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The effect of particle size on the fracture behaviour of cured epoxy resin filled with angular-shaped silica
was studied. Angular-shaped silica particles were prepared by crushing fused natural raw silica and were
classified into six groups with different mean sizes ranging from 2 to 47 um. Critical stress intensity factor
(K.) and critical strain energy release rate (G.) of the cured epoxy resin filled with these silica particles
were measured. Both K_ and G, values increased with an increase in particle size of the silica. Scanning
electron microscopic observations of crack tips and fractured surfaces showed that the damage zone was
formed at the crack tip by particle fracture and by crack diverging. This phenomenon became more
pronounced with increase in the particle size. The higher K and G, values appear to be derived from the
dispersion of the stress concentrated at the crack tip due to the crack diverging and from energy absorption

due to the formation of a damage zone.
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INTRODUCTION

Epoxy resin is widely used for coatings, adhesives,
casting, electrical insulator material and other applica-
tions. However, unsolved problems still remain in these
applications. The main problem is low toughness': cured
epoxy resin is rather brittle with poor resistance to the
propagation of cracks, derived from the internal stress
generated by shrinkage in the cooling process from cure
temperature to room temperature?>. Much effort has
been made to solve this problem.

In a series of investigations*~®, we have been trying to
reduce the internal stress generated in the cured epoxy
resin. For this purpose, a two-phase structure was
introduced, in which soft polymer particles were
dispersed as domains (second phase) in the epoxy matrix.
The relationship between the morphology of the
two-phase structure and the internal stress was studied
in cured epoxy resin modified with acrylic polymers. As
a result, the effects of the domain size* and the
domain-matrix interaction®® on the reduction of the
internal stress were clarified.

Many researchers'®~2! have improved the toughness
of epoxy resins by the introduction of a two-phase
structure with such soft domains, and proposed some
toughening mechanisms based on fracture mechanics. On
the other hand, it has been reported that the two-phase
structure with rigid filler particles as the second phase is
also useful for toughening cured epoxy resin?2—3¢. Most
of these studies were carried out using glass beads but a
few studies were made using angular-shaped silica
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particles ranging from 60 to 300 um in diameter®*.
Recently, cured epoxy resin filled with such silica particles
ranging in size from <1 um to ~ 100 um were used as
packaging materials for integrated circuits®7-38,

In this paper, we report the effects of particle size on
the fracture and toughening of cured epoxy resin using
angular-shaped silica particles with sizes ranging from 2
to 47 um.

EXPERIMENTAL

Materials

The angular-shaped silica particles were prepared by
crushing amorphous silica made by fusing natural raw
quartz at 1900°C (RD-8, Tatsumori Ltd). The crushed
particles were classified into six groups by air separation.
Scanning electron microscope (s.e.m.) photographs of the
classified silica particles are shown in Figure 1. Figure 2
shows their size distribution curves obtained using a laser
beam size distribution analyser (Granulomeétre 715 type,
Cilas Alcatel). The particle sizes at which the accumulated
distribution values reached 50% were defined as the mean
particle size and are shown on the corresponding curves
in Figure 2.

The epoxy resin used was bisphenol A type epoxy resin
(Epikote 828, Shell Chemical Co.; equivalent weight per
epoxy group, 190 + 5; average molecular weight, 380).
1,2-Cyclohexanedicarboxylic anhydride and tri-n-butyl-
amine were used as a hardener and an accelerator
respectively, for curing the epoxy resin.
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Figure 1 S.e.m. photographs of classified (a)-(f) and original (g)
angular-shaped silica particles having different mean particle size. Mean
particle size (a) 2 um; (b) 5 um; (c) 13 ym; (d) 18 um; (e) 33 um;
(f) 47 pm; (g) 16 um

