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Al2O3/Co composites were fabricated by vacuum hot-pressing a mixture of α-Al2O3 powder
and a fine cobalt powder. Submicron-sized cobalt particles were uniformly dispersed into
the Al2O3 matrix, and the dispersed type was a more inter-/intragranular one with increases
of cobalt content up to 40 wt % Co addition. The growth of cobalt particles occurred with
increasing cobalt content. At 50 wt % Co addition, however, the growth as well as
coalescence of cobalt particles occurred. The phases formed in the Al2O3/Co composites
were f-Co(fcc), h-Co(hcp), α-Al2O3, and a small amount of graphite. Significant
improvements in bending strength (from 341 to 771 MPa) and fracture toughness (from 3.7
to 6.7 MPa ·m1/2) of the Al2O3/40 wt % Co(23 vol % Co) composite compared to monolithic
Al2O3 were achieved by dispersing submicron-sized Co particles into the Al2O3 matrix. The
improvement in bending strength was attributed to the compressive thermal residual
stress in the matrix Al2O3 induced by the mismatch of the coefficients of thermal expansion
(CTE) between the matrix Al2O3 grains and cobalt particles during cooling from
hot-pressing temperature. The fracture toughness of the composite was enhanced by crack
bridging, crack deflection, and compressive thermal residual stress. C© 1998 Kluwer
Academic Publishers

1. Introduction
Alumina ceramic possesses high refractory capabili-
ties, good wear resistance, and chemical stability. Its
application as a structural material, however, is lim-
ited by its low fracture toughness which can hardly
alleviate stress concentration by applied stress result-
ing from a surface flaw or internal flaw. Many attempts
have been made to create ceramic matrix composites
by dispersing metal [1, 2] and ceramic second particles
[3, 4] into the Al2O3 matrix for improved mechanical
properties. Recently, nanocomposites [5–7] have been
developed to improve the mechanical properties, pro-
viding increase of strength with slight improvement of
fracture toughness. The dispersions of nano-sized ce-
ramic particles into the ceramic matrix are more widely
studied than those of metal particles. It is shown that
the dispersions of ceramic particles into the ceramic
matrix are more notably enhanced in strength with
slight improvement in fracture toughness than those
of metal particles, and the coefficient of thermal expan-
sion (CTE) of the dispersed particle (αd) then is smaller
than that of the matrix grain (αm). Pezzottiet al. [8],
however, argued that the inherent increase of tough-
ness in the nanocomposite was physically limited. On
the other hand, when the CTE of the reinforced parti-
cle exceeds that of the matrix, the compressive thermal
residual stress in the bulk of the matrix is generated,
and the resultant toughening of the composite is caused
by compressive thermal residual stress [9]. Virkar and

Johnson [10] also showed that thermal residual stress
can enhance the fracture toughness of ceramic/metal
composites. Faber and Evans [11, 12] accounted for
toughening due to crack deflection through theory and
experiment. Wei and Becher [13] also considered ther-
mal residual stress as a major cause for the crack de-
flection. Budianskyet al. [14] reported the toughening
of particulate-reinforced ceramics by the bridging of
ductile metal particulates. In the system Al2O3/Co, the
CTE of cobalt is larger than that of Al2O3. Furthermore,
the cobalt metal occur a martensitic transformation of
f-Co(fcc, high-temperature phase) phase to h-Co(hcp,
low-temperature phase) at 417◦C during cooling [15].

In the present study, Al2O3/Co composites were fab-
ricated by dispersing submicron-sized cobalt particles
into the Al2O3 matrix, and the mechanical properties
of those resultant composites were investigated. The
effects of a compressive thermal residual stress and the
phase transformation of dispersed cobalt particles into
the Al2O3 matrix for the mechanical properties also
were investigated.

2. Experimental procedure
2.1. Sample preparation
The starting materials for the present investigation were
α-Al2O3 powder (AKP-53, Sumitomo Chemical Co.,
Japan) of 0.2µm and cobalt powder (Nilaco Co.,
Japan) of 0.03µm in an average particle size. Al2O3/Co
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powder mixtures containing 5 to 50 wt % Co were
mixed with methanol and ethylene glycol (1 : 1 volume
fraction) in an agate mill for 20 min. The mixed powders
were immediately packed into graphite dies with an in-
side diameter of 12 mm. Specimens were hot-pressed in
vacuum under a pressure of 20 MPa for 1 h at1200◦C
to 1360◦C. For comparison, a monolithic Al2O3 spec-
imen was fabricated using the same method and the
same sized powders. Al2O3/10 wt % Co composite also
was fabricated using 2-µmα-Al2O3 powder and 2-µm
cobalt powder.

