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Abstract

Some polymers can be toughened by rigid inorganic fillers. In this study, the effect of inherent matrix toughness on the fracture of filled
thermosets is systematically investigated using glass beads and epoxies. The toughening effect of glass beads, i.e. the relative increase of
toughness due to the incorporation of glass beads, follows an increase in the molecular weight of epoxides. Inherent matrix toughness is
found to increase with the increase of the epoxide molecular weight. Microscopy studies reveal that the sizes of debonding and micro-shear
banding zones are increased as the fracture toughness of composites increases. Matrix shear yielding is identified as one of the major energy
absorbing mechanisms for unmodified and modified epoxies.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Although the use of inorganic particles as fillers in many
polymers is widespread, our knowledge about the fracture
behavior of inorganic particle filled composites has devel-
oped very slowly. Many questions remain regarding fracture
behavior, major toughening sources and the extent of their
contribution to the toughness of inorganic particle filled
polymers. The effect of inherent matrix ductility on the
fracture toughness of filled thermosets is the subject of the
current investigation.

Cross-link density, such as those measured by the mole-
cular weight between cross-links, can determine the fracture
toughness of thermoset polymers [1,2]. When thermoset
polymers are toughened by the addition of inorganic parti-
cles, the inherent matrix toughness can affect the resulting
increase in fracture toughness. If we compare several
experimental results in literature [3–13], it can be found
that toughening has been achieved for both brittle [3–10]
and ductile [11] epoxy matrices. Furthermore, a generaliza-
tion can be easily found in the literature [12], which is
that the toughening effect of inorganic particle inclusion

in thermosets decreases as inherent matrix toughness
increases.

An experiment using two types of urethane methacrylate
polymers, one of which contained a soft-block and the other
did not, revealed that fracture toughness increases due to
inorganic particle incorporation into both polymers [12].
The more pronounced increase is found in the latter system.
It was reported in this experiment that the polymer contain-
ing the soft-block was more ductile [12]. It may not be
appropriate to generalize from the result of this research
because the two polymers used in this experiment have
very different chemical structures, which lead to differences
in fracture behavior.

In one of the early studies on glass bead filled thermo-
plastics [13], it was reported that the ductile matrix, poly-
phenylene oxide, can be toughened by the incorporation of
glass beads, but the toughness increase in this system is
smaller than those found in more brittle matrix systems,
such as toughened polystyrene or poly(styrene-co-acryloni-
trile). This report also cannot unambiguously explain the
effect of inherent matrix toughness, again, because the
basis for comparison is not controlled. All polymers used
in this experiment have different fracture behavior, so it is
difficult to compare their increase in toughness due to inor-
ganic particle inclusion. By the same token, even if this
conclusion is true for toughened thermoplastic polymers,
it may not be generally true for thermoset polymers. There-
fore, a systematic study is needed to address the relationship
between the inherent toughness of the thermoset matrix and
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the fracture toughness of the particulate composites it may
form.

The major toughening mechanism for inorganic particle
filled polymers is widely believed to be the crack front
bowing mechanism [14–19]. According to this mechanism,
particles in a brittle matrix can resist crack propagation by
making the crack front bow out between particles. The
amount of line energy in the bowed crack front reflects
the toughness increase due to the existence of particles.
This mechanism explains the common generalization on
the effect of inherent matrix toughness [12,20], that is the
toughening effect of inorganic particle incorporation into
polymers decreases as inherent matrix toughness increases.
The increase of inherent matrix toughness allows more glass
beads to debond from the matrix, so the crack bowing ability
of particles (impenetrability) decreases. However, the crack
bowing theory neither identifies the origin of the impene-
trability [21] nor shows the relationship between the impen-
etrability and the extent of debonding. Furthermore, studies
on the filled epoxies does not significantly depend on the
extent of debonding. Therefore, the crack bowing theory
could not properly explain the effect of inherent matrix
toughness.

In the current study, a series of glass bead filled epoxies is
used to investigate the effect of inherent matrix toughness
on fracture behavior. The inherent matrix toughness is
systematically varied by changing the molecular weight of
epoxides. Increasing the molecular weight of epoxides
decreases the cross-link density of epoxies, resulting in
the increase of inherent matrix toughness. Since the same
curing agent is used in all composites, by changing the
cross-link density of the matrix, the chemical nature of

matrices is changed in a systematic manner. An unexpected
discovery on the effect of inherent matrix toughness will be
reported and successfully explained by our study on micro-
mechanical deformations instead of the crack front bowing
mechanism.

