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Abstract

Submicron (or ‘nanocrystalline’) SiC-reinforced
AL O; matrix composites have been prepared by
co-milling followed by hot-pressing at 1650°C. Both
intra- and intergranular SiC particles were present.
The volume ratio for intra- to intergranular par-
ticles was approximately 30:70 for 6 vol% SiC
composites and 20 : 80 for 12 vol% SiC composites.
The intragranular SiC (50-200 nm) formed mainly
by growth of the AL, O; matrix grains, while Zener
pinning, mainly by the larger (200-300 nm) par-
ticles, was thought to effectively limit the Al,O;
grain size. Approximately 15% toughening was
achieved by incorporating 12 vol% SiC nanopar-
ticles into the matrix. The intergranular particles
provided most of the toughening, mainly through a
SiC particle-attracted crack deflection mechanism
and crack impediment. No evidence was found of
toughening by the intragranular particles, although
they did cause some grain refinement by dislocation
sub-boundary formation. A mixed fracture mode
was observed, changing to a mostly intergranular
mode with increasing volume of SiC particles. ©
1997 Elsevier Science Limited.

1 Introduction

Nanocomposites, having a ceramic matrix rein-
forced with submicron (nanosized) particles (up
to several hundred nanometers in size), have
emerged as a new class of materials. Significant
results have been reported on SiC nanoparticle-
reinforced Al,O; matrix composites by Niihara et
al., who measured 1 GPa bending strength for
an Al,O, matrix reinforced with 5 vol% SiC par-
ticles with a size of 0-3 um.! Further results were
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presented in later publications, where bending
strength as high as 1-5 GPa was achieved by
annealing at 1300°C for 1 h in air or inert atmo-
sphere.> The fracture toughness was also reported
to increase from 3-25 MPa Vm for the monolithic
AlL,O, material to 470 MPa Vm for a 5 vol%
SiC particle/Al,O; composite.! Intragranular-type
nanocomposites were emphasized in this system,
where ~200 nm SiC particles were located mainly
within ALO; grains, while some other SiC par-
ticles (mostly larger in size) were observed at grain
boundaries.'™ The strengthening was attributed to
intragranular particle-induced dislocations which
further develop to subgrain boundaries, resulting
in a matrix grain refinement. The toughening was
believed to be due to crack tip deflection by the
hard inclusions.

Recently, Zhao et al initiated a discussion
regarding the achievement of high strength/tough-
ness in ALO,-SiC nanocomposite.® They claimed
that the high strength can only be achieved by
surface grinding and annealing, which greatly
reduce the intrinsic flaw size of samples. Using the
strength-indentation method, they calculated that
the addition of the SiC particles does not increase
the intrinsic material toughness, and concluded
that the observed toughening in these materials is
almost entirely from compressive surface stresses
induced by the grinding process. No distinction
has been made in their paper between the func-
tions of intra- and intergranular particles, although
the intra-type SiC particles were clearly the main
feature in the composites. A transgranular frac-
ture mode was found in this system, but no tough-
ening has been achieved. Their explanation was
that the enhanced toughness by SiC particle-
induced transgranular fracture is compensated by
the decrease in toughness due to cracks passing
through the tensile stress fields between second-
phase and matrix particles.’
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It is the purpose of the present study to further
investigate the microstructural features in this sys-
tem, mainly the role of intra- and intergranular
particles in microstructural evolution and in the
toughening process. Toughening due to intergran-
ular sub-micron particles (as opposed to intra-
granular particles in previous studies) is of
particular interest. It is expected that the acquired
basic understanding of dominant mechanisms of
toughening and the corresponding desirable
microstructures would be utilized in the develop-
ment of novel composite materials with improved
mechanical properties.

2 Experimental Procedure

Low-soda alumina (o structure, CS-400M, Mar-
tinswerke, Begheim, Germany) with a mean par-
ticle size of 0-6 um, and ultra-fine silicon carbide
(a structure, UF-15, LONZA-Werke, Germany)
with a mean particle size of 0-5 um were used in
the present study. Five and 10 wt% (approx-
imately equal to 6 and 12 vol%, respectively) SiC
particles were added to the Al,O; starting powder
(resulting in compositions L and L;,) and the
mixtures were co-milled in water for 3 h. After
co-milling, the particle size distribution of both L
and L, mixtures was as follows: 100% <0-7 wpm,
dyy = 0-42 pm, dsy = 0-29 um and d;y = 0-19 pm.
The specific surface area measured by the BET
method was 48 m? g'!. The powder mixtures were
poured into a graphite die, where graphite foil was
used to avoid contact between the die and the
powders. The samples were hot-pressed at 1650°C
for 1 h under a mechanical pressure of 40 MPa in
a flowing argon atmosphere (1 atm). The fracture
toughness was determined using an indentation
technique.®® Samples for the indentation test were
cut from hot-pressed billets with the testing sur-
face oriented parallel to the hot-pressing direction.
Surfaces were ground on diamond disc through 30
to 15 wpm, then polished to a 1-pm-diamond
finish. Vickers diamond pyramid indentations
were made on polished specimens using a 100-N
indentation load to ensure radial cracks and hard-
ness impressions of reasonable dimensions (total
crack length > twice the indent diagonal in all
cases). At least nine indents were made on each
sample. Fracture toughness, K., was calculated by
the following equation:®

