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ABSTRACT: Inorganic particles are commonly cleaned with solvents such as alcohols
before being incorporated into thermoset polymers as fillers or tougheners, but the role
of the cleaning process has never been examined. In this study, the effect of the cleaning
process on the fracture behavior of particulate composites is investigated using glass
bead filled epoxies as model systems. The cleaning process is shown to be a simple
method to strengthen the interface between the glass beads and the epoxy matrix.
Although the chemistry of the glass bead surface is unlikely to be altered by the
cleaning process, submicron particles that exist on the glass bead surfaces are removed
by cleaning with distilled water or ultrasonic vibration. The removal of submicron
particles increases the interfacial strength between the glass beads and the matrix and
changes the tensile strength of the composites. However, the modulus and fracture
toughness of the composites is not significantly dependent on the cleaning process.
Thus, it may be the case that debonding of the glass beads is not one of the major energy
dissipating mechanisms in the fracture of glass bead filled thermoset systems. © 2000
John Wiley & Sons, Inc. J Appl Polym Sci 79: 1371–1383, 2001
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INTRODUCTION

Inorganic particles have been widely used as fill-
ers in thermoset polymers for various purposes.
The use of these particles not only reduces the
cost of thermoset polymer products but also
changes other properties such as the modulus,
hardness, strength, thermal properties, rheologi-
cal properties, and fracture toughness.1–4 Among
these changes, the modification of the fracture

toughness is both important and interesting.
From the previous studies using the fundamental
fracture mechanics approach,5 inorganic particles
have been found to be effective tougheners for
thermoset polymers, although inorganic particle
inclusion does not increase the fracture toughness
of composites as dramatically as rubber particle
inclusion.3,4 This means that for the same volume
fraction of toughener, rubber particles produce a
much more significant toughening effect than in-
organic particles.

Despite the less dramatic toughening effect,
inorganic particle toughening has an advantage
over rubber toughening: although rubber parti-
cles in polymer matrices usually cause the mod-
ulus and the hardness of toughened polymers to
fall below those of the neat (unmodified) matrix,
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the use of inorganic particles can increase modu-
lus, hardness, and fracture toughness.3,6 This de-
sirable enhancement of the mechanical properties
makes inorganic particle toughening useful in
various applications, including electronic packag-
ing, dental restorative materials, fiber compos-
ites, and so forth.

Cleaning inorganic particles with alcohols is
frequently performed to remove any surface con-
tamination in the experiments on inorganic par-
ticle filled composites.7,8 However, no study on
the effect that these cleaning processes have on
mechanical properties has yet been performed.
Furthermore, in most of the previous reports7,8 no
specific reasons for the selection of cleaning
agents are given. Thus, as far as we know, the
actual roles of cleaning agents still remain unex-
amined. It can be expected that cleaning agents
alter the interfacial strength between the parti-
cles and the matrix.

This article reports the first study on the action
of cleaning processes on the fracture toughness of
composites. As models for inorganic particle
toughened thermosets, glass bead filled diglycidyl
ether of bisphenol A (DGEBA)/4,49-diaminodiphe-
nylsulfone (DDS) epoxies were used. Distilled wa-
ter and isopropanol were chosen as cleaning
agents, and the resulting composites were com-
pared with composites prepared by using glass
beads as received. This study on cleaning pro-
cesses adds to the cumulative finding6 that the
interfacial strength between glass beads and the
matrix is not an important factor in determining
the fracture toughness of particulate composites.
This study is also one of the initial steps to dis-
covering new general underlying mechanisms of
inorganic particle toughening.10

EXPERIMENTAL

Materials

A solid DGEBA epoxide resin, DER 661t (molec-
ular weight 5 1750–1950), was provided by the
Dow Chemical Co. Spheriglasst A glass beads
(soda-lime glass) with no surface treatment were
obtained from Potters Industry Co. An amine cur-
ing agent, DDS (98%), other solvents, and re-
agents were obtained from Aldrich Chemical Co.
They were used without any further purification.