Sample preparation

Silica particles (204 or 296 parts per hundred parts of
resin by weight (phr)) were dispersed in the mixture of
epoxy resin (100 phr) and hardener (66 phr) at room
temperature for 1 h while degassing in a vacuum. The
accelerator (0.5 phr) was mixed with the mixture for
10 min. These procedures were carried out with stirring.
The final mixture was cured in moulds (4 x 10 mm?,
height 100 mm and 4 x 50 mm?, height 140 mm)at 120°C
for 2 h, followed by 140°C for 21 h.
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Figure 2 Accumulated particle size distribution curves for classified fractur ¢ energy, Gc)3yerc dptcrmlnedf IlésmgdaGfrac';ure
and original angular shaped silica particles. Mean particle size is ;nec;hamcs t§Chnlque . The increase of K. and G, va ‘;egs
indicated near curves indicates an increase of resistance to crack propagation=~.
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In this study, K and G, values were measured by single
edge notched beam loaded in three point bending (SENB)
fracture toughness test*® and by double torsion (DT)
fracture toughness test30—3240,

Single edge notched beam test. The shape and
dimensions of the SENB test specimen are shown in
Figure 3. Maintaining a temperature of 110°C, a sharp
crack was introduced at the base of the slot in the test
specimen using a fresh razor blade (Microtome knives,
T-40 type, Nippon Microtome Laboratory Co. Ltd).
Using an optical microscope it was seen that after the
fracture test, a short starter crack was formed at the head
of the initial sharp crack. The load versus time curve was
recorded using a tensile testing machine (Tensilon
UTM-5T type, Orientec Corp.) with a displacement rate
of 10mmmin~! at room temperature. The load
increased linearly with time as shown in Figure 3a. When
it reached the fracture load (P,), the crack propagated,
resulting in the fracture. The initial crack length (a),
which is the sum of the length of the siot (b), the sharp
crack (c¢) and the short starter crack (d) (see Figure 3b),
of each fractured specimen was measured using an optical
microscope.

The value of K_ was calculated from:

_ 3PS
°2BW?
where P, is the load at fracture, a is the crack length, W

is the specimen width, B is the specimen thickness, S is
the support span and f(x)is a geometric factor given by:

f(x)=1.93 — 3.07x + 14.53x% — 25.11x + 25.80x* (2)

where x = a/W.
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Figure 3 (a) Typical load versus time curve; (b) and (c) shape and
dimension of SENB fracture toughness test specimen. The area of the
crack is shown magnified in (b) where a=crack length; b=slot
introduced by machining; ¢ =sharp crack introduced by razor;
d = starter crack. Arrow in (a) indicates the inflection point from elastic
deformation
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Figure 4 (a) Typical load versus time curve and (b) shape and
dimension of indentation test specimen

The value of G, was determined from the energy (U,)
derived from integration of the load versus time curve
(Figure 3a) as follows. For correcting the effects of loading
pin penetration and specimen compression, the indenta-
tion test was also performed using a specimen without a
slot under the narrow support span of 16 mm (see Figure
4). Using the energy (U;) obtained from integration of
the load versus time curve up to the same P, value as
that measured from the experiment shown in Figure 3,
the true energy released by fracture (U) was calculated
as follows:

U=U,—U, (3)

Using this U value, G, was calculated from the following
equations:

. nU
=BV _a) 4)
1—x
r’e - d)(x) (5)
_ fo)x dx 2
P ="t o on ©

F2(x)x dx = 1.862x% — 3.95x3 + 16.37x* — 37.22x5
+ 77.48x° — 126.8x7 + 172.5x®
— 143.9x° + 66.56x"° )
This procedure is in accordance with ASTM*!4? and

other procedures!®17,

Double torsion test. The shape and dimension of the
specimen for the DT test are shown in Figure 5. The
specimen had a notch and a V-shaped groove machined
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Figure 5 (a) Typical load versus time curve and (b) shape and
dimension of DT fracture toughness test specimen. Arrows indicate
direction of load

along the notch. A sharp crack was introduced at the
base of the slot by the same method as described for the
SENB test. The value of P, was measured at a
displacement rate of 0.5 mm min~'. As shown in Figure
5, the load increased linearly and reached a constant
value (P,), i.e. the crack propagated stably along the
centre shallow groove at a constant rate30-32:40,
The value of K, was calculated from:

3 1/2
K.=PW,|— ~ @)
©t [stdn(l—V)é}

¢=1—(5d/4W) ©)

where P, is the crack propagating load, W, is the moment
arm, W is the specimen width, d is the specimen thickness,
d, is the specimen thickness at the bottom of the groove,
and v is Poisson’s ratio (=0.33).

