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Abstract

Alumina-based composite ceramic tool materials reinforced with carbide particles were fabricated by the hot-pressing technology. Choice of
metallic phase added into the present composite ceramic was based on the distribution of residual stress in the composite. The effects of metallic
phase on microstructure and mechanical properties of composites were investigated. The metallic phase could dramatically improve room
temperature mechanical properties by refining microstructure, filling pores and enhancing interfacial bonding strength. However, it also led
to sharp strength degradation at high temperature because the metallic phase was easier to be oxidized and get soft at high temperature in air.
The effects of metallic phase on strengthening and toughening were discussed. The improved fracture toughness of composite with metallic phase
was attributed to the lower residual tensile stress in the matrix and the interaction of more effective energy consuming mechanisms, such as crack

bridged by particle, crack deflection and intragranular grain failure.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Alumina ceramics possess some attractive properties of high
hardness, chemical stability, excellent wear resistance and high
temperature oxidation resistance. These properties make it
possible to be applied in the environments of high temperature,
wear and corrosive conditions. However, it is brittle at low
temperature because of a fundamental lack of dislocation
mobility and insufficient slip systems, which seriously limits
its application as engineering material. So improving the
flexural strength and fracture toughness is crucial for the use
of Al,O3 ceramics as the cutting tools. In order to solve this
problem, many approaches have been proposed. The strength
and toughness can be improved either by the manipulation of
microstructural features, such as control of grain size and
shape (SizNy self-toughening and ZrO, phase transformation
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toughening) [1,2], or by use of various second phases, e.g.,
multi-scale particles [3-5], whiskers [6], rare earth oxides [7]
and ductile phase [8-9]. Among the various toughening
methods, the ductile reinforcement toughening is one of
the most promising toughening mechanisms. Many studies
[10-15] have shown that the flexural strength and fracture
toughness of composite ceramics can be greatly improved by
the inclusion of a small quantity of metallic phase (Ni, Mo, Co
and Fe).

Microstructure of the current metallic phase toughened
ceramics can be classified into two types such as a particulate
distribution microstructure and a continuous (or partially
continuous) network microstructure. The addition of the
particulate metallic phase into a brittle matrix is now well
established as a method for increasing toughness, but in many
cases the toughening contribution is small. The main limitation
to toughening is lack of plastic deformation of the metallic
phase [15]. Toughness increment achieved by the continuous
(or partially continuous) network of metallic phase is generally
higher than that of the particulate metallic phase. However,
the materials toughened by the metallic particles have the
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advantages of material homogeneity isotropy and particularly
better high temperature properties [16].

In the present wok, the micro-scale (W,Ti)C particles, nano-
scale TiC particles and the particulate metallic phase were
added into the Al,O3 matrix in order to fabricate the composite
ceramic tool material with high flexural strength and fracture
toughness. Choice of metallic phase was based on the
distribution of residual stress in the composite. Effects of
metallic phase on the room temperature mechanical properties
and high temperature flexural strength were investigated.
Effects of metallic phase on strengthening and toughening
were discussed.

2. Choice of the metallic phase

The level and nature of the internal stresses in the composite
is one of the important factors that influence strengthening and
toughening [17]. The distribution of residual stress in each
phase of the composite ceramic containing metallic phase,
which was induced by the mismatch of thermal expansion
coefficients, was quite different from that of the composite
without metal [18]. The elements Ni, Mo and Co are com-
monly added into the carbide particles reinforced ceramics due
to their good wettability to the carbide particles. The metallic
phase is usually distributed at the interface between the matrix
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and reinforcing particle, so the residual stress in the composite
can be calculated according to the four-layer thermal stress
model [19]. When cooled from 1650 °C to the room tempera-
ture, the distribution of residual stress in each phase of the
Al,03-30 vol% (W,Ti)C composites with/without metallic
phase was shown in Fig. 1. As the very low content of
nano-TiC in the present composite and small difference of
thermal expansion coefficient between TiC and Al,Os, so the
residual stress induced by nano-TiC was ignored.

