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Abstract

The roles of particle size and filler–matrix adhesion strength in the dynamic fracture behavior of glass-filled epoxy are studied.

Spherical particles of size 7–200 lm are used to reinforce epoxy matrix at a constant volume fraction (10%) and two different filler–

matrix strengths, weak and strong. Optical interferometry in conjunction with high-speed photography has provided information

regarding instantaneous crack tip positions and deformations when samples are subjected to impact loading. The crack velocity

and stress intensity factor histories are extracted from the interferograms. Elastic characteristics remain unaffected by neither the

particle size nor filler–matrix adhesion. Both weakly and strongly bonded particles in the matrix show higher values of fracture

toughness relative to unfilled matrix material. Filler particle size affects fracture toughness significantly when the particles are used

in the uncoated (or, weakly bonded) state. Additionally, a particle size of 35 lm is seen to enhance the fracture toughness the most

when compared to both smaller and larger size uncoated particles. An inverse relationship seems to exist between steady state frac-

ture toughness and crack velocity for different particle sizes. Unlike weakly bonded filler particles, the size effect essentially vanishes

when the filler–matrix adhesion is enhanced using silane treatment.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric particulate composites are widely used in

engineering applications due to their many desirable
thermo-mechanical properties as well as relatively low

manufacturing cost. The macroscopic isotropy of these

composites is also quite attractive for mechanical design.

The addition of rigid filler particles to the polymer ma-

trix generally increases the overall stiffness of the mix-

ture. The accompanying reduction in the coefficient of

thermal expansion and the improvement in creep resis-

tance are other favorable aspects. The properties of
the constituent phases (filler and matrix), filler volume
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fraction, filler particle size and shape, and filler–matrix

interfacial strength significantly influence these overall

properties in general and failure properties such as ten-

sile strength and fracture toughness of particulate com-
posites. Previous attempts on quantifying these have

generally been made under quasi-static loading condi-

tions and dynamic responses are largely unknown at

the moment. Some of the reported results are reviewed

briefly in the following.

Spanoudakis and Young [1,2] have shown that the

critical stress intensity factor KIc decreases with an in-

crease in particle size at lower volume fractions, while
critical energy release rate GIc drops with increasing par-

ticle size to a minimum value at 47 lm particle diameter.

They have suggested that the toughening mechanism is

due to the crack front pinning followed by crack tip

blunting due to the break down of particle–matrix inter-
ll rights reserved.
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face. They have also concluded that the values of KIc are

not strongly dependent on the strength of adhesion but

poor bonding causes an increase in energy release rate

due to the reduction of Young�s modulus, while filler–

matrix interface strength does have strongly favorable

effects on fracture strength. The associated mechanism
for particle size effect on crack propagation remains to

be studied.

Similar results have been reported by Moloney et al.

[3], who have investigated 40% volume fraction silica-

filled epoxy with particle size in the range of 60–300

lm. Negligible effect of particle size is observed on flex-

ural modulus and fracture toughness, but flexural

strength is found to decrease with increasing particle
size. Strongly bonded fillers show higher flexural and

tensile strengths since weakly bonded particles act as

sources of inherent flaws provoking crack initiation.

Furthermore they have also observed that weaker ma-

trix–filler interface results in higher fracture toughness

due to possible crack tip blunting.

Nakamura et al. [4] have investigated particle size

and particle–matrix adhesion effects on flexural and
fracture properties for 35% volume fraction for 2–30

lm spherical silica-filled epoxy. Increase in flexural

strength with decreasing particle size has been noticed.

The effect is more prominent for strongly bonded sil-

ica particles, while there is only a slight increase in

flexural modulus with increase in particle size and

with no dependence on adhesion strength. On the con-

trary, prominent increase in KIc with increase in parti-
cle size has been noticed due to increased crack

deflection, interfacial debonding and particle fracture.

They have also noticed that there is no effect of bond-

ing strength for KIc. In a similar investigation [5] on

silica-filled epoxy with particle size range of 2–42 lm
(55% and 64% weight fraction), both fracture tough-

ness and energy release rate is reported to have in-

creased with increase in particle size. Static fracture
tests based on 3-point bend specimens show higher

toughness when compared to double torsion and im-

pact fracture tests.

Second phase inhomogeneities dispersed in a brittle

matrix act as obstacles impeding the moving crack front

thereby increasing fracture toughness either by increas-

ing the length of the crack front and/or by blunting

the crack tip. Crack deflection, bowing, and crack tip
blunting are very common phenomena in the presence

of second phase material in the vicinity of a propagating

crack front causing reduction in stress intensity. The

toughening mechanism depends on the characteristics

of the constituent phases, crack front interaction, and

the filler–matrix bonding strength. Various models have

been proposed to predict crack path perturbation in the

presence of second phase material and the crack tip
blunting mechanism in case of failure of filler–matrix

bonding.
Analogous to dislocation pinning, Lange [6] has pro-

posed a widely cited theory about line tension, according

to which the propagating crack front bows out between

dispersed impenetrable second phase particles while

remaining pinned at the locations where it interacts with

the particles. This increases the length of the crack front
depending upon inter-particle spacing. As a result the

total energy for fracture increases by an amount re-

quired to increase the length of the crack front rather

than just the energy needed to form new surfaces as in

case of unfilled materials. The functional relation be-

tween fracture energy of a composite material GIc and

the average spacing between second phase particles l is

given by

GIc ¼ 2 c0 þ
T
l

� �
, ð1Þ

where c0 is surface energy per unit area and T is line en-

ergy per unit length of the crack front. The relation

clearly indicates that fracture resistance of a composite

increases as the distance between the dispersed second

phase particles decreases. Further Evans [7] has demon-

strated by calculating T for various configurations of

bowed out crack front between the particles that line en-

ergy to fracture energy ratio is a function of both parti-
cle size and spacing. And the major contribution to the

increase in strength is from crack extension stress, which

is larger than the stress needed to propagate an unbowed

crack, dependent on the ratio of particle dimension to

the inter-particle spacing.