Ko = E(E/HY"™(P/c"™) (1)

where E is Young’s modulus, H is Vickers hardness,
P is the contact load and c is the crack length,
measured from the center of the contact impres-
sion. The material-independent, dimensionless

calibration constant £ which is determined by the
geometry of the deformation field, was selected as
0-016.2

Microstructural characterization was performed
on commercial transmission electron microscopes
(Models EM 420 and CM-12, Philips Electronic
Instruments, Eindhoven, the Netherlands). Samples
for the TEM study were prepared by the usual
procedures for ceramics, i.e. slicing, disc cutting,
mechanical grinding/polishing, dimpling, and ion
milling. To avoid serious charging in the TEM, a
thin layer of carbon was deposited on the thin
foil. Indentation crack propagation observations
were carried out on a scanning electron micro-
scope (S-800, Hitachi Ltd, Japan). Samples for
this study were first polished to I-um-diamond
finish, then indented with several 60-90 N indents
on the polished surface, and finally thermally
etched at 1300°C for 30 min in a vacuum furnace.
A thin layer of Au-Pd coating was applied to
enhance the electrical conductivity of the indented
surface.

The lineal intercept technique®’ was applied to
determine the grain size of Al,O; matrix by multi-
plying the average linear length of at least 100
grains by 1-56, using the following formula:

_ C
D =15 —— (2)
MN

where D is the average grain size, C the total
length of test line used, N the number of inter-
cepts, and M the magnification of the photo-
micrograph.

3 Results and Discussion

3.1. General microstructural features

Figure 1 shows the general microstructural fea-
tures of samples L, and L,,, with 6 and 12 vol%
SiC particles, respectively. The average grain size
of the Al,O; matrix was 1-7 £ 0-9 um for L, and
1-3 £ 07 um for L,,, respectively. The second-
phase (SiC) particle size varied from ~50 to 300
nm. The dispersion of the second-phase particles
was in two forms: intragranular and intergranular.
The volume ratio for intra- to intergranular par-
ticles was approximately 30: 70 for the 6 vol% SiC
composite and decreased to approximately 20: 80
as SiC particle volume was increased to 12%.
Generally, the intragranular particles were small,
ranging from 50 to 200 nm, while the intergranular
particles were larger, from 200 to 300 nm. Some
abnormally grown AlLO; grains, which were
usually 5 um or more in size, could be found in
sample Lg. The same phenomenon was observed
in L,, (with a higher volume fraction of SiC), but
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Fig. 1. Microstructure of AlO;-SiC nanocomposites: (a)
sample L4 with 6 vol% SiC; (b) sample L, with 12 vol% SiC.

the amount and size of the abnormally grown
grains were less than in sample L. All the abnor-
mally grown AlO, grains typically contained
many small SiC inclusions, as shown in Fig. 2,
where many SiC particles (most of them with size
of ~100 nm) were trapped by an abnormally
grown AlL,O; It seems that considerable grain
growth, which is known to occur in Al,O; during
sintering at temperatures > 1550°C," happens in
our composites only in some locations, where
larger SiC particles are not present.

3.2. Pinning by second-phase particles

In contrast to Al,O,, grain growth of the strongly
covalently bonded SiC is not expected at the pre-
sent hot-pressing temperature of 1650°C, and cer-
tainly not when only widely separated particles are
present. Once Al,O, grains begin growing (involv-
ing grain-boundary migration), these second-phase
SiC particles can either be pinning grain boundaries
or be dragged by grain boundaries.'*'* The
boundary drag, however, requires that the

Fig. 2. TEM image showing many intragranular SiC particles
within an abnormally grown Al,O; grain (sample L;).

