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ABSTRACT: Fracture surface morphology in relation
with toughening of thermosets modified with hollow
microspheres was studied. Two different toughening
methods were employed—one was with (MEH) and the
other without (ME) compressive residual stresses around
microspheres, respectively. The compressive residual
stresses were to increase effective stress intensity factor.
Various conditions arising from toughening method, prop-
erties of constituent materials, bonding between matrix
and microspheres, relativity between bonding and micro-
sphere strengths, and plane stress/strain were derived for
part of generalization of fracture surface morphology.
Mohr circle representations were employed for relative
stress components analysis. New deformation mechanisms
contributing to toughening were proposed. A major differ-

ence in toughening mechanism between ME and MEH
methods was found to be in the location of plastic defor-
mation under plane strain. The plastic deformation of ME
was dominantly in matrix and appeared in the form of
matrix cavitation. In the case of MEH, it was dominantly
in microspheres. It was suggested that compressive resid-
ual stress promotes plastic deformation of microspheres
caused by “extrusion” effect. The microsphere deformation
in MEH was found also under plane stress although it was
not as much as under plane strain. Matrix cavitation in
ME under plane stress, however, was not found. © 2007
Wiley Periodicals, Inc. ] Appl Polym Sci 105: 3287-3294, 2007
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INTRODUCTION

Thermosets are an important family of engineering
plastics. They are, however, brittle compared to ther-
moplastics because of their crosslinked molecular
structures. Much effort has been made to improve
such weakness particularly for epoxies. Liquid rubber
has been used as a modifier owing to its remarkable
toughening effect not only for themosets but also for
thermoplastics." Toughening mechanisms due to the
liquid rubber have been studied by numerous
researchers since Sultan and McGarry* found its
toughening effect. The toughening mechanisms
include cavitation and shear banding,” crack pinning,®
bridging,” crack blunting® etc. Pearson and Yee’ sug-
gested that major toughening mechanisms contribut-
ing to the improvement of toughness are cavitation
and shear deformation between rubber particles.
Another development in toughening is some attempts
using a similar method to the one used for ceramics in
which toughness increase was achieved by volume di-
lation in the vicinity of the crack tip resulted from tet-
ragonal to monoclinic phase transformation.'®"" Kim
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DISCOVER SOMETHING GREAT

and Robertson'>'* have investigated toughening with
semicrystalline thermoplastic polymers as modifiers
and as a result substantial toughening has been
achieved. They thought phase transformation was the
major toughening mechanism but it was inconclu-
sive. © Some variation of toughening mechanisms has
been achieved using other modifiers such as glass
beads,'>” hollow micro-spheres,lg_21 and core-shell
rubber” and voids.*

Recently, Kim and Kim?* 2 have developed a new
toughening method to increase the effective critical
stress intensity factor by purposely producing com-
pressive prestresses around microspheres. The com-
pressive prestresses in the matrix were produced
by expansion of microspheres containing gas. The
toughening method has already been demonstrated
to be efficient. However, its detailed study on defor-
mation mechanism leading to fracture surface mor-
phology, which might provide a salient insight into
the toughening, has not been conducted. The defor-
mation, in general, is controlled by hydrostatic and
deviatoric stress components. The hydrostatic stress
component does not cause plastic deformation but
contributes to elastic volume changes whereas the
deviatoric stress component involves in causing plas-
tic deformation. The two stress components can be
related to each other and represented by the Mohr
circle.” In the present work, deformation mecha-
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nisms of both prestressing and nonpre-stressing
methods will be further studied within a framework
of various conditions with Mohr circle analysis.

Conditions affecting fracture surface morphology

In general, fracture surface morphology of particu-
late composites is dependant upon various proper-
ties for interface between matrix and filler particles,
filler particles, and matrix. Also it depends on tough-
ening method involving precompression or nonpre-
Compression, and on stress state.

Possible bond conditions of the interface between
matrix and filler particles due to cavitation in the vi-
cinity of the crack tip at which the hydrostatic com-
ponent is at its maximum under plane strain are

fully bonded, (c1)
partially bonded, and (c2)
fully debonded. (c3)

When microspheres are fully debonded, their role
in toughening is equivalent to that of voids® and
interaction with matrix no longer occurs.