2. Experimental

2.1. Materials

Glass beads (G) used in this experiment are Spheriglassw

A-glass beads (soda-lime) with no surface treatment
purchased from the Potters Industry Co. The mean
diameters of glass beads measured by the liquid-phase sedi-
mentation method using a Horiba CAPA-700 particle size
analyzer and optical microscopy were 24.4 and 27.9mm,
respectively [43–46]. Four different kinds of epoxides,
DER 332w, 661w, 664w, 667w, are diglycidyl ether of
bisphenol A (DGEBA) resins produced by the Dow Chemi-
cal Co. Their molecular weights (epoxide MW) can be
found in Table 1. All other reagents including 4,40-diami-
nodiphenylsulphone (DDS, 98%) and solvents were
obtained from Aldrich Chemical Co. and used without
further purification.

Glass beads were cleaned with distilled water as follows:
290 g of glass beads were dispersed in 1 L of distilled water
under mechanical stirring at room temperature for 6 h and
the water was filtered out. This cleaning step was repeated
three times. The cleaned glass beads were then dried under
vacuum at 708C for 12 h and their aggregates were screened
out using a 75mm sieve (mesh size� 200).
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Table 1
Physical properties of unmodified epoxies

Epoxy resins (Designation) DER 332w/DDS (332) DER 661w/DDS (661) DER 664w/DDS (664) DER 667w/DDS (667)

Density (g/cm2) 1.238 1.204 1.194 1.188
KIC (MPa m1/2) 0.78 (̂ 0.12) 0.86 (̂ 0.097) 1.11 (̂ 0.053) 1.28 (̂ 0.092)
Modulus (GPa) 2.95 (̂0.09) 2.8 (̂ 0.15) 2.83 (̂ 0.14) 2.85 (̂ 0.16)
EpoxideMW (g/mol) 334–352 950–1150 1750–1950 3200–4000
Tg (K) 502 397 384 372
Mc from Tg (g/mol) 283 1182 1950 4875
Mc from rubbery shear
modulus (g/mol)

439 1074 1446 5396

Plastic zone size calculated,
2rp (mm)

– 10 20 29

Table 2
Curing procedure for epoxy resins

Resin Degassing/mixing with
glass beads

Degassing/mixing with
DDS

Curing Post-curing

332 808C, 1.5 h 1208C, 3 h 1208C, 13 h 2508C, 2 h
661 1608C, 1.5 h 1608C, 40 min 1608C, 15 h 20 min 2008C, 2 h
664 1608C, 1.5 h 1608C, 30 min 1608C, 15 h 30 min 2008C, 2 h
667 1608C, 1.5 h 1608C, 20 min 1608C, 15 h 40 min 2008C, 2 h



2.2. Preparation of composites

The mixing and curing schedules can be found in Table 2.
Before curing, all epoxides were first degassed under
vacuum for about one and a half hours at the mixing
temperature (the first step in Table 2). To prevent glass
beads from settling to the bottom of the mold during curing,
the time for degassing/mixing with DDS was varied accord-
ing to the types of epoxides. Total curing time (the second
and the third steps in Table 2) was 16 h regardless of the
type of epoxides. After mixing, the degassed mixture was
poured into a preheated metal mold, vertically mounted in a
convection oven and cured. The oven was then switched off
and the cured resin was allowed to cool slowly to room
temperature in the oven.

2.3. Characterization

To determine the cross-link density (Table 1), the rubbery
shear moduli of unmodified (neat) epoxies were measured at
508C above Tg by using a Bohlin Rheometer CS-50.
Samples of 1 mm thickness were tested in a parallel plate
geometry (PP20w). In a frequency sweep from 0.01 to
10 Hz, the average modulus value of the plateau region
was taken to be the rubbery shear modulus. In fact, the
frequency dependence of shear modulus at this temperature
was found to be very small. The number average molecular
weight between cross-links (Mc) (Table 1) was calculated
using the theory of rubber elasticity [25].