G, was calculated from:

GC=KEZ(1 —v?) (10)

where E is the Young’s modulus measured by a flexural
technique. Discussion of measured E values is explained
in detail elsewhere*?.

Fractography and observation for crack tip region
Figure 6a shows a schematic view of the original SENB
specimen. The areas with bold outline in Figure 6b—6d
show the parts observed by s.e.m. The starter crack tip
region is shown in Figure 6b. Vertical views of the starter
crack tip regions before and after the test were observed
as shown in Figure 6d and 6¢, respectively. In both cases,
the parts shown as broken lines were cut vertically and
the exposed surfaces were polished with sand papers in
the order of nos 200, 400, 800 and 1500 for 5 min each,
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followed by diamond powders of 1 um and 3 um for
15 min each in flowing water using an autopolishing
machine (DAP-U type, Struers).

RESULTS AND DISCUSSION

Figure 7 shows the s.e.m. photographs of the polished
surfaces of cured epoxy resins filled with the classified
(Figure 7a—f) and original (Figure 7g) angular-shaped
silica particles at a particle content of 55 wt%. These
indicate that the particles were well dispersed in the cured
epoxy matrix. In the resin containing the largest particles
(Figure 7f), a difference in particle content between the
upper and lower part of the specimen in the mould was
observed, due to sedimentation of the particles during
curing. However, since the particle contents of the
fractured part of all specimens, obtained from the
measurement of specific gravity, were almost equal to the
particle contents in corresponding specimens, the effect
of sedimentation was neglected.

Figures 8 and 9 show the effect of particle size on K
and G, values respectively, measured by the SENB test
of the cured epoxy resin filled with silica particles. Values
of K, and G, increased with increase in the particle size.

Figures 10 and Il show the K, and G, values
respectively, measured by the DT test. With increase in
particle size, K, and G, values increased, as found for
the SENB test (Figures 8 and 9). Values of K, and G,
for 55 wt% particle content were larger than those for
64 wt% (see Figures 8-10), except in the case of the G,

Figure 6 (a) Original SENB specimen; (b) fractured specimen after
test; (¢) vertically half cut fractured specimen after test; (d) vertically
cut specimen before test. Areas with bold outline show parts observed
by s.e.m.
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Figure 7 S.e.m. photographs of polished surfaces of cured epoxy resins
filled with classified (a)-(f) and original (g) angular-shaped silica
particles at a particle content of 55 wt%. Mean particle size of silica:
(2)2 pm; (b) 5 pm; (c) 13 pm; (d) 18 pm; (€) 33 pm; (f) 47 um; (g) 16 um
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value obtained by the DT test (see Figure 11). The results
obtained from Figures 8—11 indicate that the addition of
large angular-shaped silica particles increased the
toughness of the cured epoxy resin. However, the degrees
of increase of both K, and G, values with increase in
particle size measured by the DT test (Figures 10 and
11) were smaller than those measured by the SENB test
(Figures 8 and 9).

The fractured surfaces were then observed. It has
already been reported that the slow propagating crack
was observed ahead of the starter crack tip in the
fractured SENB specimen’®!7, as shown schematically
in Figure 12.

Figure 13 shows the regions around the starter crack
tip front for surfaces of fractured SENB specimens
observed by s.e.m. as shown in Figure 6b. The arrow in

each photograph indicates the starter crack tip. In the
unfilled cured epoxy resin (Figure 13a), the surface ahead
of the starter crack tip was smooth. However, with
addition of particles and increase in particle size (Figure
13b and 13c¢), it became rougher and more irregular.

