyncm™?) (gmol™Y) Q) (gmol 1) (MPa) (Im~?) (MPa)
DER661/DDS 2.8x107 1160 120 1350 3360 201 96.1
DER664/DDS 2.0x%107 1600 105 2800 - - -
DER667/DDS 7.0 x 108 4350 100 4300 3360 326 85.6
661/DDS/CTBN - - - - 3000 3000 81.5
664/DDS/CTBN - - - - - 4500 -
667/DDS/CTBN - - - - 3000 11400 73.3
*The shear modulus of the rubbery plateau.
The resins, formulations, and curing schedules used .
Tensile load

in our study were exactly the same as those studied by
Pearson and Yee [2]. Therefore, it was assumed that
the molecular weight between cross-links, M,,, and
the physical and mechanical properties, such as glass
transition temperature, T,, and intrinsic ductility, of
the cured resins were similar to those reported by
Pearson and Yee [2]. The properties of the resins as
measured by Pearson and Yee are cited in Table II for
reference.

2.3. Symmetric double-notched plate
tensile test

Multiaxial tensile stress states were created by using
the symmetric double-notched plate tensile specimens,
Fig. 1. Testing using such a specimen geometry gives
rise to multiaxial tensile stress states as a result of
stress concentration and geometric constraint. The
stress state can be altered by changing the thickness of
the specimens, defined in Fig. 1, which thus allows us
to examine the deformation behaviour of the resins
under various stress states. The symmetric double-
notched plate tensile test as a means of multiaxial
testing has been used in the field of metals research
[17], but it has not been widely utilized in polymers
research except for a preliminary attempt by Yee et al.
[16, 18] and a blunt-notch variation used by Narisawa
et al. [19] for crazing studies of thermoplastic poly-
mers. Yee et al. [18] used the symmetric double-
notched plate tensile samples to study brittle-ductile
transitions of thermoplastic polymers by changing the
specimen thickness as defined in the figure. Likewise,
in this study, we make use of this specimen geometry
to investigate the stress-state dependent deformation
and failure behaviour of polymers, and the difference
in the plastic strain of a series of cured resins under the
same stress state.

In the symmetric double-notched tensile specimens,
the round notches were machined with a diamond
powder-coated grinding wheel to reduce the size
of surface defects. The apparent gauge length, ie.
the height of the groove, h, was 3.2 mm, but it is not the
true gauge length because the deformation at the
notch root is not uniform. The ligament width be-
tween the two notches, w was 3.1 mm. The specimen
width outside the notch section was 6.3mm. Two
thicknesses, T, were chosen to produce different multi-
axial tensile stress states: one was 1 mm and the other
was 7mm. In the case of the thinner specimen, the

Ty

6.3 mm
Plane-stress <>
or 3.1 mm\ 1.6 mm
plane-strain
direction
y
X
v
z
Tensile load

Figure 1 1llustration of a “symmetric double-notched plate tensile”
specimen. The thickness direction is defined as the Z direction on
the diagram.

stress state directly ahead of the notch tip must be
nearly uniaxial, then the stress becomes increasingly
biaxial at locations closer to the middle of the liga-
ment of the specimen. On the other hand, in the
thicker specimen, the stress state ahead of the notch
always exhibits some triaxiality. In particular, the
stress state in front of the slip-line field has been
confirmed to possess a large triaxial component [20,
21].

A screw-driven Instron (Model 4502) was used to
conduct the tensile tests. To ensure that yielding
instead of brittle fracture occurred, a relatively
slow crosshead speed (1mmmin~') was employed.
The tensile tests were performed until failure of
specimens or the critical point just before failure was
reached.

2.4. Microscopy
Microscopy techniques were utilized to examine the
deformation behaviour and to measure the plastic
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strains. The subsurface deformation zones of the tes-
ted specimens were observed using an optical micro-
scope (OM) “Nikon Optiphot” in the transmitted light
mode, under both bright-field and cross-polarized
light. Polished petrographic thin sections (25pum
thick), perpendicular to the fracture surface and en-
compassing the damage zone in front of the notch,
were prepared for observation of deformation behav-
iour. Three regions were chosen to reveal the deforma-
tion behaviour under various stress states, as shown in
Fig. 2. In the case of the thin specimens, Case A, the
yz-plane view of the polished sections [rom immedi-
ately adjacent to the notch tip was examined. At this
location, a nearly uniaxial tensile stress state exists
because no constraint in the x-direction is created at
the surface of a specimen and almost no stress in the
z-direction exists in such a thin specimen. In the case
of the thick specimens, Case B, the xy-plane view of
the mid-plane in the thickness direction (z-direction)
was examined. In pure epoxy cases where, under
a plane-strain state, slip lines occurred in [ront of the
blunt notch, the tip area of the slip-line field was
examined closely for its high triaxiality. For CTBN-
modified epoxies, in order to compare the degree of
constraint, only thick specimens were used. Again the
xy-plane view of the mid-plane in the thickness direc-
tion (z-direction) was examined, Case C. However, the
location of observation was extended from near the
notch tip to the middle of the ligament. The constraint
should increase further from the notch tips.