Mc � qrRT=Gc �1�
where q is the front factor (0.725 in this work [1]),T
temperature (K),r the density at temperatureT, Gc the
equilibrium modulus in the rubbery region at temperature
T, and R the universal gas constant. Although this equation
has been widely used to determine cross-link density, it
cannot give preciseMc values, because the networks of
epoxies used here could not be ideally Gaussian and have
an unknown amount of elastically inactive chains.

The glass transition temperature (Tg) of epoxies was
measured using a differential scanning calorimeter (DSC),
a Perkin–Elmer DSC-7. The heating rate was 108C/min and
sample weights were 6–9 mg. Since no significant differ-
ences were found between the first and the second scans, the
temperature of the deflection point in the first scan was
chosen asTg. The Tg of an unmodified epoxy matrix was
found to be 1248C.

For the assessment of fracture toughness, the critical
stress intensity factor (KIC) of epoxies was measured by
fracturing single-edge-notched (SEN) type specimens in
the three-point bend (3PB) geometry (span� 50.8 mm).
Specimens were cut and polished into 6.35 (thickness,
B) × 12.7 (width, W) mm size which meets the plane strain
condition requirement [20]. A sharp notch was introduced
by tapping a hammer on a razor blade inserted into the
sample. The razor blade had been previously cooled in

liquid nitrogen before it was used to make a notch. The
tip of the crack was created by the wedging action of the
razor. A screw-driven Instron machine (Instron 4502) was
used at a crosshead speed of 2.54 mm/min. TheKIC values
were determined using the relationship [26,27]

KIC � Y
3PS

��
a
p

2BW2

Y � 1:932 3:07�a=W�1 14:53�a=W�2 2 25:11�a=W�3

1 25:80�a=W�4 �2�

whereY is a shape factor,P the load at failure,S the length
of the span, anda the crack length. Twelve to eighteen
specimens of an epoxy composite were tested. Critical strain
energy release rates (GIC) (plane stress conditions) were
calculated from the stress intensity values using the follow-
ing relationship [27]:

GIC � K2
IC

E
�3�

Scanning electron microscopy investigation was
performed on the fracture surface of SEN-3PB specimens
coated with a thin layer of gold–palladium using a Hitachi
S-800 SEM. The accelerating voltage was either 5 or 3 kV.

The double-edge-notched four-point bend (DEN-4PB)
technique [28] was used to create sub-critically loaded
cracks. First, specimens having two almost identical cracks
on the same edge were prepared and fractured in four-point
bend geometry. Since the two cracks cannot be identical,
one of the cracks will grow sub-critically and stop before
failure, while the other breaks. After the sub-critically
loaded cracks were prepared, thin sections taken from this
test sample’s mid-plane [28] were observed using an optical
microscope (OM), Nikon Microphot II.

The petrographic thin-sectioning technique [28–31] was
used to prepare thin-sections for OM investigation on sub-
surface damage and sub-critically loaded crack tips. The
specimens of DEN-4PB and SEN-3PB tests were polished
using rough to fine silicon carbide (SiC) grinding discs (grit
size 80, 250, 400, 600, 1000) and alumina suspensions (5, 1,
0.3, 0.05mm), until the thickness of around 40mm was
reached. At least two thin-sections were prepared and exam-
ined for each glass bead filled epoxy resin. To identify
possible surface artifacts, all thin-sections were first exam-
ined using a reflected light OM.

In addition to the fracture toughness measurement, uniax-
ial tensile tests (ASTM D 638) were also performed using
the same screw-driven Instron machine (crosshead
speed� 2.54 mm/min). Specimens having a gauge section
of 15× 5 × 7 mm were prepared, and the surface of speci-
mens was polished using SiC grinding discs (grit size 80,
240, 400, 600). More than five specimens were tested to
obtain the modulus of a composite.
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3. Results and discussion