Faber and Evans [8,9] have proposed models to pre-

dict the increase in fracture toughness due to crack

deflection around secondary phase material by deter-
mining initial tilt and maximum twist of the crack front

between the particles causing lower crack driving force,

and consequently increased fracture toughness. The tilt

angle depends on the orientation and the position of

the particle with respect to an advancing crack front

and the presence of residual stresses developed between

filler and matrix, causing reduction in stress intensity in

mode I and mode II. The magnitude of crack twist de-
pends upon the orientation of adjacent particles forcing

the crack to tilt in opposite directions resulting in mode I

and mode III. Both the models and experimental results

conclude that there is a dependence of fracture tough-

ness on the shape and the volume fraction of second

phase material while being invariant of particle size.

Ahmed and Jones [10] have reviewed various theoretical

models showing the effects of particle size, filler–matrix
adhesion strength and volume fraction on elastic modu-

lus and tensile strength.

As can be seen from the above review of the literature,

most of the studies have been performed for static load-

ing conditions and very limited literature is available on

particle size and filler–matrix interface strength effect

under dynamic loading conditions. Also, it should be
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noted that none of the available dynamic results provide

complete pre- and post-crack initiation behaviors. Fur-

ther, conclusions drawn contain significant differences

among the investigations. While some have reported an

increase in KIc as particle size decreases, others report

either a decreasing trend or no effect at all. Similar differ-
ences can be noticed in case of filler–matrix adhesion

effect when some investigators have noticed no effect

on KIc while others have reported decreasing KIc with

increasing filler–matrix adhesion strength.

In this paper particle size and filler–matrix adhesion

effect on fracture behavior of glass-filled epoxy have

been investigated under impact loading conditions. So-

lid glass spheres of various sizes in the range of 7–200
lm in diameter for both weak and strong filler–matrix

interfacial strength have been studied. Crack initiation

and crack growth phenomena along with crack tip

deformations have been measured using high-speed

imaging and optical interferometry. These measure-

ments have been used to determine macroscopic fracture

parameters.
2. Material preparation and characterization

The role of particle size and filler–matrix adhesion

strength in dynamic fracture behavior are quite evident

even at relatively low volume fractions. Hence 10% vol-

ume fraction (Vf) of soda-lime glass (A-glass) spheres of

bulk density 2500 kg/m3 was chosen to prepare glass-
filled epoxy specimens throughout this study. The low

Vf could also assist in avoiding agglomeration problems,

especially for smaller particles. Solid glass spheres of

mean diameters 7, 11, 35, 71 and 203 lm were used to

study particle size effect. To study filler–matrix adhesion
Table 1

Material properties of (uncoated) weakly bonded glass-filled epoxy, Vf � 0.1

Average particle

diameter D (lm)

Density

q (kg/m3)

Longitudinal wave

speed Cl (m/s)

S

s

203 1279 2567 1

71 1282 2585 1

35 1296 2550 1

11 1291 2561 1

7 1298 2581 1

Epoxy 1132 2468 1

Table 2

Material properties of (silane coated) strongly bonded glass-filled epoxy, Vf

Average particle

diameter D (lm)

Density

q (kg/m3)

Longitudinal wave

speed Cl (m/s)

S

s

203 1286 2536 1

35 1285 2535 1

11 1278 2577 1
effect, weak and strong filler–matrix interfaces were cre-

ated by using uncoated and silane coated particles of the

above mentioned sizes. It should be noted that particle

sizes 11, 35 and 203 lm are the only ones available com-

mercially for the silane treated case. Low viscosity

epoxy, prepared by mixing bisphenol-A resin and
amine-based hardener of densities 1129.9 and 961.2

kg/m3 in the ratio of 100:36, was used as matrix mate-

rial. Epoxy and spherical glass particles were mixed

for 30 min before being poured into a mold. The mate-

rial was cured at room temperature for approximately

72 h.

Physical and elastic properties of uncoated and silane

coated composites are tabulated in Tables 1 and 2. Lon-
gitudinal and shear wave speeds (Cl and Cs) were mea-

sured by pulse-echo method at discrete locations of the

cured material. Transit time for the pulse to travel twice

the thickness of the sample was measured with the help

of a digital oscilloscope (Gould model 5052UA) and lon-

gitudinal wave transducer (Panametrics #V129RM; 10

MHz) and shear wave transducer (Panametrics

#V156RM; 5 MHz). Dynamic elastic Modulus Ed and
Poisson�s ratio md are calculated using,

Cl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Edð1� mdÞ

qð1þ mdÞð1� 2mdÞ

s
, Cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ed

2qð1þ mdÞ

s
, ð2Þ

where q is the mass density of the composite.