Figure 14 shows the s.e.m. photographs of the polished
surfaces for the vertically cut fractured SENB specimens
as shown in Figure 6¢. The arrowhead in each micrograph
indicates the starter crack tip. In the resin filled with
small particles (mean size 5 um, Figure 14a), the crack
propagated almost linearly from the starter crack tip.
However, in the resin filled with the largest particles
(mean size 47 uym, Figure 14b), the crack propagated
irregularly along the particles. This tendency was the
same as that observed in Figure 13, and indicates that
large particles obstruct the crack propagation.
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Figure 8 Effect of particle size on critical stress intensity factor (K,)
measured by SENB test of cured epoxy resins filled with original
(O, M) and classified (O, @) angular-shaped silica particles at particle
content of 55 wt% (3, O) and 64 wt% (I, @). Broken line indicates
K, value for unfilled cured epoxy resin
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Figure 9 Effect of particle size on critical strain energy release rate
(G,) measured by SENB test of cured epoxy resins filled with original
(O, W) and classified (O, @) angular-shaped silica particles at particle
content of 55 wt% (3, O) and 64 wt% (I, @) Broken line indicates
the G, value for unfilled cured epoxy resin
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Figure 10 Effect of particle size on critical stress intensity factor (K,)
measured by DT test of cured epoxy resins filled with original ((J, Hl)
and classified (O, @) angular-shaped silica particles at particle content
of 55 wt% (0, Q) and 64 wt% (I, @). Broken line indicates the K
value for unfilled cured epoxy resin
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Figure 11 Effect of particle size on critical strain energy release rate
(G.) measured by DT test of cured epoxy resins filled with original
(3, M) and classified (O, @) angular-shaped silica particles at particle
content of 55 wt% ([J, O) and 64 wt% (I, @). Broken line indicates
the G, value for unfilled cured epoxy resin
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Figure 12 Schematic view of fractured surface of SENB specimen

"Figure 15 shows the s.e.m. photographs of the starter
crack tip region of the polished surfaces of vertically cut
SENB specimens observed before test, as shown in Figure
6d. The magnified parts in Figure 15b and 15d were from
Figure 15¢ and 15e, respectively. In the unfilled epoxy
resin (Figure 15a), the starter crack tip was very sharp.
In the resin filled with the small particles (Figure 15b and
15d), it was also sharp, although slightly deflected by the
particles. In the resin filled with the largest particles
(Figure 15c and 15¢), however, it was not so sharp and
was extensively deflected by the particles; some cracks
in different directions were observed along the particle—
matrix interface and in the fractured particles. These
indicate that the starter crack, formed at the tip of the
sharp crack introduced with the razor, was affected by
the particle size. Since the divergence of the starter crack
disperses the stress concentrated at the crack tip, greater
energy is required for the initiating crack than for the
sharp single crack. In the resin filled with the largest
particles, some fractured particles were clearly observed,
see Figure 15d and I5e. As mentioned earlier, the silica



Effect of particle size on toughness: Y. Nakamura et al.

Figure 13 Regions around the starter crack tip front observed by s.e.m. for surfaces of fractured SENB specimens (see
Figure 6b) of cured epoxy resins unfilled (a) and filled with angular-shaped silica particles (b) and (c) at particle content
of 64 wt%. Mean particle size of silica: (b) 5 um; (c) 47 um. Arrow indicates the starter crack tip

Embedding resin

Figure 14 Polished surfaces observed by s.e.m. of vertically cut
fractured SENB specimens (see Figure 6c) of cured epoxy resin filled
with angular-shaped silica particles at particle content of 64 wt%. Mean
particle size of silica: (a) 5 um; (b) 47 um. Arrowhead indicates the
starter crack tip

particles were prepared by crushing fused raw silica.
Therefore, with increasing particle size, the shape became
more irregular and the number of cracks in the particles
themselves increased (see Figure 7). This seems to be
the reason for the fracture of particles.

In the SENB test, the inflection point from elastic
deformation (see arrow in Figure 3a) was observed.