Possible property conditions for filler particles and
matrix are

Ey > Ep, (c4)

E.=E, (c5)
and

E. < Ep, (c6)

where E,, is the elastic modulus of matrix and E, is
the elastic modulus of filler particle. Poisson’s ratios
would affect the hydrostatic component to some
extent and should be included if rigorous analysis
would be applied.

Possible relativity conditions at the crack tip
between matrix and particle at fracture are

F, > F,, > F,, (c7)

Fy > F, > Fy, (c8)

Fy <Fy <Fp (c9)
and

Fp < Fp, <F, (c10)

where F, is the maximum bonding force between
matrix and filler particle resisting the applied load,
F,, is the maximum force matrix can carry until it
fails, and F, is the maximum force a particle can
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carry until it fails. When the condition c7 occurs, fil-
ler particle fails whereas when condition ¢8 occurs,
matrix fails. When the condition ¢9 or ¢10 occurs,
only debonding takes place. The interface bonding is
usually ill defined due to the difficulty of the small
scale characterization but postmortem examination
on fracture surface provides useful information.
Also, interface bonding can be controlled to some
extent by coating® or chemically.?!

In this way, 144 different combinations (=2
[toughening methods] X 3 [bond conditions due to
cavitation] X 3[elastic moduli] X 4 [bonding at the
crack tip] X 2 [plane stress/strain]) arising from dif-
ferent conditions are possible, leading to various
morphologies.

Some deformation contributing to toughness can
intuitively be described. Matrix deformation, for
example, is expected to be larger for either low inter-
face bonding strength or low elastic modulus of filler
particle because the constraint in the vicinity of the
crack tip caused by either of those properties on ma-
trix is weak. Deformation of filler particles in rela-
tion with various conditions and relative quantities,
however, is no longer intuitive. Some aspects of the
relativity of various conditions will be further dis-
cussed with experimental results.

EXPERIMENTAL

Experimental details from Ref. 26 are included here
to be self-sufficient within the scope of the paper.

Materials used

An epoxy system was adopted as a model material
for this study. The system consisted of West System
Epoxy 105 (a blend of Bisphenol A and Bisphenol F)
and West System Slow Hardener 206 (a blend of ali-
phatic amines and aliphatic amine adducts based on
diethylene triamine and triethylenetetramine) as cur-
ing agent. An average density of five measurements
was found to be 1.1 g/cc for the epoxy system.

Modifier particles used were preformed hollow
microspheres (EXPANCEL, 551 DU40, Akzo Nobel)
which consist of copolymer shell and gas. The mi-
crospheres were analyzed for chemical structure
using a Perkin-Elmer Fourier Transform Infra Red
Spectrometer (Paragon 1000) and found to be
(CsHgO,—C3H3N—C,H,Clo)x. An average density of
microspheres from three measurements at room tem-
perature was found, using an air comparison pyc-
nometer (Beckman 930), to be 1.2. The hollow micro-
sphere sizes were measured using a laser particle an-
alyzer (Malvern 2600C) and their size distribution is
given in Figure 1.

The microspheres expand when heated. As part of
characterization for volume expansion of 551 DUA40,
10 mL microspheres were put in a 100 mL mea-
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Figure 1 Hollow microsphere size distribution. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

suring cylinder and tapped for 5 min and then
placed in an oven preheated to 70°C. Further heating
followed every 5-6 min for an increment of 10°C
until it reached 200°C. The volume expansion as a
function of temperature is shown in Figure 2. It is
seen that the volume reaches its maximum and then
decreases because some hollow microspheres
explode when the temperature is high.

Manufacturing process for modification with
microspheres

Modification of epoxy in two different ways was
conducted i.e., one is without heat treatment (ME)
and the other with heat treatment (MEH). The heat
treatment was to produce compressive stresses
around microspheres. The details are as follows.
Microspheres were first added to epoxy and stirred
for about 10 min. The mixture was heated to about
80°C for 30 min to reduce the viscosity for easy stir-
ring and then allowed to cool in a water bath for
about half an hour. The hardener 17 phr (by weight)
was then added and stirred for 5 min. The resulting
mixture was poured into an aluminum mold with a
cavity of 6 X 150 X 150 mm?® and left for curing at
room temperature at least for one day for ME speci-
mens. (Temperature rise in the mold due to exother-
mic reaction was monitored using a thermocouple
and found to be about 8°C which would not affect
the expansion of hollow microspheres.) Further, heat
treatment was conducted on demoulded specimens
for MEH in an oven at 135°C for 2 h and then
allowed to cool down to room temperature.