2.2. Measurements and analyses
For microstructural observation, the specimens were
cut and ground using a diamond wheel and then
ground with SiC abrasive paper, followed by polish-
ing with diamond paste (1, 3µm) and lapping oil.
The microstructures of the resulting composites and
crack paths produced by a Vickers indenter were ob-
served by scanning electron microscopy (SEM, JEOL
JSM-6400K). Additionally, microstructural character-
istics were examined by transmission electron mi-
croscopy (TEM, JEOL JEM-200CX). X-ray diffraction
(XRD, RIGAKU RAD-2) analyses were conducted us-
ing Cu Kα radiation to determine the phases in the
composites, and the surfaces of the composites also
were X-rayed in the as-sintered, as-ground, and an-
nealed conditions. Here, the as-sintered and annealed
surfaces were ground using SiC abrasive paper (#100)
to evaluate stress (strain)-induced transformation of Co
phase [15] by the same method as ZrO2 [16]. The f-Co
and h-Co fraction in the composites were calculated
using the f-Co and h-Co peak intensities. The porosity
of the composites was measured by stereological point
analysis from photographs taken at three areas of cross
section using SEM. The grain size was estimated by
the line intercept method after a thermal etching and
in particular, the size of cobalt particle was measured
on cobalt particles located at the Al2O3 matrix grain
boundary. The bending strength was measured through
a three-point bending test. The strength after annealing
treatment also was measured to evaluate the relaxation
of thermal residual stress [17] from the difference of the
as-sintered (as-hot-pressed) and annealed composites.
Annealing treatment was conducted in Ar atmosphere
for 1 h at1000◦C. The sample number used in each
strength test was more than six. The fracture tough-
ness (KIC) and Vickers hardness (HV) were evaluated
by measuring the lengths of the cracks and impression
diagonals generated by a Vickers indenter at a load of
196 N and a loading duration of 30 s [18]. KIC and HV
tests were repeated at least 6 times. The error bars of
each of the mechanical properties were exhibited min-
imum and maximum values.

3. Results and discussion
3.1. Formation of Al2O3/Co composites
Fig. 1 shows microstructures of Al2O3/Co composites
hot-pressed at a temperature of 1270◦C for 1 h in vac-
uum. The cobalt particles were uniformly dispersed
into the Al2O3 matrix. In addition, TEM images of

Figure 1 Scanning electron micrographs of the composites: (a)
Al2O3/10 wt % Co, (b) Al2O3/40 wt % Co and (c) Al2O3/50 wt % Co.

Al2O3/10 wt % Co and Al2O3/40 wt % Co composites
are shown in Fig. 2 and then the arrows indicate Co
phases. In the Al2O3/10 wt % Co composite, the cobalt
particles were dispersed particularly at the matrix grain
boundary, intergranular type. In the Al2O3/40 wt % Co
composite, however, the cobalt particles were more dis-
persed both at the matrix grain boundary and within the
Al2O3 grains, intergranular/intragranular type. The dis-
persed cobalt particles then exhibited submicrometer
order. Fig. 3 shows the average sizes of cobalt particles
located at the matrix grain boundary and the grain sizes
of Al2O3. The growth of cobalt particles occurred with
increasing cobalt content up to 40 wt % Co addition.
In the case of Al2O3/50 wt % Co composite with much
more Co amount, however, growth as well as coales-
cence of cobalt particles occurred. The coalescence of
Co particles in the Al2O3/50 wt % Co composite may
have resulted from agglomeration of Co particles due
to the addition of much more Co during mixing in an
agate mill. In the Al2O3 grain size, on the other hand,
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Figure 2 TEM micrographs showing the microstructure of the
Al2O3/10 wt % Co composite(a) and of the Al2O3/40 wt % Co com-
posite(b). The dispersed Co particles are indicated by arrows.

Figure 3 Sizes of Al2O3 grains and of Co particles as function of Co
content in Al2O3/Co composites.

the addition of cobalt particles resulted in the inhibition
of grain growth of Al2O3 in the matrix, which exhib-
ited smaller grain size than monolithic Al2O3 up to
30 wt % Co addition. Fig. 4 shows the porosity of the
Al2O3/Co composites along with the Co content. The
average porosity obtained from three areas of cross sec-
tion then was 1.62 to 2.87 vol %.