Above this point, any energy absorption due to slow
crack propagation or non-elastic deformation seems to
be caused at the starter crack tip. To clarify this the crack
tip region of the polished surfaces of vertically cut SENB
specimens (as shown in Figure 6d) were loaded with 80%
P, and observed by s.e.m. The resulting photographs are
shown in Figure 16. The magnified parts in Figure 16a
and 16¢ were from Figure 16b and 16d, respectively. In
the resin filled with small particles (Figure 16a and 16b),
the observed crack tip was similar to its starter crack
shown in Figure 15b and [5¢. In the resin filled with the
largest particles (Figure 16¢ and 16d), however, there
were many cracks diverging in different directions along
the particle-matrix interface and in the particles. Particle
fractures were observed ahead of the starter crack tip
region and this is termed the ‘damage zone’'”-3% or
‘process zone3®. In the resin filled with the largest
particles (mean size 47 um) it is clear that the damage
zone was larger in the loaded specimen (Figure 16¢ and
16d) than in the unloaded specimen (starter crack tip,
Figure 15d and 15e). However, in the resin filled with
small particles (mean size 5 um) the damage zone was
not observed in either the unloaded (starter crack tip,
Figure 15b and 15¢) or the loaded (Figure 16a and 16b)
specimens. The occurrence of microfracture in the
damage zone should partially absorb the stored strain
energy at the crack tip and suppress the crack
propagation.

Figure 17 shows the load versus time curves for the
DT test. In the resin filled with small particles (mean size
5 um, Figure 17a), the load above the inflection point
from elastic deformation decreased smoothly by a small
amount. In the resin filled with the largest particles (mean
size 47 um, Figure 17b), however, it decreased unevenly
resulting in the sawtooth shape of the curve. Figure 17a
shows that the crack propagated continuously, while
Figure 17b shows that the crack propagated with repeated
initiation and arrest. With increasing particle size, the
shape of the curve changed from Figure 17a to I7b
continuously. These results support the theory that
suppression of crack propagation increases with
increasing particle size.

On the basis of the above results, the effect of size of
the filled angular shaped silica on toughness is
schematically shown in Figure 18. In the resin filled with
small particles (Figure 18a), the crack propagated linearly
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Figure 15 Starter crack tip region observed by s.e.m. of polished
surfaces of vertically cut SENB specimens (see Figure 6d) of cured
epoxy resins unfilled (a) and filled with angular-shaped silica
particles (b)—(e) at particle content of 64 wt%. Mean particle size
of silica: (b) and (c) 5 um; (d) and () 47 um
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Figure 16 Crack tip region observed by s.e.m. of polished surfaces of vertically
cut SENB specimens (see Figure 6d) loaded and stopped at 80% of the fracture
load, of cured epoxy resins filled with angular-shaped silica particles at particle
content of 64 wt%. Mean particle size of filled silica: (a) and (b) 5 pm;
{c) and (d) 47 um. The observed part was shown in Figure 6d
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Figure 17 Load versus time curves for DT test of cured epoxy resins
filled with angular-shaped silica particles at particle content of 55 wt%.
Mean particle size of filled silica: (a) 5 pm; (b) 47 um

Figure 18 Schematic diagram of crack propagation mechanism of
epoxy resins filled with (a) small and (b) large angular-shaped silica
particles

although slightly deflected by the particles. In the resin
filled with large particles (Figure 18b), however, the stress
concentrated at the main propagating crack tip is
dispersed and strain energy stored at the crack tip is
partially released. This is due to obstruction of the main
crack propagation in the slow propagating process and
to formation of the damage zone at the main crack tip
region due to the crack diverging and particle fracture.
In addition to the size of particles, their shape may also
affect toughness. In fact, the shape became more irregular
with increase in particle size. In the above results,
however, it is difficult to distinguish between the effects
of particle size and shape on the toughness. In a future
article, the effect of particle size on the toughness will
be discussed using spherical silica particles.

As described above, the degrees of increase for both
K. and G_ values with increase in particle size were
smaller when measured by the DT test than when
measured by the SENB test. This may be because the
effect of divergence of the starter crack on both K and
G, values is stronger in the SENB test than in the DT test.

In a subsequent article*3, the effect of particle size on
mechanical properties will be discussed using the same
silica particles.
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