Cleaning of the glass beads was performed as
follows: the glass beads were dispersed in a sol-
vent (distilled water or isopropanol, glass beads/

solvent 5 0.29 g/mL) under mechanical stirring at
room temperature for 6 h, and then the solvent
was removed. This cleaning procedure was re-
peated 3 times, followed by drying of the cleaned
glass beads under a vacuum at 70°C for 12 h.
Before being incorporated into the epoxy resins
the cleaned glass beads were screened by using a
75-mm sieve (mesh size 5 200) to remove large
aggregates.

Preparation of Composites

The DERt 661 was first melted at 160°C and
degassed under a vacuum for about 1.5 h. It was
then mixed with glass beads for 1.5 h and with
stoichiometric amounts of DDS for 40 min. This
degassed mixture was poured into a preheated
metal mold and vertically mounted in a convec-
tion oven, where it was cured for 16 h at 160°C
followed by 2 h at 200°C. After this, the cured
resin was allowed to cool slowly to room temper-
ature in the oven. The viscosity of the epoxide was
high enough to prevent the glass beads from set-
tling to the bottom of the mold during curing. The
amount of glass beads in the epoxy resins was
changed from 0 to 30 vol %.

Characterization

The liquid-phase sedimentation method was
used to measure the average diameters of the
glass beads with a Horiba CAPA-700 particle
size distribution analyzer, which is a noncon-
tact measuring method. Particle size data were
obtained from the change in particle concentra-
tions on the basis of light transmission. Glass
beads (0.01 wt %) and sodium hexametaphos-
phate (dispersion agent, 0.1 wt %) were dis-
persed in ethylene glycol (medium) and used for
the measurement. At least three repeated mea-
surements were used to give the average diam-
eters in Table I and the typical distribution
curves in Figure 1. To verify these data, direct
measurements were performed using a Nikon
Microphot II optical microscope (OM) and a
Sony DXC-151A color video CCD camera (reso-
lution 5 768 3 493 pixels). The average diam-
eters from more than 150 measurements using
the OM are given in Table I. Although the mag-
nification limit of the OM makes it difficult to
measure particles of 1 mm or less, a reasonable
agreement between the liquid-phase sedimen-
tation and the optical microscopy results was
found. The basic physical properties of the ep-
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oxy matrix (designation: 661) and the glass
beads are given in Table II.

Fracture Toughness Assessment and Microscopy

The critical stress intensity factor (KIC) was mea-
sured by fracturing single edge notched (SEN)
type specimens in the 3-point bend (3PB) geome-
try. Glass bead filled epoxies were first cut into
the geometry (6.35 mm specimen thickness, B,
and 12.7 mm width, W) that meets the plane-
strain condition requirement (ASTM E399), B
. 2.5(KIC/sy)

2 (e.g., B . 2.1 mm for 30 vol %
LG/661). The surfaces of the specimens were then
polished with silicon carbide (SiC) grinding disks
(80, 250, 400, 600, and 1000 grit size). A sharp
notch in the SEN-3PB specimens was prepared by
tapping with a mallet a razor blade inserted into
specimens. Before the insertion, the razor blades
were immersed in liquid nitrogen until boiling
around it stopped. To avoid any artifacts from the
razor blades, the sizes of all resulting initial
cracks were confirmed to be longer than the in-
sertion length of the razor blades. This meant
that the cracks had been wedged open. A screw-
driven Instron machine (Instron 4502) was used
to fracture 12–18 samples for one composite ma-
terial (2.54 mm/min crosshead speed, 50.8 mm
span). The KIC values were calculated using the
relationship12,13