The phases formed in the Al2O3/Co composites
were f-Co, h-Co,α-Al2O3, and a small amount of
C(graphite), as shown in Fig. 5. In order to find the

Figure 4 Porosity of Al2O3/Co composites.

cause of graphite formation, both Al2O3 powder alone
and the Al2O3 powder containing methanol and ethy-
lene glycol (1 : 1 volume fraction) were hot-pressed in
graphite dies. As a result, a small amount of graphite
formed in both. The formation of the small amount of
graphite was attributed to diffusion of carbon from the
graphite die during hot-pressing.

3.2. Mechanical properties of Al2O3/Co
composites

First, to determine the optimum hot-pressing tempera-
ture, changes in the mechanical properties of Al2O3/Co
composites containing 10 wt % Co were investigated
with hot-pressing temperature for 1 h in vacuum, and
the results shown in Fig. 6. The bending strength
showed a maximum value at the hot-pressing temper-
ature of 1270◦C. Fracture toughness decreased with
increasing hot-pressing temperature. The Vickers hard-
nesses of the hot-pressed composites were 20.26 GPa
at 1200◦C, 20.34 GPa at 1270◦C, and 18.56 GPa
at 1360◦C. Because those values indicated that the
bending strength, fracture toughness and Vickers hard-
ness of composites fabricated at 1270◦C were supe-
rior to those of composites fabricated at the other tem-
peratures, all hot-pressing thereafter was performed at
1270◦C. On the other hand, hot-pressing using 2-µm
α-Al2O3 powder and 2-µm cobalt powder (10 wt % Co)
was not easily sintered even at the hot-pressing temper-
ature of 1360◦C. The mechanical properties of hot-
pressed samples at 1450◦C for 1 h were 318 MPa in
bending strength, 4 MPa·m1/2 in fracture toughness
and 16.33 GPa in Vickers hardness.

Fig. 7 shows the bending strength of Al2O3/Co com-
posites hot-pressed at 1270◦C as a function of cobalt
content. The bending strength increased notably as the
content of cobalt is increased, reaching a peak value at
the addition of 40 wt % Co, from 341 MPa of monolithic
Al2O3 to 771 MPa. However, it decreased to 564 MPa
upon the addition of 50 wt % Co. In the present system
Al2O3/Co composites, the thermal residual stress in-
duced by the CTE mismatch between the matrix Al2O3
grains (8.4 × 10−6 ◦C−1) and the dispersed cobalt
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Figure 5 XRD pattern of Al2O3/40 wt % Co composite.

Figure 6 Mechanical properties with temperature for hot-pressed
Al2O3/Co composites.

particles (13.36× 10−6 ◦C−1) during cooling down
from the hot-pressing temperature can be envisaged in
the viewpoint of intragranular and intergranular type.
In the case of the dispersion of submicron-sized cobalt
particles within the Al2O3 grains (intragranular type),
hydrostatic tensile stress is produced in the cobalt par-
ticle because of the larger CTE of the dispersed particle

than that of the matrix grain. The result is compressive
stress in the Al2O3 matrix. In the case of the dispersion
of cobalt particles at the Al2O3 matrix grain boundary
(intergranular type), on the other hand, a high compres-
sive residual stress in the bulk of the matrix Al2O3 and
a low tensile stress at the dispersed cobalt particles are
induced by the higher CTE of cobalt than that of Al2O3
during cooling down from the hot-pressing tempera-
ture [9]. In the hot-pressed Al2O3/Co composite that Co
particles disperse within Al2O3 grains and at the Al2O3
matrix grain boundary, compressive thermal residual
stress occurs in the bulk of Al2O3 matrix. The decrease
(relaxation) of the residual stress then corresponds to
the difference of as-sintered (as-hot-pressed) bending
strength and annealed bending strength, as shown in
Table I. Al2O3/40 wt % Co composite which dispersed
into much more inter/intragranular type without the co-
alescence of cobalt particles occurred the higher com-
pressive thermal residual stress, as explained.