inclusion move with the boundary through inter-
facial diffusion or volume diffusion,'*'* which
needs the inclusion to have sufficient self-diffusion.
It seems that this process occurs with difficulty in
the present system because the sintering tempera-
ture for SiC is >1950°C (with small additions of
sintering aids and/or with application of high
pressure'®), which is much higher than that for
AlL,O; (1300 ~ 1600°C'®), and no sufficient self-
diffusion can be expected for SiC at 1650°C.
Therefore, pinning would be more likely in the
present system. When the grain boundary reaches
a particle, the boundary energy will decrease by a
value proportional to the cross-sectional area of
the particle. A breakaway stress will then have to
be applied in order to release the boundary from
the pinning particle. Clearly, the smaller particles
provide less effective pinning than the larger ones.
They will be more likely to become inclusions as
shown in Figs 1 and 2, because the decrease of the
boundary energy is small, and boundaries can
easily break away from them. Conversely, larger
particles tend to remain at grain boundaries
because they significantly decrease the boundary
energy, requiring larger breakaway stresses.

The Zener pinning of grain boundaries'' is gen-
erally accepted as explaining inhibition of grain
growth by inclusions. Applying Zener pinning to a
real system requires assumption that second-phase
particles are (1) spherical; (2) of equal size; and (3)
of random distribution. An important but often
confused point in these assumptions is the random
distribution, which means that second-phase
particles can be randomly located both at bound-
aries and within grains. This assumption raises
an important issue: Zener pinning takes no
account of the initial grain growth, because all
the second-phase particles are located at grain
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boundaries before grain growth and, therefore, are
not distributed randomly. After an initial grain
growth, however, the inclusions can be considered
to be more randomly distributed (because now we
are considering a larger scale), and Zener pinning
models may be applied. In the initial stage, all
particles (assuming a uniform particle size) inter-
act with grain boundaries and affect the grain
growth. Using computer simulation, Hazzledine
and Oldershaw established an equation, which is
valid for volume fractions f > 1%:'

D/d = (6//)"? 3)

where D and d are the grain sizes of matrix and
second phase, respectively.

The assumption of equal size particles is not
valid in our samples. Observations that particles
with sizes of ~50-100 nm are usually trapped
within matrix grains indicate that grain bound-
aries are easy to break away from small particles
since their cross-sectional area is much smaller
than that of 200-300 nm particles. Their contrib-
ution to pinning can therefore be neglected, as a
rough approximation. The volume fraction of
particles < 100 nm in size is estimated at about
20%. This would suggest an ‘effective volume frac-
tion’ of second-phase particles of ~80% of the
total volume fraction or about 4-8% for L, and
9-6% for L,,. Using this approximation and the
intergranular particle size only (200-300 nm), we
get D = 1.0-1'5 um for L, and D = 0-8-1-2 um
for L, very close to the observed AlLO; grain
sizes (1-7+09 um in L and 1-:3 £0-7 um in L,,).
The fact that the Zener-predicted grain sizes are
somewhat smaller than the actual ones is not sur-
prising. It can be explained by the non-random
distribution of particles (e.g. large local concentra-
tions of particles are a ‘waste’ in terms of pinning
and make pinning less effective), and by the far-
from-ideal grain shapes, particle shapes, etc.

3.3. Role of intra- and intergranular particles in
toughening

Table 1 shows the fracture toughness values of
the AlLO;-SiC nanocomposites and monolithic
ALO,. It is clear that the fracture toughness of
AlL,O;-SiC nanocomposites (4:70-4-85 MPa Ym) is
higher than that for the monolithic Al,O, ceramics

Table 1. Fracture toughness of Al,O,-SiC nanocomposites
and monolithic A},O,

Material Fracture toughness ( MPa \m)
Al,O, 420 £ 0-10
L (6% SiC) 470 £ 0-11
Li» (12% SiC) 4-85+0-03

(~4-20 MPa Vm), although there is no significant
change in K, when SiC volume fraction increases
from 6% to 12%. These results are somewhat
lower than previous published values,'™ but still
show 12-15% toughening compared to the presently
measured K, for monolithic Al,O;, and ~45%
increase over the literature-reported K. for mono-
lithic ALO,. MY

Extensive SEM observation of the indentation-
generated crack propagation showed that the
cracks were more likely to propagate through
matrix grain boundaries containing a higher than
average density of intergranular SiC particles. Fig-
ure 3(a) shows the SEM image of indentation
crack propagation in sample L;. As can be seen,
the crack was deflected by a large ALO; grain
into its boundary, which contained several SiC
particles. A similar phenomenon was found in
sample L,,, as shown in Fig. 3(b), where the crack
was attracted by the intergranular particle without