KIC 5 Y
3PSÎa
2BW2

Y 5 1.93 2 3.07~a/W! 1 14.53~a/W!2

2 25.11~a/W!3 1 25.80~a/W!4 (1)

where Y is a shape factor, P is the load at failure,
S is the length of the span, and a is the crack
length. Critical strain energy release rates (GIC)
were calculated from KIC values using the follow-
ing relationship13 without correcting for plane-
strain conditions:

GIC 5
KIC

2

E (2)

where E is the Young’s modulus of the compos-
ites. The true GIC values of our systems that meet
plane-strain conditions can be obtained by multi-
plying the right term of eq. (2) by (1 2 n2), where
n is Poisson’s ratio.13 Nonetheless, eq. (2) was
used in this study because the precise values of
Poisson’s ratio were not measured, although they

Figure 1 Particle size distribution curves for the (A)
small glass beads (SG) or (B) large glass beads (LG)
used in this experiment. The data were obtained by
using a particle size analyzer (PA) or an optical micro-
scope (OM).

Table I Designation of Glass Beads Used
in Experiment

Designation

Mean
Diametera

(mm)

Mean
Diameterb

(mm) Treatment

u-LG 2.6 As received
SG 3.3 4.1 Cleaned with

distilled
water

u-LG 25.2 As received
LG 24.4 27.9 Cleaned with

distilled
water

a The mean diameter obtained using a particle size ana-
lyzer.

b The mean diameter obtained using an optical microscope.
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are expected to be quite similar; thus, correcting
for the plane-strain condition cannot change the
major results obtained from the GIC analyses.

Small tensile specimens (15 3 5 3 7 mm gauge
section) were used in the uniaxial tensile tests.
The surface of the specimens was polished using
SiC grinding disks (80, 240, 400, and 600 grit size)
to remove surface defects. At least five specimens
were tested for each composition, and the cross-
head speed was 2.54 mm/min.

A scanning electron microscope (SEM, Hitachi
S-800) was used to observe the fracture surface of
SEN-3PB specimens coated with a thin layer of
gold–palladium to reduce charge buildup. The ac-
celerating voltage was either 5 or 3 kV.

RESULTS AND DISCUSSION

Characterization of Glass Beads

To check possible surface contamination of the
as-received glass beads by organic compounds,
X-ray photoelectron spectroscopy (XPS), NMR
spectrometry, CHN analysis, and mass spectrom-
etry were used. XPS results were obtained using a
Perkin–Elmer PHI 5400 X-ray photoelectron
spectroscope with an Al X-ray source. The results
showed a significant amount of carbon species
present on the surface of the glass beads. How-
ever, these results cannot be used as evidence for
the existence of any organic materials that can
effectively change the interfacial strength be-
tween the glass beads and epoxy matrix, because
the surface of the glass beads is normally covered
with an adsorbed carbonaceous overlayer.14 An-
other trial to detect the existence of possible or-
ganic compounds on the surface of the glass beads
was by NMR. After dispersing glass beads in a
solvent (H2O or toluene) under mechanical stir-
ring for more than 6 h, the filtered solvent was
completely dried in an NMR specimen tube that
was analyzed in FT-NMR analysis. No organic
compound was detected in any of the analyses on

the tube. Furthermore, nothing was detected in
the CHN analysis and mass spectrometry on the
concentrated filtered solvent. Thus, it was be-
lieved that the as-received glass beads were free
of organic compounds as the manufacturer
claimed, so any cleaning procedure for the pur-
pose of removing organic compounds did not seem
necessary.

Figure 1 shows the typical particle size distri-
butions of glass beads. Generally, the distribution
data obtained by the direct OM observation gave
reasonable agreements with those obtained by
the liquid sedimentation method. In Figure 1(A)
the slight difference among the distribution
curves at around the 1-mm size region may be
worth mentioning. Although the difference is very
small, the as-received glass beads do possess a
slightly higher amount of small (,2 mm) particles
than cleaned glass beads. This is consistent with
the finding that froth formed on the surface of the
water during the cleaning process. The OM exam-
ination of the dried froth showed that there were
submicron particles. Because they were removed
during the cleaning process, cleaned glass beads
must have less of these submicron particles. The
following discussion on SEM micrographs again
shows the premise that the cleaning process can
remove submicron particles.