Furthermore, the compressive residual stress in the
Al2O3 can be produced by a phase transformation of
high-temperature metastable fcc to low-temperature
stable hcp of cobalt metal during cooling, although
the mixtures of fcc and hcp normally coexist even at
room temperature. Table I shows the h-Co fraction of
the as-sintered, annealed and ground conditions in the
composites using the peak intensities of f-Co and h-Co
phases in Fig. 5. In the case of Al2O3/40 wt % Co
compared to Al2O3/10 wt % Co composite, the h-Co
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TABLE I Phase variations and mechanical properties for different conditions

h-Co fraction Bending strength Fracture toughness Hardness
Specimens Conditions (%) (MPa) (MPa·m1/2) (GPa)

Al2O3/10Co as-sintered 10.2 531 5.89 20.34
Al2O3/10Co ground+ 12.2 — — —
Al2O3/10Co annealed++ 5.3 495 3.88 19.67
Al2O3/10Co ground+++ 15.8 — — —
Al2O3/40Co as-sintered 25.7 771 6.69 15.04
Al2O3/40Co ground+ 43.5 — — —
Al2O3/40Co annealed++ 16.7 544 3.9 13.36
Al2O3/40Co ground+++ 41.9 — — —

+Samples were ground using SiC abrasive paper (#100) after sintering.++Samples were annealed in Ar for 1 h at1000◦C after sintering.+++Samples
were ground after annealing.

Figure 7 Mechanical properties with Co content for Al2O3/Co composites.

fraction of the as-sintered condition is larger. On the
other hand, the h-Co fraction in the annealed condition
compared to the as-sintered one decreased, which is re-
lated to the reverse phase transformation, and both com-
posites then decreased in bending strength. The phase
transformation of f-Co to h-Co, however, was occurred
by grinding as-sintered and annealed surfaces in both
composites, that is, stress (or strain)-induced transfor-
mation at the instant of fracture [15, 16], and the amount
of phase transformation in the annealed conditions then
was larger than that in the as-sintered ones, despite de-
creases of bending strength in annealed conditions. This
implies that the phase transformation does not play a
major role in the improvement of bending strength. The
thermal residual stress thus was relieved during cool-
ing slowly from and keeping at the annealing tempera-
ture, and the relaxation values of compressive thermal
residual stresses (−36 MPa for Al2O3/10 wt % Co and
−227 MPa for Al2O3/40 wt % Co composite) then are
the difference of the as-sintered bending strength and
annealed bending strength [17] as shown in Table I.

Here, the cooling under hot-pressing was done quite
rapidly from the hot-pressing temperature; the cooling
under annealing was done slowly from the annealing
temperature.

Pohankaet al. [19] introduced a term of internal
stress in fracture mechanics, which added internal stress
to applied stress, as follows:

σ = σapplied+ σinternal= Y(Eγ /a)1/2 (1)

whereσ is fracture stress, E is Young’s modulus,γ
is fracture energy, a is flaw size, and Y is geometrical
constant (1.12 for semicircular flaws). Equation (1) can
be derived as follows:

σapplied= 0.8KIC/a
1/2− σinternal (2)

where KIC= (2Eγ )1/2. In the case of acting compres-
sive residual stress in the Al2O3, the applied stress
could be added as much as compressive thermal resid-
ual stress, as shown in equation (2). From the viewpoint
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of the inherent physical flaw sizes (10 to 50µm)
[20] rather than the critical flaw sizes (1 to 10µm)
in the present system, the term (0.8 KIC/a1/2) in an-
nealed samples was calculated by supposing the in-
herent flaw size of 30µm. The values then were
564 MPa and 567 MPa in the Al2O3/10 wt % Co and
Al2O3/40 wt % Co composite, respectively. Theσapplied
(i.e., as-sintered bending strength) in the Al2O3/10 wt %
Co and Al2O3/40 wt % Co composites was obtained
as 600 MPa and 794 MPa, respectively, by adding
compressive thermal residual stress. The theoretical
strength predicted from the relaxation value of residual
stress was very close to the measured bending strength.
The increase of bending strength with increasing cobalt
content up to 40 wt % Co addition, i.e., more than two
times higher than that of monolithic Al2O3, thus was at-
tributed to the increase of compressive thermal residual
stress induced by the mismatch in CTE of the matrix
Al2O3 grains and submicron-sized Co particles.