The residual stress distribution in the composites containing
different metal phases is quite different as shown in Fig. 1(a) and
(b). This is mainly ascribed to the difference in the mismatch of
thermal expansion coefficients among the matrix, reinforcing
particle and metallic phase. The coefficient of thermal expansion
of Mo is about 4.8 x 10~° K_l, which is lower than those of
Al,O5 and (W, Ti)C. It can be seen that large compressive stresses
are distributed in the (W,Ti)C particle and Mo layer as shown in
Fig. 1(a). The compressive stress can restrain cracks initiation and
propagation, which is beneficial for enhancing the flexural
strength and fracture toughness of composite ceramics. However,
large tensile stress also exists in Al,O3 matrix. The tensile stress
can accelerate the cracks propagation in the matrix, causing the
negative effect on the mechanical properties. The coefficients of
thermal expansion of Ni and Co are about 13 x 107°K~ 1,
which are higher than those of Al,O; and (W, Ti)C. Although the
tensile stress still exists in Al,O3 matrix (Fig. 1(b)), the numerical
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Fig. 1. The distribution of residual stress in the composites with/without metallic phase.
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value is much smaller than that in Fig. 1(a). Compared to Fig. 1
(c), the tensile stress in the Al,O; matrix of the composite
containing Ni or Co is much smaller than that of the composite
without the metallic phase. The stress gradient interface can be
formed due to the existence of the interphase metallic phase,
which is beneficial to decrease the stress concentration and
mutation.

In the present work, Ni and Co was added into the
composites in order to decrease the tensile stress in the
Al,O5 matrix and obtain the composite ceramic tool materials
with good mechanical properties.

3. Experimental procedures
3.1. Materials preparation

The starting materials were a-Al,O; powders with an
average particle size of 0.5 pm (purity: 99.99%, Shanghai,
China), nano-scale TiC with an average particle size of 40 nm
(purity: 99.9%, Shanghai, China), micro-scale (W,Ti)C (the
mass ratio of WC to TiC is 7:3) with an average particle size of
1.5 pm (purity: 99%, Changsha, China) and Ni (or Co) with an
average particle size of 2 pm (purity: 99.9%, Shanghai, China).
The composition of the composites is shown in Table 1. The
nano-scale TiC powders were prepared into suspensions using
alcohol as the dispersing medium, and the dispersant PEG
(polyethylene glycol, Shanghai, China) was added after ultra-
sonic dispersion (with SB5200 ultrasonic instrument and
D-7401-IIT motor stirrer, China) for 10 min. The suspensions
were dispersed ultrasonically for 20 min after a pH of 9.0 (with
PHS-25 digimatic pH-meter, China) was attained by the
addition of NHj;-H,O. After that, the Al,O3, (W, Ti)C and
the metallic phase were added into the suspensions. The mixed
slurries were ball-milled for 48 h, and then dried in a vacuum

Table 1
Composition (vol%) of different composites.

Composite AlL,O5 TiC (W,Ti)C Ni Co
A 61 6 33 0 0
AN 57 6 33 4 0
AC 57 6 33 0 4
ANC 57 6 33 2 2
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dry-type evaporator (Moder ZK-82A, China). After that, the
dried powders were sieved through a 200-mech sieve for
further use. The dried powders were placed into a graphite die
and hot-pressed with an applied pressure of 32 MPa at 1650 °C
with the holding time of 20—40 min in a vacuum sintering
furnace. The composite without metal was sintered at 1650 °C
and 1700 °C for 30 min under a pressure of 32 MPa.

3.2. Characterization

The sintered compacts were cut, ground and polished into
specimens with a dimension of 3 mm x 4 mm x 35 mm. The
flexural strength was tested using the three-point bending tester
(INSTRON 8801, Britain) with a span of 30 mm and a loading
velocity of 0.5 mm/min at room temperature 800 °C and
1000 °C in the air, respectively. The samples were soaked at
the testing temperature for 10 min to reach a thermal equili-
brium. The Vickers hardness was measured on the polished
surface using a Vickers diamond pyramid indenter (Model 120,
China) with a load of 196 N and a loading holding time of 15 s.
The fracture toughness measurement of materials was deter-
mined by the Vickers indentation method proposed by Evans
and Charles [20]. The relative density of specimens was
measured by the Archimedes’ method with the distilled water
as medium. The fractured surfaces and cracks on the polished
surfaces were observed by scanning electron microscopy (SEM,
SUPRA-55, ZEISS, Germany). Phase identification was carried
out by X-ray diffraction analysis (XRD, RAX-10A X, Hitachi,
Japan) with copper Ka radiation.