Fig. 3. SEM images of indentation crack propagation in
(a) sample L, showing that the crack was attracted by several
SiC particles around a large Al,O, grain, resulting in a
significant crack deflection; (b) sample L,,, the crack was
preferentially attracted by the intergranular SiC particie
without interacting with intragranular particles.
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interacting with intragranular particles (even
though some intragranular particles were on the
original propagation direction of the crack). The
crack is attracted to the intergranular particle due
to the formation of a tensile residual stress field
around the particle and perpendicular to the adja-
cent boundary, because of the large negative ther-
mal expansion mismatch between the SiC particle
(a =47 X 10°%°C ") and the AL,O, matrix (a = 88
X 107%°C™"), and this will increase crack deflection
length at least to some extent (selective propa-
gation) compared to the normal intergranular
propagation of the crack in monolithic alumina
(non-selective propagation). This process should
lead to a high incidence of crack impediment
events (by the hard SiC particles), contributing to
toughness. The crack can also be deflected by the
intergranular particle itself when the size of the
particle is large enough as shown in Fig. 4, where
a significant crack deflection was made by an
~1-um long intergranular particle. This should
provide a small, but still meaningful, increment to
the toughness.

Interactions between cracks and intragranular
particles were much less frequent. When such a
case occurred, it was associated with either a larger
intragranular particle (Fig. 5(a)) or an agglomera-
tion of inclusions (Fig. 5(b)). This would suggest
that the transgranular propagation of the crack
occurs only when a relatively high tensile residual
stress field forms due to the presence of a large
SiC intragranular particle within the matrix grain.
However, we did not find any evidence of the
crack deflection by intragranular particles as sug-
gested by Niihara et al'* Another mechanism
observed by Niihara et al. is the grain refinement
through subgrain boundary formation by nano-
crystalline inclusions.'* We did find a subgrain
boundary which developed from intragranular

Fig. 4. SEM image showing a significant crack deflection
was caused by an ~l-um-long intergranular SiC particle
(sample L,,).

particle-induced dislocations, as shown in Fig. 6.
However, it was a rare occurrence, and certainly
not a dominant phenomenon which could provide
matrix grain refinement for strengthening. Our
findings about the role of intra- and intergranular
particles in toughening are different from those of
Niihara et al., where the toughening was attributed
to crack deflection toward SiC intragranular par-
ticles.'™ The result of Zhao et al.,’ namely that no
toughening could be obtained in an Al,0,-SiC
nanocomposite material with mostly intragranular
inclusions, seems to support our conclusion,
although their explanation may still be considered
questionable. At any rate, we believe that the
intragranular particles do not make a significant
contribution to the fracture toughness of our
materials, because (1) less transgranular fracture
was observed in the high SiC composite (L,,)
which has a higher fracture toughness than the
low SiC sample (Lg); (2) no consistent correlation
was found between the amounts of transgranular

Fig. 5. Intragranular particle-induced transgranular fracture

was usually associated with either (a) a larger intragranular

particle or (b) an agglomeration of inclusions, suggesting that

a relatively high tensile residual stress field was required for
the crack to propagate through the matrix grain.
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Fig. 6. TEM micrograph (dark field image) showing the
intragranular particle-induced dislocations developing into a
microcrack (sample L;).

fracture and intragranular particles in individual
grains; (3) less crack deflection can be provided by
the intragranular particle (no tendency for the
crack to be attracted by the intragranular particle,
and the crack usually propagates straight within
the Al,O; grain); (4) the intragranular particles
were 20-30% of the total second-phase particles,
so their volume fraction was only 2-3% even in
the 12% SiC sample.

These facts, along with the observation of crack
interaction with the grain boundary particles, lead
to the conclusion that toughening in our system is
mainly due to intergranular particles. This is
achieved by (1) Zener pinning causing reduced
grain size; (2) crack attraction into certain grain
boundary paths by particles; (3) crack impediment
by the intergranular particles; and (4) crack path
extension due to deflection around large intergran-
ular particles. In our composites, the majority of
SiC second phase is present in the form of inter-
granular particles, while most SiC particles dis-
persed as inclusions within matrix grains in
nanocomposites processed by both Niihara et al.
and Zhao et al. The SiC particle size in our com-
posites (average of 0:20-0-25 uwm) is not much
different from those of Niihara et al. or Zhao et
al. However, grain growth inhibition was more
effective in our materials, probably due to differ-
ences in processing conditions and/or raw mater-
ials, resulting in a higher fraction of intergranular
particles.