2.5. Ductility assessment

The pre-formed polyamide particles dispersed in the
epoxy resins could be used as deformation markers
because they adhered to and deformed with the matrix
without any interfacial failure. Furthermore, the
Young's modulus of Nylon-12, 1100 MPa, is lower
than that of the lowest T, epoxy at the test temper-
ature, while Poisson’s ratio of most isotropic solid
polymers lies between 0.35 and 0.42 [22]. So, the
extent of plastic deformation experienced by the par-
ticle was considered virtually the same as the deforma-
tion of the surrounding matrix resin. Therefore, the
ductility (the plastic strain) of the matrix resin under
a given stress state could be assessed by determining
the strain of the particles within a particular region of
the damage zone as captured by microscopy. The
following three assumptions were made in calculating
the plastic strain of the particles:

1. the volume of a particle is constant during the
plastic deformation process;

2. the deformation throughout a particle is uni-
form;

3. the cut plane is parallel to the loading direction.
The first assumption is often used for the plastic defor-
mation process and is reasonable because plastic de-
formation is a shearing process and so does not
involve dilatation. If the second assumption is valid,
then the shape of a particle becomes perfectly elliptical
after deformation. In our study, this assumption was
experimentally verified by comparing the magnified
images of actual particles with shapes of true ellipses.
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Figure 2 Illustration of regions observed on the deformation be-
haviour under various stress states (a) Case A: yz-plane view directly
next to a notch tip, in thin specimens of pure epoxies. (b) Case B:
xy-plane view of the mid-plane in the thickness direction, in thick
specimens of pure epoxies. Attention was focused on the tip area of
the slip-line field. (c) Case C: xy-plane view of a strip of the mid-
plane in the thickness direction, in thick specimens of CTBN-
modified epoxies. The observed location is extended from near the
notch tip to the middle of the ligament.



The third assumption is applicable to perfect ellip-
soids. The aspect ratio of an ellipsoid remains the
same regardless of the cutting point so long as the cut
plane is parallel to the loading direction. Therefore,
although the observed plane does not necessarily cut
through the centre of each particle, the aspect ratio is
still good for strain calculation. Now, let us imagine
a virtual ellipsoid which has a centre plane on the
observed plane as captured by microscopy. From the
third assumption, the virtual ellipsoid has the same
strain as the actual particle. The volume of the de-
formed virtual particle, ¥, and the volume of the
pre-deformed virtual spherical particle, V,, were cal-
culated from Equations 1 and 2, respectively

V, = 4nab*/3 (1)
Vo = 4nrd/3 (2)

where a is half of the major axis of the deformed
particle, b is half of the minor axis of the deformed
particle, and r, is the radius of the pre-deformed vir-
tual particle. From the first assumption, V, equals V.
Then r, could be calculated from Equation 3

r = (ab?)'3 3)

The plastic strain, g, of a particle was then calculated
by using Equation 4

e = (a/b)’ —1 @

Although this method of determining plastic strains
may not be subject to a particularly high degree of
accuracy, it is considered to be sufficient for compar-
ing the effects of M,. and rubber modification on
ductility. '

3. Results and discussion
3.1. Deformation behaviour of pure epoxies
under uniaxial tension and triaxial
tension

When specimens were thin enough, total yielding oc-
curred and shrinkage in the thickness direction (z-
direction) was observed in all three kinds of epoxy
resin. The yz-plane view of a notch tip of pure epoxy
resins after failure was examined under OM in bright-
field. Fig. 3 includes micrographs of (a) DER661/DDS
and (b) DER667/DDS. Under the microscope, inter-
secting type shear bands were observed in the yielded
zone in the yz-plane, which is the characteristic of
plane-stress deformation [237]. This is consistent with
the stress state at the notch tip being close to uniaxial
tension. Fig. 4 shows micrographs of polyamide par-
ticles taken at a higher magnification from the centre
area of the intersecting type shear bands. As a refer-
ence, particles before loading are shown in Fig. 5. Both
large deformation of particles, and good adhesion
between particles and the matrix resins can be ob-
served in Fig. 4. Therefore, the extent of deformation
of the particles must follow the deformation of the
surrounding matrix resin. Our observation of the ex-
tent of elongation of the particles indicates that the
matrix deformation increased with increasing M, of
the matrix resin.