Because previous solubility and leaching resis-
tance studies on glasses15 and our surface con-
tamination study described above generally indi-
cate that the surface chemistry of glasses is
hardly changed under the mild conditions of the
cleaning procedure, it is more useful to focus on
the topographical changes of the surface that are
due to the cleaning process. Figure 2 shows the
surface of glass beads treated by the four different
kinds of methods. Many submicron particles,
which can act as defects in resulting composite
materials, adhere to the surface of the as-received
glass beads [Fig. 2(A)] and those cleaned with
isopropanol [Fig. 2(B)] by mainly electrostatic
force. However, the surfaces of the other two glass

Table II Physical and Mechanical Properties of Epoxy Matrix Materials and Glass Beads

Materials
Density
(g/mL) Tg (°C)

Modulus
(GPa)

Yield Stress
(MPa)

Solubility
Parameter45

661 (DERt 661/DDS) 1.204 124 2.8 88 11.5–13a

Glass beads (Spheriglasst
A glass beads)

2.5 Softening point 5 704 70
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beads [Fig. 2(C,D)] do not have a significant
amount of these particles. Although isopropanol
cannot remove submicron particles from the sur-
face of glass beads, Figure 2(C) reveals that dis-
tilled water can remove these particles during the
cleaning process. In fact, it is reasonable that
water is more powerful in removing these parti-
cles than isopropanol. This might be mainly be-
cause the surface energy of water (72.8 dyne/cm2

at 20°C) is closer to that of glass ('100–500 dyne/
cm2) than that of isopropanol (23.8 dyne/cm2 at
20°C).15–17

Nevertheless, even in isopropanol, submicron
particles can be removed by ultrasonic vibration
as can be seen in Figure 2(D). In this cleaning
process, as-received glass beads were dispersed

for 6 h in isopropanol under ultrasonic vibration
using a Cole–Parmer 8851 Ultrasonic Bath (50/60
Hz, 115 V, 1.5 A). After the isopropanol was fil-
tered out, the glass beads were dried and used for
the preparation of the composite like the other
cleaning processes.

Mechanical Properties of Composites

Figure 3 shows the KIC of glass bead filled ep-
oxies. The error bar is the standard deviation for
more than 12 measured values. The most distinct
thing in this figure is that the cleaning process
does not seem to be an important factor in deter-
mining the fracture toughness of composites. The
GIC calculated from the KIC and modulus data can

Figure 2 SEM micrographs of the surface of the glass beads (LG) (A) as received, (B)
cleaned with isopropanol, (C) cleaned with distilled water, and (D) cleaned with iso-
propanol in an ultrasonic bath.
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be found in Figure 4. The general trend of this
figure is the same as that of Figure 3: the cleaning
process does not make any significant difference
in the fracture toughness of the composites.

Figure 5 shows the moduli of the composites
prepared in the present experiment in which the
range between the maximum and minimum val-
ues obtained from five different measurements for
a composition is shown as an error bar. Again, the
cleaning process was found to not be a factor in
determining the modulus of the composites. In
the microscopy studies discussed later, the clean-
ing process was found to be useful for improving
the interfacial strength between glass beads and
the epoxy matrix. However, the tensile modulus
of the composites did not reflect this improve-
ment, although it was expected to increase be-
cause of more effective load transfer across the
interface that was due to improved interfacial
strength. In fact, this result was not very surpris-

ing because it was reported7,17–22 that the com-
mon surface treatments of glass beads to improve
the interfacial strength, such as silation, cannot
significantly increase the modulus of composites.
Modulus is a material property obtained at very
small strains. Under this condition, the relatively
small difference in the interfacial strength due to
surface treatments may be scarcely noticeable.