3.1. Mechanical properties of composites

The molecular weight of epoxides is varied to system-
atically change inherent matrix toughness and study its
effect on inorganic particle toughening. Therefore, the
correlation between the molecular weight of epoxides and
inherent matrix toughness needs explanation. Since the
major energy absorption mechanism in the fracture of
unmodified epoxy resins is thought to be local plastic defor-
mation at the crack tip [20], the important factor in deter-
mining inherent matrix toughness is how much intrinsic
plasticity the macromolecular network is capable of. If the
density of cross-links increases, the ‘deformability’ of the
network will decrease. Therefore, inherent matrix toughness
is expected to decrease with the increase of cross-link
density which can be controlled by changing the molecular
weight of epoxides [32]. However, in reality, the effect of

the molecular weight change is not that simple. In addition
to the change in cross-link density, the chemistry of the
network can be changed as well. As the molecular weight
of epoxides increases, the contents of sulfone and amine
groups in resins decrease, while the content of ether groups
increases. Unfortunately, the effect of this chemical nature
on cross-link density and inherent matrix toughness is diffi-
cult to assess. Regardless of the molecular basis, the inher-
ent matrix toughness is successfully increased by increasing
the molecular weight of epoxides, as can be seen in Table 1.

To determine the cross-link density, the density of physi-
cal cross-links (entanglements) as well as chemical cross-
links must be considered. Glad and Kramer [33] reported
that the entanglement molecular weight (Me) of bisphenol-A
epoxy resins is about 4200–5050 g/mol. Although this value
is not precisely theMe of our epoxies, approximate estima-
tion on the density of physical cross-links can be made using
this value, because there is a very close similarity between
the chemical structures of their epoxies and those used
in this work. TheMe value is generally larger than the
measured average molecular weights between cross-
links (Mc) in Table 1. Therefore, the density of chemi-
cal cross-links is likely to be significantly larger than
that of physical cross-links. Consequently, only the
effect of chemical cross-links will be considered in
the current approach.

Mc of epoxy resins can be calculated from theirTg using
an empirical equation [34]

Tg 2 T0
g � 3:9 × 104

Mc
�4�

whereT0
g is the glass transition temperature of the corre-

sponding linear polymer. For DGEBA/DDS epoxy resins,
T0

g was reported to be 364 K [35]. The calculated values
from this equation are presented in Table 1. They show
the same trend as theMc values obtained using Eq. (1).
The Mc values in Table 1 also show reasonable agreement
in their trends with the results of Pearson and Yee [1]. They
studied the effect of cross-link density on the toughening
effect ofrubberparticles incorporation using the same series
of epoxy matrices as used in here. In Tables 1 and 3, the
basic physical properties of unmodified epoxies and compo-
sites are presented.
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Table 3
Mechanical properties of modified epoxies

Epoxy resins 10 vol% G/332 10 vol% G/661 10 vol% G/664 10 vol% G/667

KIC (MPa m1/2) 1.09 (̂ 0.058) 1.50 (̂ 0.054) 1.99 (̂ 0.054) 2.54 (̂ 0.091)
KIC (G modified)/KIC

(unmodified)
1.40 1.74 1.76 1.98

Modulus (GPa) 3.42 (̂ 0.15) 3.66 (̂ 0.24) 3.61 (̂ 0.16) 3.33 (̂ 0.20)
Debonding zone site (mm) – 54 (̂ 13) 116 (̂ 34) 143 (̂ 21)
GIC (G modified)/GIC

(unmodified)
1.68 2.33 2.52 3.37

Fig. 1. Effect of epoxide molecular weight (MW) on the critical stress
intensity factor (KIC) and the critical strain energy release rate (GIC) of
glass bead filled epoxies.



Fig. 1 shows the fracture toughness with respect to the
molecular weight of epoxides. TheKIC andGIC data show
the same dependence of fracture toughness on the molecular
weight of epoxides: as the molecular weight increases, the
fracture toughness of both unmodified and glass bead filled
epoxies increases as well. The rate of increase of fracture
toughness per unit increase of epoxide molecular weight is
larger in glass bead filled epoxies that in unmodified
epoxies. In other words, the relative increase of toughness
due to the incorporation of glass beads,KIC(modified)/
KIC(unmodified), becomes larger with the increase of
the molecular weight of epoxides. Table 3 shows two
relative increases, KIC(modified)/KIC(unmodified) and
GIC(modified)/GIC(unmodified), which have the same
trend. From this result, it can be concluded that the toughen-
ing effect of glass bead incorporation is larger in tougher
matrices. This trend is contrary to what is commonly
expected [12,20]; viz. the toughening effect due to inorganic
particle incorporation decreases as the inherent matrix
toughness increases. Our results do not support this common
generalization. In fact, the generalization is not based on
conclusive evidences, but by comparing experimental

results obtained from different filled composites having
different fracture behaviors [12,13], as mentioned above.