Figure 3 Optical micrograph, in the yz-plane view, of a polished
section taken from immediately adjacent to a notch tip. (a) Thin
specimen of DER661/DDS, including 0.5 wt % Nylon-12 particles
as deformation markers. (b) Thin specimen of DER667/DDS, in-
cluding 0.5wt % Nylon-12 particles as deformation markers.

Fig. 6 shows the deformation zones of the thick
specimens of (a) DER661/DDS and (b) DER667/DDS.
These specimens were loaded to the critical point just
before failure. The xy-plane view of the area in front of
a notch was examined. In this case, a plane-strain
condition, slip-line type shear deformation occurred.
The size of the slip-line field of DER667/DDS was
almost identical to that of DER661/DDS, despite the
difference in their M. This suggests that under highly
triaxial tension the lower cross-link density epoxy
responds in a similar way to the higher cross-link
density epoxy, which may partly explain the small
effect of M. on the fracture toughness, as reported
previously [2]. The plastic—elastic boundary, i.e. the
tip of the slip-line field, of the two materials is shown
magnified in Fig. 7. Regardless of the M,. of the
matrix resin, the spherical shape of the particles was
maintained. This clearly indicates that at the plas-
tic—elastic boundary, the stress state must be highly
triaxial. This also demonstrates that, with no apparent
plastic deformation observed, the hydrostatic stress
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Figure 4 As Fig. 3 but at a higher magnification. Note that the
deformation of the particles in DER667/DDS (b), is larger than that
in DER661/DDS (a).

Figure 5 Nylon-12 particles embedded in an unloaded DERGG67/
DDS specimen. Note that the particles are not deformed and
maintain the spherical shape.

component dominates in this highly triaxial tension
stress state. Again it can be seen that, under highly
triaxial tension, the lower cross-link density epoxy
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Figure 6 Optical micrograph, in xy-plane view, of a polished sec-
tion taken from the mid-plane in the thickness direction. {a) Thick
specimen of DER661/DDS, including 0.5 wt % Nylon-12 particles
as deformation markers, loaded to the critical point just before
failure. (b) Thick specimen of DER667/DDS, including 0.5 wt %
Nylon-12 particles as deformation markers, loaded to the critical
point just before failure.

responds in a similar way to the higher cross-link
density epoxy. Another interesting phenomenon ob-
served was that “craze-like” microcracks appeared in
some particles in the tip region of the slip-line field. No
such microcracks were observed in particles located
closer to the notch tip. This observation indicates that
the tip of the slip-line field has higher triaxiality than
the notch tip area, because the void formation re-
quired for crazing involves a dilatational process
[19,24].

So far, only a qualitative explanation of the defor-
mation behaviour of the pure epoxies has been pro-
vided. Our objective was, however, to determine the
plastic strain quantitatively. Fig. 8 shows a high-mag-
nification image of a polyamide particle which was
taken from a failed thin specimen of DER667/DDS.
We verified that the particle shape was almost truly
elliptical by comparing it with a true ellipse generated
using a computer. The same experimental verification
of the shape of the particles was performed for more



Figure 7 As Fig. 6 but showing the tip of the slip-line ficld at
a higher magnification. Note that the spherical shape of the particles
is maintained, regardless of the difference in their M, of the matrix
resin.

Figure 8 Optical micrograph of a high-magnification image of Ny-
lon-12 particles which are embedded in a failed thin specimen of
DERG667/DDS.

than five particles from each resin. The existence of
perfect elliptical shapes implies that the particles and
the surrounding matrix resin in the observed areas
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Figure 9 The effect of stress state on the plastic strain of pure
epoxies with various cross-link densities, Note that the strain under
high triaxial tension did not increase with decreasing cross-link
density. On the other hand, the plastic strain under uniaxial tension
increased markedly with decreasing cross-link density.

experienced practically uniform deformation. By
measuring the lengths of the major axis and the minor
axis of each particle, the plastic strain of the particle
could be calculated from Equations 1-4. As explained
in Section 2, it is presumed that the strain of the
particles reflects the strain of the surrounding matrix.
Fig. 9 shows the relationship between the calculated
plastic strain and the epoxy monomer molecular
weight. The higher the monomer molecular weight,
the lower the cross-link density of the resin. The plas-
tic strains of each resin under both uniaxial tension
and highly triaxial tension are plotted on the figure.
The thin specimens, which failed under uniaxial ten-
sion (plane-stress state), exhibited much higher plastic
strain than the thick specimens, which failed under
highly triaxial tension (plane-strain state). The strain
under highly triaxial tension did not increase with
decreasing cross-link density. On the other hand, the
plastic strain under uniaxial tension increased mark-
edly with decreasing cross-link density. This trend of
plastic strain versus cross-link density is similar to the
trend in the rubber-toughening effect versus cross-link
density as observed by Pearson and Yee [2], whose
results are shown in Fig. 10.