Furthermore, there may be circumstances un-
der which the effect of thermal residual misfit can
screen the effect of surface treatment on the mod-
ulus. Even if there are no physical or chemical
interactions between the glass beads and matrix,
the thermal residual misfit between the glass
beads and matrix can produce a certain level of
interfacial strength.23 This is because the coeffi-
cient of thermal expansion (CTE) of epoxy is sig-
nificantly larger than that of glass. A simple es-
timation23 gives significant thermal residual mis-
fit stresses, 2sr 5 2st ' 40 MPa from

2sr 5 2st 5
DaDT

S1 1
nm

2Em
D 1 S1 2

2np

Ep
D < DaDTEm

(3)

where sr is the radial stress, st is the hoop stress,
Da is the differential CTE between the matrix
and particles (am 2 ap), DT is the temperature
difference, E is the elastic modulus, n is Poisson’s
ratio, and the subscripts m and p indicate the
matrix and particles, respectively. [Because of the
viscoelastic nature of polymers, the actual values
of the thermal residual misfit stresses may be
different from those calculated from eq. (3).]

Among various theoretical predictions to deter-
mine the moduli of filled composites, one from the
equations proposed by Ishai and Cohen1 is com-

Figure 3 The critical stress intensity factor versus
the glass bead content for glass bead filled epoxies.

Figure 4 The critical strain energy release rate ver-
sus the glass bead content for glass bead filled epoxies.

Figure 5 The tensile modulus versus the glass bead
content for glass bead filled epoxies.
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pared with experimental values in Figure 5. The
equations are derived from a two-phase model of
a cubic matrix containing a cubic inclusion under
two conditions: the uniform stress condition

ff 5
Ec

Em
5

1 1 ~m 2 1!Cf
2/3

1 1 ~m 2 1!~Cf
2/3 2 Cf!

(4)

and the uniform displacement condition

ff 5 1 1
Cf

m/~m 2 1! 2 Cf
1/3 (5)

where m is Ef/Em, Ef is the modulus of the fiber,
Em is the modulus of the matrix, Ec is the modu-
lus of the composite, and Cf is the volume fraction
of the filler. The theoretical predictions form the
upper and lower bounds to the experimental data.
Other equations4,25,26 can also give a similar, rea-
sonable prediction.

The tensile strength (TS) of composites was
found to generally decrease as glass bead content
increased (Fig. 6). The decrease of the TS was
commonly found in inorganic particle toughened
systems.25,27–33 Most data in Figure 6 lie between
the two bounds of the simple prediction proposed
by Nicolais and Nicodemo.34 The upper bound is

TS 5 sp (6)

and the lower bound is

TS 5 sp~1 2 1.21Cf
2/3! (7)

where sp is the TS of the polymer and Cf is the
volume fraction of inorganic particles. Thus, their

simple proposal34 on the TS of particulate com-
posites seems to be reasonable.

In Figure 6, although the SG/661 systems do
not show any significant decrease of tensile
strength, the u-SG/661 systems show the largest
decrease. The data of the u-SG/661 systems follow
the lower bound of the prediction that was de-
rived by treating glass beads as voids. On the
other hand, the TS data of the u-LG/661 systems
do not show any significant difference from those
of the LG/661 systems (Fig. 6).

A possible explanation can be given for the
large decrease in the TS of the u-SG/661 systems,
which is concerned with the existence of submi-
cron particles on the glass bead surface. It is
possible that the number of these particles could
be different according to the kinds of glass beads
received. Thus, this difference can result in the
different TSs of the composites, because these
submicron particles can play the role of defects,
initiating interfacial failure. Furthermore, submi-
cron particles can induce aggregation of glass
beads, because they can easily stay in the inter-
stitial sites and stabilize the aggregates. SG or
u-SG systems are more susceptible to aggregation
problems than LG or u-LG systems. Apparently,
as the size of particles decreases, the aggregates
of particles can be more easily stabilized by elec-
trostatic forces and gravitational and mechanical
forces that can break aggregates become less im-
portant. This explanation is further supported by
microscopy studies in a subsequent section.