It could be argued that the increase in the toughening
effect with increasing epoxide molecular weight found in
Fig. 1 results from changes in the interfacial strength
between glass beads and matrix, instead of changes in the
inherent matrix toughness. As mentioned above, as the
molecular weight of epoxides increases, the contents of
sulfone and amine groups decrease, and ether groups
increase. As a result, the interfacial strength can decrease,
because the sulfone and amine functional groups might
strengthen the chemical and physical interactions between
glass beads and epoxy matrix more than ether groups. This
possible series of events could make the study on the effect
of inherent matrix toughness difficult and complicated.
Fortunately, it has been reported [3,4,22–24] that the frac-
ture toughness of glass bead filled epoxies does not signifi-
cantly depend on the increase or decrease of interfacial
strength altered by changing the content of any specific func-
tional group on glass bead surface. Consequently, the increase
of toughening effect found in Fig. 1 can be better explained in
terms of changes in the inherent matrix toughness.
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Fig. 2. SEM micrographs of the fracture surface of SEN-3PB specimens (process zone): (A) and (B) 10 vol% G/332; (C) and (D) 10 vol% G/667. The arrows
indicate the direction of crack propagation.



3.2. Microscopy study I—SEM micrographs

To understand the reason why tougher matrices would
achieve a higher toughening effect, the fracture surface
(only process zone [29]) of glass bead filled epoxies was
examined using scanning electron microscopy (SEM). Fig.
2 shows the fracture surface of two extreme cases, the most
brittle matrix system (10 vol% g/332) and the toughest
matrix system (10 vol% G/667) among the composites
prepared in here. The major deformations that can be
found in Fig. 2 are step formation and debonding of glass
beads. The step formation [3,4,14,36–42] may be an energy
dissipating mechanism, because it generates extra surface
area and involves mixed mode fracture. However, it was
found that the areal density of steps (length of steps per
unit area) did not reflect the increase in toughening effect
discussed above [43–46]. The composite with the highest
step density was the 10 vol% G/332, followed by 10 vol%
G/667. Therefore, energy dissipation through this mechan-
ism was thought to be insignificant. A quantitative analysis

on the areal density of steps will be treated in other reports
[43–46].

The debonding of glass beads from the matrix [12,47–49]
is another deformation mechanism that can be analyzed
using SEM. In fact, the debonding zone, a process zone
containing debonded glass beads, can be identified using
both SEM and OM. The results of debonding zone size
measurement are presented in Table 3. They show the
increase in size with increasing molecular weight of epox-
ides. Thus, the increase of toughening effect with the
increase of inherent matrix toughness found in Fig. 1
might be explained as follows: the toughening effect
increases because of the increase in debonding zone size,
so more energy can be dissipated in the debonding of glass
beads. In reality, the contribution of the debonding mechan-
ism to toughening may be even more important, because
debonding of glass beads can trigger diffuse shear yielding
around the craters in the matrix left by debonded particles.
Indeed, debonding of glass beads is always accompanied by
diffuse shear yielding around the craters as will be found in
the following OM micrographs. Thus, the two deformations
can be treated as a combined process. A more significant
amount of energy can be dissipated by this combined
process than by debonding alone.

The plastic zone sizes of unmodified epoxies are given in
Table 1. The plastic zone size was calculated from Irwin’s
equation [20,50] for the plane strain condition:

KIC � �3p�2rp��1=2sy �5�
wheres y is the yield stress andrp the plastic zone size. For
inorganic particle filled polymers, attempts have already
been made to predict the size of process zones using the
plastic zone models [51,52]. However, no successful
agreement between the predictions from this model
and experimental measurements have been reported,
and none was found in our experiments either. Koh et
al. [51] reported from their experiments on silica filled
epoxies that the predicted values from the plastic zone
model were not in reasonable agreement with their
experimental measurements. They attributed this discre-
pancy to the inaccurate measurements of yield stress.
However, the direct utilization of the models for the
study on inorganic particle toughening is not appropri-
ate for two reasons:

1. The models are derived for homogeneous materials.
In inorganic particle filled polymers, particle size is
usually comparable to or larger than the crack tip
radius, and so the stress distribution around the
crack tip is significantly perturbed by the existence
of inorganic particles.