Mechanical testing

All the specimens for mechanical testing were
machined into dimensions of 12 X 60 X 6 mm?® for
edgewise placement. Three point bending tests on a
universal testing machine (Shimadzu 5000) were
conducted for elastic modulus, strength, and fracture
toughness. A crosshead speed of 10 mm/min was
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adopted for tests of flexural properties and 0.5 mm/
min for the fracture toughness measurements at a
room temperature of 21°C.

The critical stress intensity factor (Kjc) expres-
sion®® used was

3PS\/ma

Kie = Zgnz

Y 1)

where a is the crack length and Y is a geometry fac-
tor given by

194 (1 —%][2‘15—3.93%+2.7 (%) 2]
v (1+26) (1-4)

)

Specific fracture energy values for mode I were
approximated using

KZ
Gic = i.

®)

It is noted that load-displacement curves obtained
were at least approximately linear as already shown
elsewhere®” and this approximation may be conserv-
ative for any nonlinear behavior.

A precrack up to 6 mm long was produced by a
tapping a razor blade into the tip of 2 mm long saw-
cut notch.

Microscopy

Scanning electron microscopic (SEM) work using a
JEOL JSM-840 (tungsten filament, 10 kV) was con-
ducted. Fractured samples were cleaned with water
in an ultrasonic cleaner (Bran Sonic 52) and dried in
an oven at 30°C for 30 min. Samples were gold
coated using a SPI-MODULE™ Sputter Coater at 10
mA for 4 min. Images were taken for approximate
locations A and B (Fig. 3)—location A is close to sur-
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Figure 2 Volume expansion measurement of 551 DU40 as
a function of temperature.
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Figure 3 Approximate locations of SEM fracture surface
images taken for plane stress (A) and plane strain (B).

face and hence regarded as plane stress dominant,
and location B is far from the surface and hence
regarded as plain strain dominant.
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Figure 4 Fracture toughness as a function of hollow
microspheres for ME and MEH series: (a) critical stress in-
’censitzr6 factor (Kic)” and (b) specific fracture energy
(Gio)-
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RESULTS AND DISCUSSION

Fracture toughness in both Kjc (critical stress inten-
sity factor) and Gc (critical specific fracture energy)
is given in Figure 4. Both ME and MEH increase in
toughness as micro-sphere content increases up to a
content of 20 phr and thereafter tend to be relatively
flat or slightly decrease. MEH appears a little higher
than ME in Kjc reflecting the increase in effective
stress intensity due to precompressive stresses
around microspheres in the case of MEH. Also,
MEH further appears much higher than ME in Gic
indicating that much more deformation occurred in
MEH than in ME at fracture according to Eq. (3).
SEM images of fracture surfaces of ME are given
in Figure 5 for both plane stress and strain. A major
difference between plane stress [Fig. 5(a)] and plane
strain [Fig. 5(b)] appears to be in interface bonding
between microspheres and matrix. Some gaps
between microspheres and matrix are seen on frac-
ture surface formed under plane strain. The gaps
were previously discussed in relation with two pos-

Figure 5 SEM images of fracture surfaces in the vicinity
of initial crack tip of ME, 15 phr: (a) plane stress, and (b)
plane strain. Crack propagation direction is from top to
bottom. Each scale bar represents 100 pm.
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sibilities—one is due to cavitation and the other ep-
oxy shrinkage®® and it was deduced to be due to the
cavitation of matrix. In contrast, no gaps under plane
stress are seen and the fracture surface suggests that
the crack passed through microspheres without pull-
outs of microspheres. (Cavitation would not likely
occur under plane stress because stress state is more
biaxial than triaxial and hence less hydrostatic stress
component.) This finding supports the previous
deduction®® that the gaps are due to cavitation of
matrix. Further, the features of microspheres found
on fracture surface under plane strain include the
following three types:

a. partially debonded from matrix and broken
with torn marks on fracture surfaces (conditions
c2 and ¢7);

b. fully debonded and pulled out from matrix
(conditions ¢3 and c9 or c10)); and

c. fully bonded but broken with relatively flat
fracture surfaces (conditions c1 and c7).