Figure 6 also shows the effect of glass bead size
on tensile strength. This effect can be noticed
from the comparison between SG and LG sys-
tems, not between u-SG and u-LG systems. This
is because the comparison between u-SG and u-
LG systems is meaningless when the amounts of
submicron particles on the glass bead surface are
unknown. In the case of cleaned glass bead sys-
tems, the effect of submicron particles can be
neglected, because the cleaning process removed
most submicron particles (Fig. 2).

Figure 6 obviously reveals that the SG systems
have higher tensile strengths than the LG sys-
tems. In glass bead filled systems, the critical
event leading to tensile failure is most likely the
initiation of debonding and growth of cracks.
Therefore, the above result is in good agreement
with the theories34–39 for the critical debonding
stress (si) or strain (ei) of inorganic particles in a
polymer matrix.

From tensile strength data and the stress dis-
tribution functions for infinitely large materials

Figure 6 The tensile strength versus the glass bead
content for glass bead filled epoxies.
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containing an infinitely sharp crack, the inherent
crack size in tensile specimens can be calculat-
ed.6,20,29 The inherent crack size, a, is

a 5
KIC

2

p~TS!2 (8)

From eq. (8) it is obvious that the inherent crack
size will increase as the glass bead content in-
creases, because as it increases the KIC increases
and the TS generally decreases, as can be found in
Figures 3 and 6. A more interesting result is the
change of the inherent crack size according to the
size and cleaning process of the glass beads. Be-
cause the KIC does not significantly depend on the
size and cleaning process of the glass beads (Fig.
3), the differences in the TS will give differences
in the inherent crack size: Inherent cracks are
smaller in the small glass bead and cleaned sys-
tems than in the other systems.

Unfortunately, the calculated values cannot be
considered to be the actual inherent crack size
existing in tensile specimens. This is because the
inherent cracks that initiate the failure of tensile
specimens are usually found to be on the surface
of specimens, not inside specimens as assumed in
the derivation of eq. (8). Furthermore, no real
cracks in tensile specimens can be infinitely
sharp.

SEM Microscopy Study

The fracture surface of SEN-3PB specimens con-
sists of three different regions,40,41 i.e., the pre-
crack, process zone, and fast-fracture region.
Among them, the process zone is the region where
the materials’ resistance against crack propaga-
tion actually reflects the fracture toughness mea-
sured. Both process zone and fast-fracture regions
were investigated in this study. More details are
available in several references.9–11

Figure 7 shows process zones and fast-fracture
regions on the fracture surface of 10 vol % SG or
u-SG filled epoxies. The wide size distribution of
glass beads can be clearly noticed. Crater struc-
tures, which are found by the pulling out of glass
beads, can be easily found as well. The directions
of steps in the process zones show no regular
pattern, whereas those in fast-fracture regions
are well aligned along the direction of crack prop-
agation. Because all steps result from the forma-
tion of separate secondary cracks, the random
directions of steps must reflect random local crack
propagation directions. The debonding of glass

beads can occur ahead of crack tips, particularly
while crack fronts are moving stably in the pro-
cess zone. The resulting isolated secondary cracks
have different propagation directions from the
primary crack propagation direction. When the
primary and the isolated secondary crack fronts
meet each other, randomly directed step struc-
tures are formed in the process zones. On the
other hand, in fast-fracture regions the crack
propagation speed is too fast for isolated second-
ary cracking to occur and grow ahead of the pri-
mary crack front. Consequently, only the steps
parallel to the primary crack propagation direc-
tion result.