2. The models consider shear yielding as the only micro-
deformation mechanism occurring in the process zone.
Clearly, in inorganic particle filled polymers, the effects
of other deformation mechanisms, such as microcracking
(e.g. debonding of glass beads), should be accounted for.
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Fig. 3. Transmitted light optical micrographs of thin sections taken near
process zone in SEN-3PB specimens: (A) and (B) 10 vol% G/332 (film
thickness� 35mm); (C) and (D) 10 vol% G/664 (film thickness� 43mm);
(E) and (F) 10 vol% G/667 (film thickness� 58mm), where (A), (C) and
(E) were taken without polarizers, and (B), (D) and (F) were taken between
crossed polarizers. The arrows indicate the direction of crack propagation.



There can also be interactions among the possible micro-
deformation mechanisms.

3.3. Microscopy study II—OM micrographs

The sub-surface damage in inorganic particle filled
thermosets has seldom been studied compared to surface
damage [53]. This is partially because the macroscopic
fracture behavior of these materials is too brittle which
might have led previous researchers to neglect sub-surface
damage. However, the examination of sub-surface damages
turned out to be very useful in the current experiments.

Fig. 3(C)–(F) shows the sub-surface damages in fractured
SEN-3PB specimens. Process zones are in the middle of
each micrograph. First of all, fine dark lines can be found
in these micrographs. Since crazing could occur as the
cross-link density decreases, the fine dark lines in these
micrographs could be crazes, particularly in the 667 system.
Henkee and Kramer [54] proposed a critical cross-link
density above which crazing cannot occur. According to
them, this value is about 8× 1025 m23

: The approximate
cross-link densities (g ) of the composites prepared here
are calculated fromMc as follows:

g � rNA

Mc
�6�

wherer is the density of epoxies, NA the Avogadro number.
The calculated values are 2:6 × 1027

; 6:1 × 1026
; 3:7 × 1026

and 1:5 × 1026 m23 for 10 vol% G/332, 10 vol% G/661,
10 vol% G/664, and 10 vol% G/667, respectively. These
values are well above the critical value proposed by Henkee
and Kramer [54]. Therefore, crazing will not likely occur in
these composites, although the critical value may not be
accurate and appropriate for DGEBA/DDS epoxies. In
fact, as the precise critical cross-link density value for our
epoxies is not available, it is still not clear whether crazing
can occur or not. Moreover, in addition to crazing, micro-
cracking [55] can also occur and leave fine dark lines in
Fig. 3.

To determine fine scale deformation mechanisms, TEM
microscopy studies on ultra-thin sections of SEN-3PB and
DEN-4PB specimens microtomed perpendicular to the
crack propagation planes were performed. Also, SEM
microscopy studies on cryofractured surfaces perpendicular
to the crack propagation planes were performed. Neither
microscopy studies show any evidence of crazes or micro-
cracks. Another experiment to identify the nature of the dark
lines is by heating thin-sections of DEN-4PB and SEN-3PB
specimens. When the temperature reaches about 108C below
Tg of matrix during heating at 0.58C/min, the fine dark lines
completely disappear. If the lines are microcracks, they
cannot be healed by thermal energy at this temperature
[56], because the interdiffusion rate of macromolecular
chains is too low to heal the microcracks, and the restoration
of chemical cross-links is nearly impossible [57,58]. From
these experiments, it was confirmed that neither crazing nor

microcracking occurred during the fracture of the materials
studied, and the fine dark lines must therefore be micro-
shear bands. The results of this subject are given in detail
in other papers [43–46].

Fig. 3 shows noticeable micro-shear bands (fine dark
lines) beneath the fracture surface. As inherent matrix
toughness increases, the size of the micro-shear band zone
is found to increase as well. In 10 vol% G/332, micro-shear
bands are invisible, but they are visible in the other three
filled systems. In 10 vol% G/661 and 10 vol% G/664,
micro-shear bands are usually found around glass beads,
but in 10 vol% G/667, they are extensively found in a
large region encompassing several glass beads.