The three types are further schematically illus-
trated in Figure 6 for clarity. The first and last types
of microsphere deformation will be discussed using
the Mohr circle as follows. When the crack tip
approaches a microsphere as a result of crack propa-
gation, two different bonding conditions (c1 and c2)
as illustrated in Figure 7(a,b) may be considered in
the vicinity of the crack and relevant Mohr circles
can be constructed. The normal stress components in
x, ¥, and z directions (o,, ©,, and o.) in the Mohr
circle [Fig. 7(a)] represent the principal stresses on x
axis. It is known that 6, > 6, > o, in the vicinity of
the crack under plane strain when no precompres-
sive stress exists.”® The location of &, [= v(o, + c,)]
on the normal stress (o) axis for the Mohr circle
depends on Poission’s ratio, v. First, when the micro-
sphere is “partially debonded” possibly due to cavi-
tation [Fig. 7(b)] with conditions c2 and c¢7, the nor-
mal stress components (o,, ¢, and o) in Figure 7(a)
become (o}, oy, and o) respectively, in Figure 7(b) as
a result of relief of the three stress components (i.e.,
oy < Gy, G, < G, 6. < G;), and also the hydrostatic
component acting on the microsphere is shown to be

(a) (b) (©

Figure 6 Schematic representation of microsphere cross
sections in matrix under plane strain for “Figure 5(b)"”: (a)
partially debonded and broken with torn marks; (b) fully
debonded and pulled out from matrix; and (c) fully
bonded but broken without torn marks.
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Figure 7 Microsphere cross sections with relative stress
components in the vicinity of the crack tip and corre-
sponding Mohr circles under plane strain: (a) fully bonded
for ME, (b) partially debonded for ME, and (c) fully
bonded for MEH. 1 is the shear stress.

relatively small due to the relief of other stress com-
ponents in mainly x- and z-directions, i.e.

(o) + 0, +0.)/3 < (ox + 6y + 0:)/3. (4)

Consequently, some plastic deformation and torn
marks are expected in the case of Figure 7(b), given
the higher deviatoric stress component the more
ductile. (The condition c4 in this case is assumed
because microsphere is highly deformable®). Second,
when a microsphere is “fully bonded” [Fig. 7(a)],
constraint on the microsphere is not much relieved
and hence the hydrostatic component is highly
retained, resulting in relatively brittle failure of
microspheres as evidenced by flat fracture surfaces
of microspheres (Fig. 5). The relative difference
between two bonding conditions [Fig. 7(a,b)] may be
given by

|ox = o (or [0z = 6l[) > [0y — 5| )

depending on the location and size of debonded
area.

Figure 8 shows SEM images of fracture surfaces in
the vicinity of initial crack tip of MEH. When a spec-
imen is heated, microspheres naturally expand
against matrix and both matrix and microspheres
would permanently deform if deformation is suffi-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 SEM images of fracture surfaces in the vicinity
of initial crack tip of MEH, 15 phr: (a) plane stress, and (b)
plane strain. The crack propagation direction is from top
to bottom. Each scale bar represents 100 um.

ciently high. Consequently, compressive residual
stresses around microspheres are created when
cooled down. As typical fracture surface features of
MEH previously also shown in Ref. 26 major fea-
tures of this method of toughening include thin
edges of broken microspheres, indicating that micro-
spheres experienced large deformation without
debonding as also illustrated schematically in Figure
9. Such large deformation in MEH occurred in both
plane stress [Fig. 8(a)] and plane strain [Fig. 8(b)].
The only difference between plane stress and plane
strain is that the large deformation (thin edges) is

Figure 9 Schematic representation of a microsphere cross
section with matrix for a large deformation after fracture.

Journal of Applied Polymer Science DOI 10.1002/app

KIM

less prominent under plane stress—some of micro-
spheres under plane stress are seen to be neither
such largely deformed nor noticeably deformed.
Another feature to notice in deformation in MEH is
that microspheres are not as much spherical as those
in ME but rather distorted. Given that polished thin
section®® revealed that microspheres are spherical,
the distortion seems to have occurred after cracking.
One of possibilities of such large deformation may
be due to property change of microspheres. How-
ever, this possibility can be eliminated because some
microspheres under plane stress [Fig. 8(a)] do not
seem to be much deformed, indicating that the
heated treatment did not cause such property
change. Thus, the large deformation appears to be
caused by a stress condition when fracture occurs
rather than property change of microspheres.