In contrast to the fast-fracture regions, the pro-
cess zones of Figure 7 evidently show debonded
glass beads. The existence of debonded glass
beads makes debonding zone size measurable us-
ing SEM. Debonding zone size is larger in the
u-SG system than in the SG system [Fig. 7(A,C)].
This can imply that the interfacial strength be-
tween u-SG and the epoxy matrix is lower than
that between SG and the matrix. As seen above,
the KIC values of both the SG and the u-SG sys-
tems are almost the same, regardless of the sur-
face treatments. Thus, the stress and its distribu-
tions at break, ahead of crack tips, in both SG and
u-SG systems must be similar when the same
volume of glass beads is used in both systems.42

Therefore, if the interfacial strength between the
glass beads and matrix is lower, the glass beads
farther from a crack tip will debond, resulting in
a larger debonding zone size. However, the differ-
ence in interfacial strength and debonding zone
size could not be correlated with the difference in
fracture toughness (Fig. 3). These results actually
imply that debonding of glass beads from the ma-
trix may not be the major energy dissipating
mechanism for these inorganic particle tough-
ened systems.

Another piece of evidence that shows the dif-
ferent interfacial strengths can be found in the
fast-fracture regions of Figure 7(B,D). In these
micrographs, more adhesive failure along the in-
terface between the glass beads and matrix is
found in the uncleaned system than in the
cleaned system. More magnified pictures are pro-
vided later, where it is again confirmed that
cleaned glass beads have higher interfacial
strength than uncleaned glass beads.

Figure 8 shows the fracture surfaces of 10 vol %
LG and u-LG filled epoxies. Results similar to
those obtained in Figure 7 can be found. First of
all, more adhesive failure around the glass beads
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can be found in the uncleaned system [Fig. 8(D)]
than the cleaned system [Fig. 8(B)]. A comparison
of the two process zone sizes is rather difficult,
because the border of the process zone is obscure.
The process zone is confined in a very small area
(in the middle of the micrographs) where glass
beads are partially or fully debonded [Fig. 8(A)].
In this case, the process zone is almost a line.

The process zone sizes can be more accurately
measured by using the three major features of the
process zone visible under optical microscopes:
debonded glass beads, crack arrest lines, and ba-
sic longitudinal textures (BLTs).43,44 The crack
arrest line is formed on the fracture surface when
a crack front is arrested for a certain period of

time. This is observable in both SEM and OM
micrographs because a small amount of tilting
exists between the two crack planes behind and
ahead of this arrest line. The BLT43,44 is a fine
step structure visible only at high magnification
(i.e., higher than about 31000). It is visible on the
fracture surface of all brittle polymers, and its
wavelength (periodicity) is approximately 0.2 to 1
mm. Robertson and coworkers43,44 proposed that
liquefaction of the material at the crack tip leads
to the formation of this texture. Fortunately, the
longitudinal texture is more complicated and the
crack arrest line is more visible in the process
zone than in the fast-fracture region. These dif-
ferences make the measurement of the process

Figure 7 SEM micrographs of the fracture surface of SEN-3PB specimens: (A) the
process zone of 10 vol % SG/661, (B) the fast-fracture region of 10 vol % SG/661, (C) the
process zone of 10 vol % u-SG/661, and (D) the fast-fracture region of 10 vol % u-SG/661.
The arrows indicate the direction of crack propagation.
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zone size possible. From these measurements it
was found that cleaning the glass beads decreases
the process zone size of 10 vol % glass bead con-
tent systems (e.g., the average process zone sizes
of 10 vol % LG and u-LG systems from 15 mea-
surements were found to be 54 and 125 mm, re-
spectively9–11).

Another qualitative assessment of the interfa-
cial strength between glass beads and epoxy ma-
trix can be confirmed by uniaxial tensile tests.
During the tests, the tangential modulus of the
composites decreases as more glass beads debond
from the matrix with loading. If e0.8E is defined as
the strain where the tangential modulus drops to
80% of the initial Young’s modulus, this value can
be treated as a measure of the interfacial strength

between the glass beads and matrix. The e0.8E
values for 10 vol % LG and u-LG filled epoxies are
1.40 and 1.28%, respectively. These values are
still lower than that of unmodified (pure) epoxies
(1.60%).