Micro-shear banding (inhomogeneous shear yielding) has
been studied by many researchers [59–64] and it is gener-
ally understood that it occurs due to the strain softening
behavior of materials and the existence of initial strain inho-
mogeneities. Bowden [60] proposed a model to describe the
initiation of micro-shear banding

eC � epln
ep

De

 !
�7�

wheree C is the strain to initiate micro-shear banding,e p the
characteristic strain of materials, andDe the initial strain
inhomogeneity. In glass bead filled epoxies, the existence of
glass beads is able to provide largeDe values and the strain
softening behavior of epoxies is able to give favorablee p

values. Therefore, it is possible that micro-shear bands initi-
ate from the interface between glass beads and matrix ahead
of crack tips, and propagate into the matrix, thus absorbing
significant amounts of energy upon subsequent crack
growth.

The micrographs taken between crossed polarizers in Fig.
3 show two different kinds of birefringence. One is due to
thermal residual misfit stress around glass beads. Since the
thermal residual misfit stress is isotropic around a glass
bead, cross-extinguished birefringent features are visible
around the glass bead [65–70]. The other birefringence is
due to diffuse matrix shear yielding. This can be found
around the craters, and in all fracture surfaces of 10 vol%
G/664 and 10 vol% G/667. This birefringence has more
clearly defined boundaries than the birefringence due to
thermal residual misfit stress. The crater in Fig. 3(D) clearly
shows strong birefringence due to diffuse shear yielding. An
interesting thing to note is that the yielded region is wider at
the equatorial region than at the pole region of the craters.
(The equatorial region refers to the interfacial region
between glass beads and the matrix, which is parallel to
the direction of the far-field stress. Thus, the uniaxial far-
field stress is along the poles.) The debonding of a glass
bead creates a cavity in the matrix, and the von Mises stress
will be higher at the equatorial region [27,50,71–73]. There-
fore it is not surprising that the equatorial region of the
craters is more birefringent.

Among the four kinds of epoxy resins, only 664 and 667
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systems exhibit significant diffuse matrix shear yielding in
their fracture surface regions, which is not confined to the
crater region, and can be found even in fast-fracture regions
(Fig. 3). Therefore, this shear yielding appears to be depen-
dent not on the existence of glass beads but only on inherent
matrix properties. This conjecture is verified by examining
the sub-surface damage in fractured specimens of unmodi-
fied epoxies (Fig. 4). The same birefringence as those in Fig.
3 can be found in Fig. 4. The 664 and 667 resins exhibit a
thin shear yielded region along the entire fracture surface.
Even in the brittle 332 resin, birefringence can be found in a
very small area in the middle of Fig. 4(B). This area is the
process zone. While birefringent regions are found in 332
resin, no such regions can be found in 10 vol% G/332 in Fig.
3. However, in glass bead filled epoxies, the birefringence
due to thermal residual misfit and the existence of glass
beads can obscure the very small birefringent region. We
expect that the same matrix shear yielding can occur even in
glass bead filled 332 epoxies.

For unmodified epoxies, Dougdale’s plastic zone model
or Irwin’s model (Eq. (5)) can give the estimated size of the
plastic zones [20,50]. The calculated values from Irwin’s

model in Table 1 are significantly larger than the sizes of
birefringent regions in Fig. 4. They are about 8 and 16mm
for the 664 and 667 resins, respectively. Dougdale’s plastic
zone model predicts a plastic zone size 2.5 times larger than
Irwin’s, which still disagrees with the sizes of birefringent
regions in Fig. 4. Therefore, the size of the birefringent
region may not reflect the size of the plastic zone or those
predicted by the models.

Figs. 5–7 show the OM micrographs of sub-critically
loaded cracks. The evidence of birefringence due to thermal
residual misfit, i.e. the characteristic cross-extinguished
birefringent feature [66–70], can be observed in all micro-
graphs taken using two crossed polarizers. It can also be
found in these micrographs that the birefringence around
most glass beads is not distorted by the crack tip stress
field. Accordingly, it can be surmised that the crack tip
stress field can interact with the misfit stress in only small
regions where the glass beads come into contact with the
fracture surface or crack tip.