Now, the conditions, cl, ¢4, and ¢7 can be applica-
ble to MEH and deformation mechanism of micro-
spheres can be related to relative stress components
of matrix under plane strain by constructing Mohr
circles shown in Figure 10. When a microsphere is
sufficiently far away from the crack [Fig. 10(b)], com-
pressive hydrostatic component acting on the micro-
sphere is at its maximum but deviatoric stress com-
ponent is at its minimum (zero) since

A 7 I
o, = ol = o, (6)

Crack

o’ \
g 2

(a) (b)

Figure 10 Microsphere cross section with stress compo-
nents and Mohr circles under plane strain for MEH: (a)
microsphere at the crack tip, and (b) microsphere far away
from the crack tip with a corresponding point representing
a Mohr circle representation for ¢f = o} = c. The stress
component in the z-direction (c% ) is omitted in illustration
around microspheres.
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at a location under plane strain. However, as the
crack propagates and it reaches a microsphere as
shown in Figure 10(a), some of the hydrostatic
component acting on microspheres progressively
decreases with increasing deviatoric stress compo-
nent as y-direction stress component () more rap-
idly increases than other stress components (o, and
c?) and eventually compressive o; becomes tensile
c,. The stress components in x and z directions (o}
and of), however, retain relatively high residual
stress components because oy and o caused by load-
ing are small compared to oj. Thus, the residual
stresses contribute to the large radius of Mohr circle
by increasing deviatoric stress component. The Mohr
circle based on this discussion for a microsphere
fully bonded prior to large deformation is also given
in Figure 7(c) in comparison with ones discussed
previously. The y-direction stress components are
found to be at least approximately

o, =0y )

according to the maximum principal stress fracture
criterion® and that the difference, |6/ — o,| or 1o’
— o, |, represents initially created compressive resid-
ual stress with

‘O—,/x/_ax|:|olz/_0'z|- (8)

It can be found in the Mohr circle that elongation
of microsphere in y-direction can be increased by
decreasing the quotient,

o l/Ia} ~ o ©)
and also by increasing compressive residual stress. It
can thus be suggested that the large plastic deforma-
tion (thin edges) of microspheres (Fig. 8) is the result
from “extrusion” (elongation in a particular direc-
tion) effect caused by the compressive residual
stress. Also the extrusion effect leads to small pull-
ing force on the microsphere at fracture, resulting
in low chance of debonding as taken place in MEH.
In the case of plane stress (¢”, = 0), the extrusion
effect is expected to be as not much strong as that
under plane strain in the presence of x-direction re-
sidual stress according to the quotient’ as evidenced
in Figure 8.

CONCLUSIONS

Various toughening conditions resulting from differ-
ent toughening methods, properties of constituent
materials, bonding between matrix and micro-
spheres, relativity between bonding and microsphere
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strengths, and plane stress/strain have been sug-
gested as a part of generalized framework for under-
standing deformation mechanisms and morphology
of fracture surfaces.

New deformation mechanisms contributing to
toughness in relation with the aforementioned
toughening conditions, relative stress components,
and fracture morphology have been proposed and
analyzed using Mohr circles.

A major difference in toughening between ME
and MEH methods was found to be in the location
of plastic deformation under plane strain. The plastic
deformation of ME was dominantly in matrix and
appeared in the form of matrix cavitation. In the
case of MEH, it was dominantly in microspheres. It
was suggested that compressive residual stress pro-
motes plastic deformation of microspheres caused by
“extrusion’’ effect. The microsphere deformation in
MEH was found also under plane stress although it
was not as much as that under plane strain. Matrix
cavitation in ME under plane stress, however, was
not found.

The author thanks Ms N. Muthubandara and Mr D. Phe-
lan for the assistance with SEM photographs. Part of this
paper was invited and presented in a plenary session at
an International Composites Conference, ACUN-5, Devel-
opments in Composites: Advanced, Infrastructural, Natu-
ral, and Nano-Composites, Sydney, Australia, 11-14 July
2006.
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