Cast sheets were machined into test samples of

dimensions 152 mm · 42 mm · 8 mm. The surface was
then roughened with 150 grit size sand paper. Subse-

quently, the surface was made optically flat and specular

by transferring a thin (a few nm thick) aluminum film

using an optical flat and a layer of epoxy. An edge notch

of root radius 150 lm and nominal length of 10 mm was
hear wave

peed Cs (m/s)

Elastic modulus

Ed (GPa)

Poisson�s
ratio md

174 4.83 0.368

182 4.90 0.368

172 4.87 0.366

188 4.97 0.363

183 4.97 0.367

109 3.82 0.374

� 0.1

hear wave

peed Cs (m/s)

Elastic modulus

Ed (GPa)

Poisson�s
ratio md

181 4.89 0.361

172 4.82 0.364

190 4.94 0.365
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cut into the sample using a high-speed diamond impreg-

nated circular saw.
3. Macromeasurements

3.1. Experimental details

The optical method of coherent gradient sensing

(CGS) [11–13] has been used to study crack tip deforma-

tions in particle filled composite specimens. CGS mea-

sures in-plane gradients of out-of-plane surface

displacements (surface slopes) around a crack tip when

used to study opaque solids. The relative ease of imple-
mentation of CGS when used in conjunction with high-

speed cameras is attractive for the study dynamic crack

growth problems.

The schematic of experimental set-up for reflection

CGS is shown in Fig. 1. A collimated beam of coherent

laser light illuminates an opaque specimen with a specu-

larly reflective surface. The reflected object wave front is

incident on a pair of high-density Ronchi gratingsG1 and
G2, spatially separated by a distance D, as shown. These
parallel gratings diffract the object wave-front succes-

sively in several discrete directions. The filtering lens L

collects the field distribution and displays its frequency

content on its back focal plane as a series of diffraction

spots as shown. By locating the filtering aperture around

±1 diffraction order, the information about surface

slopes in the form of interference fringes is captured at
the image plane. The optical set-up requires that the

imaging system be focused on the object surface.
P

x

a
y

S

y

P
x

G1 G2

Specimen

Gra tings
Filter in

Collimated
laser b eam

Mirror 

Fig. 1. Experimental set-up (specimen dimensions are S
The experimental set-up includes an impactor, a pulse

laser, CGS interferometer and a continuous access high-

speed camera. An argon-ion laser beam (wave length

k = 514 nm) is expanded and collimated into a 50 mm

diameter beam. A pneumatically operated cylindrical

steel hammer with hemispherical tip is used to impact
(velocity 5.3 m/s) the center of the specimen along the

negative x-axis, as shown in the schematic. The speci-

men was initially rested on two soft-putty blocks to sim-

ulate free–free supports. Before the impactor hits the

specimen, a flag (of width �6.4 mm) triggers a photo-

detector which in turn opens a ‘‘capping shutter’’ in

front of the camera. This allows laser beam to expose

a strip of T-MAX400 photographic film located in a cir-
cular track in the camera. As soon as the impactor

touches an adhesive backed copper tape on the top edge

of the specimen, an electric circuit initiates a gate pulse

of 320 ls duration. Laser pulses of 50 ns width are re-

peated at 5 ls intervals (200,000 fps) during the gate per-

iod. With these settings, approximately 70 images are

exposed onto the photographic film. The incident beam

upon reflecting from the deformed surface carries the
information about the non-planarity of the surface near

the crack tip and the impact point. The angular deflec-

tions of light rays relative to the optical axis are mea-

sured as interference fringes by filtering out all but ±1

diffraction order. The fringe patterns representing con-

tours of ow/ox are recorded in this study.

Interference fringes are the outcome of stress waves

generated by the impact that travel back and forth across
the sample, loading the notch tip to initiation. A crack

subsequently propagates dynamically, at speeds of up
W

B

L

g lens 

Filter  plane
High speed
camera 

= 152 mm, W = 42 mm, B = 8 mm, a = 10 mm).
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to 530 m/s in some specimens. Highly discernible fringes

on the specimen surface around the impact point and

crack tip are evident from the representative interfero-

grams shown in Fig. 2. The first set of four fringes in

Fig. 2(a) are for 11 lmweakly bonded particles, next four

(Fig. 2(b)) for 35 lm and third set in Fig. 2(c) is for 203
lm particles, all for weakly bonded fillers in the matrix.

In each set, the first two images are for pre-crack initia-

tion instants while the next two are from post-initiation

time instants. Impact point fringes (at the top of every im-

age) develop and start accumulating as soon as the

impactor contacts the specimen, while the crack tip

fringes start appearing after about 35–40 ls after the ini-
tial impact. As the stress waves reach the crack tip, tri-
lobed fringes symmetric about the crack representing

mode-I deformations start evolving around the crack

tip. Second image in each set is a fringe pattern just before

crack initiation. At initiation, sudden release of energy re-

sults in stress waves emanating from the crack tip seen as

a circular discontinuity in an otherwise continuous fringe

pattern centered at the initial notch tip (third image of

each set). After initiation, nearly stable crack growth en-
sues for about 40–60 ls. This is followed by a monotonic
Fig. 2. Selected fringe pattern representing surface slope contours of ow/ox

(b) 35 lm particles, (c) 203 lm particles. Indicated time corresponds to the
reduction in the size of lobes. These fringes represent con-

tours of ow/ox where w is out-of-plane displacement. The

resolution of the fringes is �0.015�/fringe.