All the results discussed above show that the
cleaning process using distilled water can remove
submicron particles from the surface of glass
beads, thus improving the interfacial strength be-
tween the glass beads and the matrix. Figure 9
also illustrates the improved interfacial strength
by this process. While u-SG and u-LG systems
show more adhesive failure, SG and LG systems
show more cohesive failure around the glass
beads. This difference in failure mode due to the
cleaning process is more pronounced in SG sys-

Figure 8 SEM micrographs of the fracture surface of SEN-3PB specimens: (A) the
process zone of 10 vol % LG/661, (B) the fast-fracture region of 10 vol % LG/661, (C) the
process zone of 10 vol % u-LG/661, and (D) the fast-fracture region of 10 vol % u-LG/661.
The arrows indicate the direction of crack propagation.
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tems than in LG systems. This is consistent with
the TS data in Figure 6.

If the improvement of interfacial strength by
the cleaning process results only from removing
submicron particles, then the use of ultrasonic
vibration in a different medium must produce the
same improvement of interfacial strength. This
proposition was found to be true in our experi-
ments. We found that epoxies filled with isopro-
panol cleaned glass beads (without ultrasonic vi-
bration) showed the same fracture surface fea-
tures as the u-SG/661 in Figure 7. (Their fracture
toughness was also found to be the same as that of
u-SG/661 within its experimental error.9–11)
Therefore, it is true that isopropanol alone cannot

improve the interfacial strength. On the other
hand, the epoxy in Figure 10 shows the improve-
ment of interfacial strength, which is comparable
to that in Figures 7(B) and 9(B). The glass beads
in this composite had been cleaned in isopropanol
with ultrasonic vibration as described earlier. If a
chemical event related to water plays the major
role in improving interfacial strength, then the
effect of ultrasonic vibration should not be noticed
in this composite. Accordingly, this result can
support the conclusion that removing submicron
particles is the main reason for the improvement
of interfacial strength.

Because submicron particles were found in all
four kinds of glass beads used in our experiment

Figure 9 Typical SEM micrographs of glass beads in the fast-fracture region of the
fracture surface of SEN-3PB specimens: (A) 10 vol % u-SG/661, (B) 10 vol % SG/661, (C)
10 vol % u-LG/661, and (D) 10 vol % LG/661. The arrows indicate the direction of crack
propagation.
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and may not be effectively removed by some
cleaning processes, their existence must be a mat-
ter of concern in the preparation of particulate
composites. However, the chemical identification
of these submicron particles was not attempted in
this research. Thus, future research on this sub-
ject is needed.

CONCLUSIONS

Epoxies containing glass beads cleaned with dis-
tilled water and isopropanol were prepared and
their fracture behavior was investigated and com-
pared with that of epoxies containing as-received

glass beads. The fracture toughness of the com-
posites was not influenced by the cleaning pro-
cess, but the interfacial strength between the
glass beads and epoxy matrix was. Cleaning glass
beads with distilled water was found to remove a
significant amount of submicron particles, which
existed on the surface of the as-received glass
beads. The favorable surface energy of water
against the glass beads, not the chemical reactiv-
ity, may be the main reason for its removing
power. In our experiment, ultrasonic vibration
could produce the same removing effect. By re-
moving submicron particles, the cleaning process
improved the interfacial strength between the
glass beads and matrix and decreased the
debonding zone size of 10 vol % glass bead sys-
tems. The improvement of interfacial strength
can be understood by the fact that the submicron
particles on the glass bead surface could behave
as defects, initiating interfacial failure.

The authors would like to thank Dr. Hajime Kishi, Dr.
Jack Huang, Dr. Cheol Park, and Ms. Jacqueline M.
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