The fracture toughness of Al2O3/Co composites with
cobalt content is shown in Fig. 7. The fracture toughness
increased continuously with increase of cobalt content,
reaching a peak value at 40 wt % Co addition, and upon
further increases the fracture toughness was decreased.
XRD analyses were carried out to investigate the effect
of the phase transformation in the as-sintered, annealed,
and their respective ground conditions on the fracture
toughness of the Al2O3/10 wt % Co and Al2O3/40 wt %
Co composites, as shown in Table I. In both compos-
ites, the small amount of phase transformation of f-Co
phase to h-Co occurred by grinding as-sintered speci-
men, and the h-Co fraction in Al2O3/40 wt % Co com-
posite then was larger. This implies that the f-Co phase
transforms into h-Co phase at the instant of fracture, i.e.,
stress (strain)-induced transformation [15, 16], even
though the phase transformation by their incorporation
occurred to some of degree because the submicron-
sized cobalt particles were almost disconnectly dis-
persed into the Al2O3 matrix. The fracture toughness
in the Al2O3/10 wt % Co and Al2O3/40 wt % Co com-
posites of as-sintered conditions, however, was notably
decreased by annealing treatment as shown in Table I,
even though the fractions of phase transformation in
the annealed conditions were larger than those in as-
sintered conditions by grinding. The decrease of frac-
ture toughness in the annealed condition thus seemed
attributable to the relaxation of residual stress during
cooling slowly from and keeping at annealing temper-
ature. Tayaet al. [9] confirmed that the compressive
thermal residual stress in the bulk of the matrix was
generated when the CTE of the particulate exceeded
that of the matrix. In the system Al2O3/Co compos-
ites, the toughening of the composites was caused by
compressive thermal residual stress [10].

The crack paths introduced by a Vickers indenter
onto the polished surfaces of the Al2O3/5 wt % Co and
Al2O3/40 wt % Co composites are shown in Fig. 8. In
the Al2O3/5 wt % Co composite, a plane of crack prop-
agation was almost straight. In the Al2O3/40 wt % Co
composite with much more cobalt content, however, the
crack propagated nonlinearly by crack deflection [12],
and crack bridging also occurred [14]. According to

Figure 8 Crack profiles introduced by indentation: (a) Al2O3/5 wt % Co
and (b) Al2O3/40 wt % Co composites.

Faber and Evans [12], crack deflection is commonly ob-
served in brittle materials associated either with crack
attraction or repulsion by second phase particles due to
residual strains or with the presence of low bonding in-
terface. Becher [21] reported that when the CTE of the
reinforcement was larger than the CTE of the matrix,
the tensile radial stresses acting on the interface of the
matrix and reinforcement promoted debonding, and the
interfacial debonding was necessary to achieve crack
bridging. The submicron-sized cobalt particles in the
Al2O3/40 wt % Co composite was crack bridged by the
plastic deformation of the ductile particles, and the par-
ticle size then was larger than that in Al2O3/5 wt % Co
composite, even though crack opening length at the
region behind a crack tip in Al2O3/40 wt % Co com-
posite was as large as the particle size of cobalt. The
increased fracture toughness of the Al2O3/40 wt % Co
composites thus was caused by crack bridging, crack
deflection, and compressive thermal residual stress. In
the Al2O3/50 wt % Co composite, on the other hand,
growth as well as coalescence of cobalt particles oc-
curred, as shown in Fig. 1(c). The decreased fracture
toughness of the Al2O3/50 wt % Co composite may
have resulted from the decrease of compressive ther-
mal residual stress in the bulk of Al2O3 matrix due to
the coalescent cobalt particles.

Fig. 9 shows the Vickers hardness values of
Al2O3/Co composites with the addition of cobalt. The
hardness attained a maximum of 20.97 GPa with the
dispersion of 5 wt % Co, and its value decreased
with increasing cobalt content, which approximately
obeyed the rule of mixtures [7]. The hardening in the
Al2O3/5 wt % Co composite resulted from the disper-
sion of lower cobalt content and smaller grain size [15].
The decrease in hardening with much larger amounts of
cobalt could be attributed to the growth and coalescence
of cobalt particles, and the decrease of Al2O3 content.
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Figure 9 Vickers hardness with Co content for Al2O3/Co composites.

4. Conclusions
Al2O3/Co composites were fabricated by vacuum hot-
pressing a mixture ofα-Al2O3 powder and a fine
cobalt powder. In the system Al2O3/Co, the submicron-
sized cobalt particles were uniformly dispersed into the
Al2O3 matrix, and were more dispersed into inter-/in-
tragranular type with increases of cobalt content up to
40 wt % Co addition. The growth of cobalt particles
took place with increasing cobalt content, particularly
the coalescence of cobalt particles at 50 wt % Co addi-
tion. The phases of composites consisted of f-Co, h-Co,
α-Al2O3, and a small amount of C. Bending strength
and fracture toughness requirements can be satisfied
simultaneously by dispersing submicron-sized cobalt
particles into the Al2O3 matrix for an Al2O3/40 wt %
Co composite. On the contrary, the Vickers hardness
of composites except Al2O3/5 wt % Co composite de-
creased with increasing cobalt metal content.
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