3.2. Fringe analysis

Surface deformations are measured in terms of fringe

order N, grating pitch p and grating separation distance

D. In the present work, the principal direction of the

gratings is chosen to be along x-axis. Accordingly, the

governing equation [11] can be written as,

ow
ox

¼ Np
2D

N ¼ 0,� 1,� 2,� 3, . . . , ð3Þ

which can be expressed in terms of stress gradients for

plane stress conditions as

ow
ox

� � mB
2E

oðrx þ ryÞ
ox

� �
¼ Np

2D
, ð4Þ

where E is the elastic modulus, m is the Poisson�s ratio

and B is the undeformed thickness of the specimen.

Considering linear elastic asymptotic stress field in the
vicinity of a steadily propagating mode-I crack [13],
for weakly bonded glass-filled epoxy specimens, (a) 11 lm particles,

instant after impact.
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ow
ox

¼ � mB
2E

f ðvÞ
X1
n¼1

An
n
2
� 1

� �
r
ðn
2
�2Þ

l cos
n
2
� 2

� �
hl

h i

¼ Np
2D

, ð5Þ

where

f ðvÞ ¼ ð1þ a2s Þða2l � a2s Þ
4alas � ð1þ a2s Þ

2
,

hl ¼ tan�1ðal tan hÞ,

rl ¼ r cos hð1þ altan
2hÞ,

al:s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðv=Cl:sÞ2

q
, ð6Þ

r and h are the polar coordinates defined at the instanta-

neous crack tip. Eq. (5) can also be used for analyzing

pre-initiation interferograms as f(v) ! 1 as v ! 0, reduc-
ing the equation to the form of its quasi-static counter-

part. Overdeterministic least-squares analysis is

performed on Eq. (5) and the resulting functional is min-

imized with respect to constants An. This results in a set

of linear equations of the form,

Q½ � Af g ¼ Zf g: ð7Þ
In Eq. (7), {A} is the vector of unknown constants An

with A1 ¼ KI

ffiffiffiffiffiffiffiffi
2=p

p
, [Q] is the matrix with its elements

Qij ” Qij(r,h,v,Cl,Cs) and {Z} is known vector of Zi ” -

Zi(r,h,N,E,m,B,v,Cl,Cs). The resulting set of linear

equations can be solved to get An.
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Fig. 3. Crack velocity histories (a) and stress intensity factor histories

(b) for two identical specimens with 35 lm uncoated filler particles

demonstrating repeatability of experimental measurements.
3.3. Crack velocity and stress intensity factor

The framing rate of the high-speed imaging system is

set to capture the images once every 5 ls after impact.

Instantaneous crack length is measured by locating the

crack tip from digitized images. From crack tip location

histories, crack velocities are calculated using central

difference method:

vi ¼
da
dt

� �
i

¼ aiþ1 � ai�1

tiþ1 � ti�1

: ð8Þ

Interferograms are used to extract fracture parame-

ters by digitizing optical information around the crack

tip to obtain fringe location, (r,h), and fringe order, N,

data. Using the least-squares analysis described previ-

ously, mode-I dynamic stress intensity factors KI are

evaluated. The region of dominant 3-D effects in the

vicinity of the crack tip (r/B < 0.5) is excluded from

the analysis. Also, only the data behind the crack
(90� < h < 150�) is considered since it has been demon-

strated that triaxial effects are at a minimum in this re-

gion [11]. Since the measured data considered in the

analysis comes from a region beyond r/B = 0.5, the
inclusion of non-singular terms in the least-squares anal-

ysis is needed to account for far-field stresses. It has been

found that by including first three terms of asymptotic

stress field, KI can be evaluated accurately.
4. Results and discussion

4.1. Experimental repeatability

Fig. 3(a) shows crack growth histories in two speci-

mens with 35 lm uncoated particles. Both sets of data

show crack initiation at 105 ls with an experimental

accuracy of 5 ls. The instantaneous increase in velocities
up to about 400 m/s can be noticed initially. The instan-

taneous release of energy from the initial notch results in

rapid acceleration to about 4 · 107 m/s2 and a maximum

velocity (vmax) of about 30% of Rayleigh wave speed fol-

lowing crack initiation. The history shows a drop in

velocity following this initial acceleration to a steady

state value (vss) of approximately 300 m/s. The steady

state crack growth region is followed by a continuous
drop in velocity as the free surface and impact points
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are encountered by the propagating crack tip. The frac-

ture is complete at �260 ls in both the specimens.

The stress intensity factor histories for the same two

specimens with 35 lm uncoated filler particles are shown

in Fig. 3(b). In each case the stress intensity factor in-

creases monotonically up to crack initiation. Pre-initia-
tion stress intensity factor histories for both specimens

essentially coincide. The rate of increase of stress inten-

sity factor until crack initiation is �34 · 103 MPa
ffiffiffiffi
m

p
=s.

In both of the experiments the crack initiated at �105 ls
and crack initiation toughness was KIi � 2:5 MPa

ffiffiffiffi
m

p
.

Crack initiation is associated with a sudden drop in

stress intensity factor which can be noticed in the figure.

The maximum value of KI just before the drop is identi-
fied as KIi. Further, instantaneous values of post-crack

initiation stress intensity factors show oscillatory behav-

ior due to discrete wave reflections driving the crack

forward. Oscillations can also be attributed to micro-

structural inhomogeneities. (It should be noted that such

oscillations occur even in monolithic materials such as

unfilled epoxy, which is discussed later.) Intermittent

interactions of a propagating crack front with particles
and particle clusters give rise to different amounts of

crack-tip shielding [14,15] and failure mechanisms [8].