4 Fracture Mode

The fracture mode in monolithic alumina is inter-
granular, and is promoted by residual tensile

microstresses. These stresses exist at some grain
boundaries of polycrystalline alumina because of
thermoelastic anisotropy. Adding SiC to form
intragranular particles has two main effects on
fracture mode: (1) creation of local compressive
stresses on adjacent grain boundaries, thus
strengthening boundaries and decreasing the total
probability of intergranular fracture; and (2) for-
mation of a tensile residual stress field within the
matrix grain (around the particles) because of the
large thermal expansion mismatch with the SiC
particles, and if this field is large enough it will
deflect the crack toward the intragranular particle
and away from the grain boundaries, resulting in
a transgranular fracture.” Both Niihara et al. and
Zhao et al. have found that adding 5 vol% SiC
nanoparticles can change the fracture mode in
AlLO, from intergranular to transgranular.'” The
fracture surface of the present composites has
been studied in detail by SEM, and results are
shown in Fig. 7. Sample L, (Fig. 7(a)) exhibited
regions typical of an intergranular fracture, as
well as cleavage steps indicative of a transgranular
fracture. Sample L,, (Fig. 7(b)) showed a much
smaller amount of transgranular fracture. This
suggests that in our materials the ratio of
transgranular to intergranular fracture does not
increase with increasing volume of SiC nanoparti-
cles, and that a critical volume of SiC nanoparticles
should exist to achieve maximum transgranular
fracture. Beyond this limit, the tendency for trans-
granular fracture (due to intragranular inclusions)
is more than offset by the increasing amount of
intergranular SiC, which inhibits the grain growth
of Al,O, and weakens grain boundaries due to the
formation of tensile residual stresses. Such a
weakening by intergranular particles not only pro-
motes intergranular fracture but also provides
toughening by impeding cracks and/or by increas-
ing the crack deflection length. During the revi-
sion of the present manuscript, more papers
discussing strengthening and toughening by ‘nano-
scale’ SiC particles, were published in the litera-
ture.'!® A calculation based on a simple model of
AL,O4-SiC (intragranular) nanocomposites indi-
cated that the toughening by the change in frac-
ture mode from intergranular to transgranular can
be achieved only for low (less than 6 vol%) SiC
contents, while a high SiC volume will result in
high tensile residual stresses which will signifi-
cantly decrease the fracture toughness.”” In a
study of SiC nano-dispersion in Si;N, matrix com-
posites (no sintering additives), no strengthening
and toughening were claimed.'® The present work
on AL, O;-SiC nanocomposites, which has focused
on clarifying the role of intra- and intergranular
SiC dispersion on the toughening process, is a
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Fig. 7. SEM images of the fracture surface of samples (a) L

and (b) L,;. The amount of transgranular fracture in the high

SiC composite (L) was much smaller than in the low SiC
sample (L;).

complementary study to meet the growing interest
in this subject. The difference in results between
the present work and previous studies conducted
by Niihara et al.'* as well as recent reports>'®!1?
is probably due to the different microstructural
nature of our materials — an intergranular par-
ticle-dominated nanocomposite.

5 Conclusions

(1) Dispersed SiC second phase is present in
the form of both intra- and intergranular
particles in the Al,O;-SiC nanocomposites.
The volume ratio for intra- to intergranular
particles was approximately 30: 70 for 6 vol%
SiC composites and 20: 80 for 12 vol% SiC
composites. The particle size of the inclusions
(mostly 50-100 nm) is generally smaller

than that of the intergranular grains (200~
300 nm). The occurrence of the intragranu-
lar S1C within matrix grains is caused by the
grain growth of Al,O;, and the abnormal
grain growth of Al,O; results in an additional
increase of the fraction of intragranular
particles.

(2) Zener pinning can be postulated for the
1650°C hot-pressed Al,O+SiC nanocom-
posites, where the Al,O, grain growth was
effectively inhibited by the larger second-
phase SiC particles. The pinning behavior
was generally consistent with Hazzledine
and Oldershaw’s expression D/d =~ 1-82 f'7,

(3) Modest toughening was achieved in the pre-
sent materials. Crack impediment and crack
attraction into certain grain boundary paths
by intergranular particles, as well as crack
deflection by large intergranular particles
appeared to be the main toughening mecha-
nisms. No evidence was found for substan-
tial contribution to the fracture toughness
from the intragranular particles, although
they did cause some grain refinement by
dislocation sub-boundary formation.

(4) The high volume of SiC particles in our
composites (= 6 vol%) as well as processing
facts caused the formation of intergranular
SiC-dominated nanocomposites, which
demonstrated (a) different toughening
mechanisms from previous studies, and (b)
a partly intergranular fracture mode, as op-
posed to the fully transgranular fractures
seen in other studies.
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