3.2. Deformation behaviour of thick
specimens of CTBN-modified epoxies

Fig. 11 shows the deformation zones of the thick
specimens of the CTBN-modified DER661/DDS (a,b)
and the CTBN-modified DER667/DDS (c,d). Again
these specimens were loaded to the critical point just
before failure. The xy-plane view of the notch tip area
was observed. Compared with the slip-line type shear
deformation of the pure epoxies, the slip lines of the
CTBN-modified epoxies were diffuse. The shear lines
eventually connected the two notches of a specimen
and total yiclding of the necked region occurred. The
size of the slip-line field of the CTBN-modified
DER667/DDS was larger than that of the CTBN-
modified DER661/DDS; this was different from the
cases of non-modified epoxies. This observation suggests
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that the lower cross-link density CTBN-modified ep-
oxy can deform to a larger extent than the higher
cross-link density modified epoxy, even within a ge-
ometry that experiences high initial triaxial tension.
One important point in these thick specimens is that
almost all rubber particles in the observed region were
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Figure 10 The relationship between toughness and cross-link den-
sity of pure epoxies, (E), and CTBN-modified epoxies (A), cited [rom
a paper published by Pearson and Yee [2]. The trend of rubber-
toughening effect versus cross-link density is similar to the trend in
plastic strain under uniaxial tensile stress on cross-link density. By
contrast, the toughness of pure epoxies has no dependence on the
cross-link density similar to the trend in strain under triaxial ten-
sion, shown in Fig.9.

cavitated after loading (Fig. 12). If local constraint
relief is induced by the rubber cavitation and this relief
can change the local stress state from a plane-strain
state towards a plane-stress one, as proposed by Yee
et al. [16], then this change in stress state should be
reflected in the extent of strain. So the macroscopic
change of deformation behaviour due to rubber-modi-
fication apparently suggests that a microscopic stress
state change might have occurred in the thick speci-
mens (which originally would have sustained highly
triaxial tension in front of a notch). A plausible se-
quence of events under loading is as follows: (1) initial
slip-line type plastic deformation occurs in front of the
blunt notches due to stress concentration; (2) at the tip
of the slip-line field, triaxial tension arises due to the
plastic constraint; (3) rubber cavitation occurs when
the triaxial tension reaches a critical value; (4) the
cavitation causes some amount of constraint relief
locally; (5) if the constraint relief is sufficient, the local
stress state can change from plane strain towards
plane stress; (6) this stress state change causes the
deformation to switch from being microscopically
non-uniform (localized) mode to being more uniform.
Therefore, slip lines (i.e. localized deformation) be-
come diffused and less distinguishable.

Fig. 13 shows high-magnification images of poly-
amide particles taken from the [ailed thick specimens
of (a) CTBN-modified DER661/DDS and (b) CTBN-
modified DER667/DDS. The polyamide particles in
the CTBN-modified epoxies were elongated in spite of
being embedded in thick specimens. The particles in

Figure 11 Optical micrograph, in xy-plane view, of a polished section taken from the mid-plane in the thickness direction, viewed in {a,c)
bright-field and (b,d) cross-polarized light. (a,b) Thick specimen of CTBN-modified DER661/DDS, including 0.5wt % Nylon-12 particles as
deformation markers, loaded to the critical point just before failure. (c,d) Thick specimen of CTBN-modified DER667/DDS, including
0.5 wt % Nylon-12 particles as deformation markers, loaded to the critical point just before failure.
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Figure 12 Optical micrograph, in xy-plane view, of the region
below the fracture surface of a CTBN-modified DER667/DDS
specimen. Note that almost all rubber particles were found to be
cavitated after loading.

Figure 13 Optical micrograph of a high-magnification image of
Nylon-12 particles which are embedded in a failed thick specimen
of (a) CTBN-modified DER661/DDS and (b) CTBN-modified
DER667/DDS. Note that the particles in the CTBN-modified ep-
oxies are elongated in spite of being embedded in thick specimens.
The particles in the lower cross-link density epoxy (b), showed
higher strains than those in the high cross-link density epoxy (a).

the lower cross-link density epoxy showed higher
strains than those in the higher cross-link density
epoxy. Owing to the presence of the numerous smaller
rubber particles, the boundary of a polyamide particle
was not well defined in some cases. Because of the
apparent roughness in the boundaries of the polyam-
ide particles, strain calculations of the CTBN-modi-
fied epoxies have lower degrees of accuracy than in the
corresponding unmodified epoxies, although they are
still considered to be sufficient for comparing the
effects of M. and rubber-modification on the plastic
strain.