These in turn affect crack velocity histories as well as

stress intensity factor histories. The post crack initiation

oscillations continue for about 50 ls. The average value
of stress intensity factor for the period is identified as

steady state fracture toughness KIss of the material.

For both the specimens post-crack initiation steady
state fracture behaviors are nearly similar, with a

KIss of �2.35 MPa
ffiffiffiffi
m

p
. The steady state behavior is

followed by a monotonic drop in KI until the specimen

fracture is complete. The accuracy of fringe analysis

beyond 160 ls is relatively low due to severe interac-

tion between crack tip and impact point deformation

fields.

Similarity of pre- and post-initiation behavior for
crack tip velocity and stress intensity factor histories in

multiple specimens suggest the robustness and repeat-

ability of the experiments and the method employed in

this study. Similar repeatability tests have also been

undertaken successfully for several other particle sizes

and interfacial strengths.
Table 3

Crack growth parameters for glass-filled epoxy with weakly bonded filler (V

Particle diameter

D (lm)

Crack initiation

time ti (ls)
Maximum crack

velocity vmax (m/s)

Steady state crac

velocity vss (m/s)

203 95–100 325 310

71 100–105 341 300

35 105–110 382 285

11 100–105 464 345

7 110–115 493 370

epoxy 125–130 350 325
4.2. Particle size effect

4.2.1. Weakly bonded (uncoated) particles

Crack velocity histories for specimens with weakly

bonded fillers are shown in Fig. 4(a). Only the results

for 11, 35 and 203 lm sizes are shown in order to avoid

data clutter and consistent comparison with strongly

bonded fillers to be presented in the next section. In each

case crack velocity history shows a rapid increase in

velocity at crack initiation reaching a maximum value

vmax, followed by a noticeable drop. Subsequently, crack
f = 0.1)

k Steady state

duration tss (ls)
Crack initiation toughness

KIi ðMPa
ffiffiffiffi
m

p
Þ

Steady state

fracture toughness

KIss ðMPa
ffiffiffiffi
m

p
Þ

55 1.89 1.67

50 2.19 1.92

45 2.48 2.31

35 2.25 1.96

25 1.97 1.87

45 2.28 1.5
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velocity is oscillatory about an average value identified

as steady state velocity, vss. Some of these observations

about crack initiation and growth are quantified in

Table 3. The maximum crack velocity and acceleration

at crack initiation increases as the particle size decreases.

In the current study the maximum velocity ranges be-
tween �325 m/s for the largest particles to �500 m/s

for the smallest. The acceleration at crack initiation is

of the order of 107 m/s2. As the particle size decreases,

duration of steady state crack growth, tss, decreases.

That is tss is the least for the smallest particle size and

longest for the largest particle size. It is noticed in these

experiments that specimen fracture is complete at nearly

the same time, �260 ls, irrespective of the particle size.
As the particle size decreases, maximum velocities in-

crease. Since all the specimens take the same time to fail

completely, the duration of steady state growth tss de-

creases for smaller particles at the cost of higher maxi-

mum velocities. Table 3 shows minimum steady state

velocity in case of 35 lm particles. Further increase or

decrease in particle size only results in an increase in

steady state velocity. This interesting velocity trend,
which can be related to steady state fracture toughness,

will be discussed later on.

Stress intensity factor histories for specimens with

weakly bonded particles (same particle sizes as in

Fig. 4(a), for consistency) of various particle sizes are

shown in Fig. 4(b). For each particle size, stress intensity

factors monotonically increase until crack initiation.

The average rate of increase in each case is �32 ± 3
MPa

ffiffiffiffi
m

p
=ms. The similarity of pre-initiation stress

intensity factor histories suggest nearly same crack tip

loading rate. This in turn can be attributed to similar

macroscopic elastic wave characteristics (Table 1) irre-

spective of particle size and filler–matrix adhesion

strength. Crack initiation time varies from 95 to 115

ls for the considered particle sizes. In each case, crack

initiation is followed by a small drop in KI value fol-
lowed by a sustained oscillatory behavior about an aver-

age. Notations KIi and KIss will henceforth be used for

maximum and steady state fracture toughness values,

respectively. The KIi and KIss values for all weakly

bonded particles are also tabulated in Table 3. The stea-

dy state fracture toughness of unfilled epoxy (�1.5 ± 0.1

MPa
ffiffiffiffi
m

p
) is considered as a reference for further com-

parisons (see Fig. 5 1 and Table 3). Specimens with 35
lm particles show the highest value of KIss, which is

approximately 65% higher when compared to the one

for unfilled epoxy. With a decrease or an increase in par-

ticle sizes relative to 35 lm size, KIss shows decreasing
1 Stress intensity factor history for unfilled epoxy is shown in Fig. 5

for completeness. The overall features here are similar to the ones

shown for glass-filled specimens. That is, a monotonic increase

ðoKI=ot � 25 MPa
ffiffiffiffi
m

p
=msÞ in KI up to initiation is followed by a

drop and a steady state value at around �1.5 MPa
ffiffiffiffi
m

p
can be seen.
trend. Specimens with 11 lm particles show 40% and 7

lm particles show 34% higher fracture toughness,
respectively, compared to the unfilled epoxy. From

Table 3 it can be noticed that both 11 and 7 lm show

similar stress intensity factor behaviors, with a relatively

small difference in KIss suggesting possible saturation of

fracture toughness as particle size decreases. Similar

effects have been noticed when particle size is increased

beyond 35 lm. Specimens with 71 and 203 lm particles

show approximately 37% and 18% increase in fracture
toughness compared to unfilled epoxy, which is succes-

sively lower compared to the ones with 35 lm particles.