In Fig. 5, the crack path in 10 vol% G/332 ends up with a
sharp crack tip without having any noticeable damage. On
the other hand, all the other three systems show distinct
micro-shear bands at crack tips and ahead of crack tips
(Figs. 6 and 7). More interestingly, the size of the
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Fig. 4. Transmitted light optical micrographs of thin sections taken near
process zone in SEN-3PB specimens: (A) and (B) 332 (film thickness� 64
mm); (C) and (D) 664 (film thickness� 38mm); (E) and (F) 667 (film
thickness� 58mm), where (A), (C) and (E) were taken without polarizers,
and (B), (D) and (F) were taken between crossed polarizers. The arrows
indicate the location of process zone.

Fig. 5. Transmitted light optical micrographs of a thin section taken near the
tip of a sub-critically loaded crack in a DEN-4PB specimen of 10 vol% G/
332 (film thickness� 43mm): (A) without polarizers; (B) the same region
as that in (A), but between crossed polarizers.



micro-shear band zone increases with increasing molecular
weight of epoxides. Consequently, the energy absorbed by
micro-shear banding will increase as well with the increase
of the molecular weight. Therefore, micro-shear banding
can explain why the toughening effect of glass bead incor-
poration into epoxies increases with the molecular weight of
epoxides. As the molecular weight increases, i.e. as the
cross-link density decreases, the intrinsic ductility of
epoxy matrix may increase, resulting in more extensive
micro-shear banding.

Although most micro-shear bands are developed from the
glass beads at the crack tip, isolated micro-shear bands from
the crack tip can also be found in Figs. 6 and 7. These seem
to be initiated from the pole regions of glass beads and
propagate in the direction approximately parallel to the
crack path. Since glass beads have modulus one order of
magnitude higher than the epoxy matrix, stress will be
concentrated around glass beads in composites, resulting
in the initiation of micro-shear banding. In Fig. 7, there is
a micro-shear band around a glass bead at the crack tip
region, which is not visible as a sharp dark line in (A), but
birefringent in (B). It is indicated by an arrow in Fig. 7. This
is an interesting additional piece of evidence for the identity
of micro-shear bands.

Since the 10 vol% G/332 system does not show any
micro-shear bands in its process zone (Fig. 5), it follows
that the micro-shear banding mechanism cannot be the
major toughening mechanism for brittle matrix systems,
such as those based on the 332 resin. Accordingly, the
toughness increase found in 332 systems is much smaller
than that found in other tougher matrix systems (Fig. 1).
Micro-shear banding and debonding/diffuse matrix shear
yielding, if any, are likely to be the major contributions to
toughening by the addition of glass beads into epoxies.

4. Conclusions

In summary, several glass bead filled epoxies having
different inherent matrix toughness values were prepared
and their fracture behaviors were examined. The inherent
matrix toughness was varied by changing the molecular
weight of epoxides. It was demonstrated that the fracture
toughness of glass bead filled epoxies increased as the inher-
ent matrix toughness increased. The toughening effect of
glass bead incorporation represented byKIC(modified)/
KIC(unmodified) or GIC(modified)/GIC(unmodified) was
observed to increase with increasing inherent matrix tough-
ness. Therefore, it could be stated that the use of glass beads
as tougheners was more effective in tougher epoxy matrices.

From various microscopy studies, several micro-defor-
mation mechanisms were observed to occur during the
fracture of glass bead filled epoxies, i.e. step formation,
debonding of glass beads, diffuse matrix shear yielding,
and micro-shear banding. It was noticed that the areal
density of steps was not linearly proportional to the fracture
toughness of composites. In all the unmodified and glass
bead filled 664 and 667 systems, distinct diffuse shear
yielded regions were found along the fracture surface.
Even in the most brittle epoxy resin, 332, a small but distinct
shear yielded region was found. Besides the diffuse shear
yielded regions found along fracture surfaces regardless of
the existence of glass beads, surface crater regions show
matrix shear yielding around them. As inherent matrix
toughness increases, micro-shear banding, debonding of
glass beads, and diffuse matrix shear yielding were found
to be more prevalent deformation mechanisms. Therefore,
the increase of toughening effect of glass beads with the
increase of inherent matrix toughness could be attributed
to the accompanying increase in micro-shear banding and
debonding/diffuse shear yielding. The results of the current
experiments show that the localized shear yielding of the
matrix was most likely to be the major energy absorption
mechanism for both unmodified and glass bead filled
epoxies.
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as that in (A), but between crossed polarizers.
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