Based on the same calculation method as in the
cases of the pure epoxies, the plastic strain in three
CTBN-modified epoxies was characterized. For these
CTBN-modified epoxies, observations were made
from near the notch tip to the middle of the ligament.
This was necessary because the slip-line field became
diffused and it was therefore more difficult to pinpoint
a location representing a certain stress-state. However,
it is wholly reasonable that the constraint should
become higher with increasing distance from the
notch. Fig. 14 shows the relationship between the
plastic strain and the distance from a notch. An over-
all observation is that rubber-modification markedly
increased the plastic strain even in the thick speci-
mens. Secondly, the location has a strong influence
on the extent of the plastic strain observed. This sec-
ond observation is probably due to the constraint
level variation with location within a specimen. As
a unit cell of material moves further away from
a notch, the constraint increases and the plastic strain
decreases. So, some constraint still exists in these
rubber-modified specimens at the concentration of
rubber toughener investigated. However, if the con-
centration of the rubber particles becomes sufficiently
high, the constraint relief should effectively turn
the stress state into one of purely plane-stress. In
that event, the effect of location would no longer be
significant.

In order to examine the relationship between the
plastic strain and the cross-link density of matrix
resins, the same data in Fig. 14 were replotted in Fig.
15. It can be seen that the extent of plastic strain
increases with the decrease in cross-link density. It is
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Figure 14 Relationship between the plastic strain and the distance
from a notch of CTBN-modified epoxies.

3487



160

140

120

100
80
60
40

20 Epecinmm (Puté spoky "t’rii'c'k:'s”éc"iﬁ:é"s”
E i i (‘u;eepox:{. !p I—.Lr)

Weak
constraint

notch {(mm)

Plastic strain (%)

Strong
constraint

1000 2000 3000 4000

Monomer molecular weight (g mol™)

Figure 15 Relationship between the plastic strain and the cross-link
density of CTBN-modified epoxies (thick specimens) and pure ep-
oxies (both thin and thick specimens), derived from data in Figs. 14
and 9.

clear that the effect of rubber cavitation on the plastic
strain increase is similar to that of decreasing the
thickness in the pure epoxies, and is most probably
due to constraint relief caused by rubber cavitation in
the thick specimens. As mentioned earlier, the depend-
ence of the plastic strain on cross-link density is sim-
ilar to that of the matrix toughenability. In this study,
constraint relief due to rubber cavitation was reasoned
to cause a stress state change towards plane-stress.
Our results also show that, under the plane-stress
state, the lower cross-linked resin can undergo more
plastic strain. This increased plastic strain is most
likely to be responsible for the increase in energy
absorbed, and thus the higher toughness [25]. It there-
fore seems reasonable to postulate that a strong rela-
tionship exists between the plastic deformation
capability, i.c. “ductility”, under plane-stress state and
the ability to be toughened, ie. “toughenability”, of
the matrix resin. However, the causal relationship
between the “ductility” and the “toughenability” has
not been fully quantitatively verified, because the mea-
sured value in the present study was the plastic strain,
instead of the absorbed energy. To correlate the ulti-
mate plastic strain of matrix resin with the crack
initiation toughness increase induced by rubber-modi-
fication, various quantities must also be known in-
cluding the size of the process zone in front of a crack
tip, the stress and strain distribution within the pro-
cess zone, and the stress—strain relationship of the
matrix resin. Efforts in these areas are currently being
made.

4. Conclusions
The deformation behaviour of materials depends very
strongly on the stress state. Therefore, the term “duc-
tility” is meaningful only where the stress state is also
specified. In the present study, the local deformation
behaviour of epoxies under both uniaxial and highly
triaxial tension were observed, and the plastic strain
was determined quantitatively. Based on these results,
four conclusions could be drawn.

1. The stress state influences the extent of strain at
failure.
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2. Cross-link density — an intrinsic material prop-
erty — dictates the achievable ductility.

3. Cavitation of rubber particles relieves the initial
multiaxial constraint in a thick specimen, induces
a stress state closer to plane stress, and consequently
enables the matrix to deform to a larger extent.

4. The toughenability of a matrix resin is intimately
related to the stress state and the matrix ductility.
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