Fig. 6 summarizes particle size effect on KIss in case of

weakly bonded filler at 10% volume fraction. Evidently,

there is a discernible optimum particle size at which frac-

ture toughness is maximum for the selected volume frac-

tion. As the particle size increases or decreases relative

to this optimum value, steady state fracture toughness
decreases. Quite interestingly the optimum particle size

for maximum steady state fracture toughness also corre-

sponds to the minimum steady state velocity. With a de-

crease or an increase in particle size relative to the
log(D)
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1.50

Fig. 6. Particle size effect on steady state fracture toughness.
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optimum value, monotonic decrease in fracture tough-

ness is associated with increase in steady state velocity.

That is, an inverse relationship between steady state

velocity and fracture toughness seems to exist. From

Table 3 it can also be noticed that KIi trends are similar

to that of KIss. The trends again show optimum particle
size to be 35 lm. Comparison shows that KIi is higher by

35%, 56%, 77%, 61% and 41% for 203, 71, 35, 11 and

7 lm, respectively, compared to the unfilled epoxy.

Similarly a decreasing trend in fracture toughness for

particle sizes below 35 lm has been reported by

Nakamura et al. [4,5], who have studied the particle size

effect in silica-filled epoxy of 2–42 lm particle range.
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Fig. 7. Crack velocity history (a) and Stress intensity factor history (b)

in glass-filled epoxy specimens with strongly bonded (silane treated)

particles.
4.2.2. Strongly bonded (silane treated) particles

To study the particle size effect on fracture behavior in

the case of silane treated filler, experiments have been

performed on three particle sizes, 203, 35 and 11 lm.

The selection of particle sizes here is limited due to the

commercial availability. Figs. 7(a) and (b) show crack

velocity and stress intensity factor histories. For each

particle size, crack velocity variations show rapid in-
crease at initiation, with an estimated acceleration of

the order of �107 m/s2, for all three particle sizes. As in

case of uncoated particles, maximum velocity (vmax) is

followed by a noticeable drop and a steadily oscillatory

behavior with an average value denoted by vss. From Ta-

ble 4 it can be noticed that both vmax and vss increase as

particle size decreases. The duration of steady state crack

growth tss decreases with the increase in steady state
velocity and hence with the decrease in particle size. Fur-

ther, the steady state crack growth region is followed by

monotonic drop in crack velocity until complete fracture.

Similar to weakly bonded particles, stress intensity

factor histories in Fig. 7(b) show monotonic increase

in KI until crack initiation for all particle sizes, with

an average crack tip loading rate of 30 ± 3

MPa
ffiffiffiffi
m

p
=ms. As before, crack initiation is followed by

a small drop in KI and a steadily oscillating value iden-

tified by KIss. Unlike weakly bonded particles, strongly

bonded particles do not show significant variation in

KIss as particle size is varied. From stress intensity factor

histories in Fig. 7(b) and Table 4 it is quite clear that

steady state fracture toughness values for various parti-

cle sizes are rather close to each other, suggesting only a
Table 4

Crack growth parameters for glass-filled epoxy with strongly bonded filler (

Particle diameter

D (lm)

Crack initiation

time ti (ls)
Maximum crack

velocity vmax (m/s)

Steady state

crack velocity vss

203 95–100 366 312

35 105–110 428 320

11 105–110 536 375
marginal effect of particle size on fracture toughness in

the case of strongly bonded particles. Specimens with

35 lm particles still show slightly higher fracture tough-

ness when compared to the other two particle sizes.

Since silane treatment increases filler–matrix interface

strength, one can conjecture that for ideal filler–matrix

interface strength, particle size effect on fracture tough-

ness would potentially vanish.

4.3. Filler–matrix adhesion effect

From Tables 3 and 4 and Figs. 4(a) and 7(a) it can be

concluded that increasing the filler–matrix interface

strength increases the maximum as well as steady state
Vf = 0.1)

(m/s)

Steady state

duration tss (ls)
Crack initiation toughness

KIi ðMPa
ffiffiffiffi
m

p
Þ

Steady state

fracture

toughness

KIss ðMPa
ffiffiffiffi
m

p
Þ

35 1.79 1.65

30 1.93 1.77

15 1.73 1.65
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crack velocities. Specimens with strongly bonded parti-

cles show 12–15% (8–10%) higher maximum (steady-

state) velocities when compared to the ones with weakly

bonded particles for similar particle sizes. As noted ear-

lier for weakly bonded particles, steady state velocity

shows an inverse trend with the duration of steady state
velocity tss. For strongly bonded particles steady state

velocities are marginally higher and hence there is a

smaller steady state duration compared to the case of

weakly bonded particles. No discernible filler–matrix

adhesion effect can be noticed regarding crack initiation

time by comparing ti for weakly and strongly bonded

particles in Tables 3 and 4 for the same particle sizes.

The effect of filler–matrix adhesion on fracture tough-
ness can be quantified from Tables 3 and 4 and Figs. 4(b)

and 7(b). Unlike weakly bonded particles, particle size

does not affect fracture toughness prominently in the case

of strongly bonded filler. This suggests that increasing the

filler–matrix adhesion affects the fracture toughness

somewhat negatively under dynamic loading conditions,

contrary to the conventional wisdom that increasing the

filler–matrix bonding strength is generally beneficial.
Negative filler–matrix adhesion effect on fracture tough-

ness has also been seen by Moloney et al. [3] who have

studied 40% silica filled epoxy in 60–300 lm range.

Fig. 6 summarizes the particle size and filler–matrix

adhesion effects. Error bars shown in the figure are

based on multiple experiments. A variation of KIss for

strongly bonded fillers is found to be in the range 1.6–

1.8 MPa
ffiffiffiffi
m

p
. This essentially suggests relatively small

particle size effect in the case of silane treated fillers.

Also KIss values are consistently higher for uncoated

particles even after considering the error bars. This neg-

ative filler–matrix adhesion effect decreases as the parti-

cle size departs more and more from the optimum value.

It should be noted that the experimental error bars are

nearly the same for different particle sizes and filler–ma-

trix adhesion.
From Tables 3 and 4 it can be noticed that maxi-

mum increase in fracture toughness for weakly bonded

filler is for 35 lm particles, which is �30% higher

compared to strongly bonded 35 lm particles. Weakly

bonded 11 lm particles show �18% increase in KIss

values relative to strongly bonded 11 lm particles.

Material with 203 lm particles shows negligible effect

of filler–matrix adhesion on fracture toughness. Simi-
lar trends can be noticed with regard to KIi, which

are 5%, 30% and 30% higher for 203, 35 and 11 lm
weakly bonded particles, respectively, as compared to

strongly bonded ones.

4.4. Quantitative microscopy

Fig. 6 shows non-monotonic bell-shaped variation of
fracture toughness suggesting an optimum particle size

among the sizes considered. Although reduction in KIss
for larger particles (>35 lm in this case) is somewhat

anticipated, reduction for smaller size particles raise

questions about possible agglomeration of particles. Fur-

ther, consistently lower steady state fracture toughness in

case of coated particles when compared to uncoated fill-

ers also raises the possibility of silane induced agglomer-
ation. To investigate these, specimens were sliced and

examined using optical microscopy. Samples with

cross-sectional area of 25 mm · 8 mm were cut from

the specimens studied earlier. The samples were polished

using 1000 and 2000 grit wet emery followed by 1 lm dia-

mond paste and 0.04 lm alumina suspension. Represen-

tative micrographs shown in Fig. 8(a) are for 35 and 11

lm uncoated and silane coated particle specimens,
respectively. Qualitatively, agglomeration is absent in

all micrographs, suggesting neither size induced nor si-

lane treatment induced agglomeration. (Dark spots in

these micrographs are debris due to polishing.) To con-

firm the consistency in particle dispersion at different par-

ticle sizes (coated and uncoated) three scanned images at

random locations of the sample were digitized for each

case and quantitative measurements were performed
using the lineal method [16,17]. Data was collected from

840 lm · 630 lm scanned region for 35 lm particles

and 160 lm · 120 lm area for 11 lm particles. A square

grid of density D/8 was used to calculate volume fraction

Vf and inter-particle spacing (volume mean free path) l,

where D is the mean particle diameter. The quantities

Vf and l were retrieved from digitized images using,

V f ¼
Lp

Lt

, l ¼ 1� V f

Np

,

where Lp is total transverse intercept length within par-

ticle phase and Lt is the total transverse length, as shown

schematically in Fig. 8(b). In the above, Np is the aver-

age number of particle hits per unit transverse length. In

the calculations, summation of all horizontal and verti-

cal lengths in the grid was taken as the total transverse

length. Table 5 shows data on number of particles per
unit area, inter-particle separation distance and volume

fraction. Similarity in terms of number of particles, vol-

ume fraction and inter-particle separation distances,

when coated and uncoated cases are compared, suggest

that silane coating has not introduced any agglomera-

tion of particles. The same is true even in the case of

smaller particle sizes. This strongly suggests that

agglomeration of filler particles can be ruled out as the
cause of decreasing KIss at smaller particle sizes (<35

lm) and with silane coating. Further, the average in-

ter-particle separation distance for spherical particles gi-

ven by Fullman [18],

V f ¼
2Dð1� V fÞ

3V f

, ð9Þ

closely matches measured inter-particle spacings re-

ported in Table 5.



Fig. 8. Optical micrographs of polished surfaces: (a) (i) 35 lm uncoated particles (ii) 35 lm coated particles (iii) 11 lm uncoated particles (iv) 11 lm
coated particles, (b) schematic for quantitative analysis of micrographs shown in (a) using lineal method.

Table 5

Quantitative image analysis of polished surface micrographs

Particle diameter (lm) Average number of particles/area (mm�2) Average inter-particle separation (lm) Average particle volume fraction

35 (uncoated) 194 ± 4 218 ± 10 10.0 ± 0.1

35 (coated) 192 ± 3 215 ± 12 9.9 ± 0.3

11 (uncoated) 3246 ± 45 56 ± 5 9.7 ± 0.3

11 (coated) 3122 ± 54 59 ± 3 9.5 ± 0.4
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4.5. Potential difference in toughening mechanisms

In the literature review a few toughening mechanisms

have been mentioned. For silane treated particles where
filler–matrix interface is strong, crack deflection mecha-
nism can be presumed to increase the fracture tough-

ness. On the contrary, in uncoated particles filler–

matrix interface is weak. This gives rise to crack tip

blunting when the crack front intersects the filler–matrix
interface. Hence, crack-tip blunting seems to be the
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reason for an increase in fracture toughness seen in the

weakly bonded case. The same can also be deduced by

comparing crack velocities between weakly and strongly

bonded particles. It can be noticed from Tables 3 and 4

that both steady state and maximum velocities are con-

sistently higher for strongly bonded particles compared
to weakly bonded ones of similar particle size. Crack

tip blunting retards the crack growth when crack front

encounters weaker filler–matrix interface. This gives rise

to lower average velocity in weakly bonded particles

compared to strongly bonded ones in which crack pre-

dominantly travels through the matrix material without

obstacles in the form of blunting. Crack tip blunting is

also conjectured to be the cause for microcrack forma-
tion. When the crack is retarded momentarily at the

blunted crack tip, additional energy is needed for re-ini-

tiation. Further, release of energy at re-initiation gives

rise to microcracking. Thus, the total dissipated energy

during fracture is consumed in crack propagation as

well as in the formation of localized microcracks. This

diversion of energy into microcrack formation is re-

flected in the higher fracture toughness in Tables 3 and
4. That is, fracture toughness values for weakly bonded

particles are consistently higher when compared to

strongly bonded ones of similar particle size.

It can be justified that for a constant filler volume

fraction, decrease in particle size increases the blunting

effect due to the greater number of fillers in the crack

path. This suggests that fracture toughness should in-

crease with decrease in particle size for weakly bonded
particles. But this trend is not reflected in the measured

fracture toughness values. It can be observed from Table

3 that in spite of the lowest steady state crack velocity,

35 lm weakly bonded particles show maximum steady

state fracture toughness. Also, Fig. 9 shows an inverse

relationship between crack velocity (vss) and fracture

toughness (KIss) for glass-filled epoxy. This is contrary

to the observation that fracture toughness increases with
increase in crack velocity seen among unfilled polymeric
log(D)
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Fig. 9. Variation of steady state velocity and fracture toughness with

particle size in glass-filled epoxy with weakly bonded fillers.
and metallic materials. Also the fracture toughness re-

duces further as particle size increases or decreases rela-

tive to 35 lm particle size. This suggests that in the case

of weakly bonded particles an additional mechanism is

also affecting the fracture toughness. Although the data

presented is limited in the case of strongly bonded fillers,
35 lm particles show slightly higher fracture toughness

compared to other particle sizes. With current macro-

scopic observations the reasons for optimum particle

size for maximum fracture toughness could not be fully

explained. A complementary microscopic investigation

of the fracture surfaces is essential in order to provide

a more comprehensive understanding. In part II of this

study, the effective mechanisms have been investigated
in more detail by performing micro-measurements on

the fracture surface.
5. Conclusions

Preparation, characterization and crack-tip field mea-

surements under dynamic loading conditions have been
performed in glass-filled epoxy composites. Uncoated

(weakly bonded) and silane coated (strongly bonded)

fillers from 7 to 203 lm in mean diameter are used to

prepare macroscopically homogeneous test specimens

at 10% filler volume fraction. Reflection CGS and

high-speed photography are used to measure crack-tip

fields. Fracture parameters are evaluated using three

term asymptotic field description of interferograms.
Robustness and repeatability of optical measurements

is demonstrated. Particle size and filler–matrix adhesion

effects on fracture behavior based on the experiments

can be summarized as follows:

� Neither particle size nor filler–matrix adhesion show

discernible influence on elastic properties at 10% filler

volume fraction.
� Both weakly and strongly bonded filler particles in

the matrix show higher steady state fracture tough-

ness (KIss) compared to unfilled epoxy.

� Significant particle size effect on fracture toughness

(both initiation KIi and steady state KIss values) has

been noticed in weakly bonded particles. There is a

distinct optimum particle size (35 lm at 10% Vf in

the current study) at which fracture toughness is at
a maximum. Fracture toughness decreases as particle

size increases or decreases relative to this particle size.

The fracture toughness shows saturation at relatively

large particle size.

� Maximum crack velocity (vmax) increases as particle

size decreases for weakly bonded particles. Steady

state velocity (vss) shows an inverse relationship

with KIss. Minimum vss corresponds to the optimum
particle size of 35 lm and maximum KIss in this

study.
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� Particle size has little or no effect on fracture tough-

ness (KIi and KIss) in strongly bonded filler particles.

� In the case of strongly bonded filler particles, vmax

and vss increase as particle size decreases.

� Increasing filler–matrix adhesion affects the fracture

toughness negatively under dynamic loading condi-
tions. Particle size effects are relatively more promi-

nent in weakly bonded particles as compared to

strongly bonded ones. The increase in fracture tough-

ness (KIss) of weakly bonded particles with respect to

strongly bonded ones is maximum for the optimum

particle size and tends to vanish as particle size is

either increased or decreased.

� Both maximum and steady state velocities vmax and
vss increase with increasing filler–matrix adhesion

strength.

� Quantitative image analysis of polished surface

micrographs does not show any particle induced or

coating induced agglomeration.
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