4. Results and discussion
4.1. Mechanical properties and microstructure
4.1.1. Effects of metallic phase on room
mechanical properties and microstructure

The XRD patterns of composites AN and AC sintered at
1650 °C for 30 min were shown in Fig. 2. No evidence of any
new phases was detected in the XRD spectrum, indicating that

there was no chemical reaction among phases during the
sintering process.
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Fig. 2. The XRD patterns of (a) AN and (b) AC at room temperature.
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The room temperature flexural strength, fracture toughness
and Vickers hardness of the composite without the metallic
phase was 554 MPa, 5.12 MPa m'? and 18.3 GPa, respec-
tively. Fig. 3 showed the room temperature mechanical proper-
ties of the composites containing metallic phase sintered at
1650 °C for 20-40 min. The optimal mechanical properties of
AN, AC and ANC were obtained when sintered at 1650 °C for
30 min. The flexural strength and fracture toughness of AN,
AC and ANC were all much higher than those of the composite
without metallic phase. The hardness of AN and ANC was
almost equal to that of the composite A, but the hardness of AC
was a little higher than that of the composite A.

SEM micrographs of the fractured surfaces of the composites
sintered at 1650 °C for 30 min were shown in Fig. 4. For the
composite without metallic phase, the microstructure was
inhomogeneous with irregular and large grains as shown in
Fig. 4(a). There were plenty of pores distributed not only at
grain boundaries but also in grains, and the relative density was
only 94.8%. The pores can easily cause the stress concentration
which promoted cracks initiation around the pores. That was
disadvantageous to the flexural strength. Moreover, the relative
density was increased to 97.1% when sintered at 1700 °C.
However, the mechanical properties were enhanced slightly (a
flexural strength of 610 MPa, a fracture toughness of 5.39 MPa
m'? and a Vickers hardness of 19.0 GPa) due to occurrence of
abnormal grain growth at higher temperature.

For the composite with Ni or Co, Al,O3 and (W,Ti)C
particles distributed homogeneously and maintained their
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original angular shape as shown in Fig. 4(b and c). It indicated
that there was no particle clustering, merging and growing
during sintering. The grains were much finer than that of the
composite without metallic phase. This should be attributed to
the metallic phase distributed at grain boundary, which could
reduce the free energy of grain boundary, restrain the grain
boundary movement and act as grain boundary pinning for
grain growth [12]. The relative density was enhanced with the
addition of metallic phase, and the relative density of AN and
AC were 98.5% and 99.2%, respectively. The melting point Ni
and Co was much lower than the sintering temperature. The
metal became fluid and filled the pores among grains, thus the
composites could possess a high relative density. However, a
few pores still existed in composite with Ni as shown in Fig. 4
(b). The pores left at the grain boundaries might be ascribed to
the poor wettability of Ni to (W,Ti)C at 1650 °C in vacuum.
It meant that the Ni liquid phase could not soak into the
interfaces of (W, Ti)C particles, thus the gaps among particles
could not be fully filled by the liquid phase in the sintering
process. This led to a lower flexural strength and hardness than
those of the composite with Co. When Ni and Co were
simultaneously added into the composite, there were some
amorphous phases distributed at the grain boundaries, and the
grains were much bigger than that of composite with single
metallic phase as shown in Fig. 4(d). Thus some defects were
easily congregated inside these abnormally growing grains. The
large grains and potential defects existed in the abnormal grains
deteriorated the mechanical properties of composite ANC.
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Fig. 3. The ambient temperature (a) flexural strength, (b) fracture toughness and (c) hardness of the composites containing the metallic phase.
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Fig. 4. SEM micrographs of the fractured surfaces of the composites (a) A, (b) AN, (c) AC and (d) ANC sintered at 1650 °C for 30 min.

The presence of metallic phase not only refined the
microstructure but also enhanced the interfacial bounding
strength, and then led to the change of fracture mode. It can
be seen that the fracture mode of the composite without metal
was mainly intergranular fracture, indicating a poor interfacial
bonding strength. For the composite with Ni or Co, the
percentage of transgranular fracture grains was increased.
Typical cleavage steps caused by the transgranular fracture
were clearly seen, which indicated that the bonding strength
between grains was increased and was even higher than the
fracture strength of some grains.

4.1.2. Effects of metallic phase on high temperature flexural
strength

The flexural strength of the composites tested at room
temperature, 800 °C and 1000 °C was shown in Fig. 5. The
flexural strength of all composites decreased at 800 °C, but still
kept a higher value, and the strength of composites with
metallic phase was a little higher than that of composite
without metal. Compared to the room temperature strength, the
flexural strength of all composites decreased sharply at
1000 °C, with the biggest drop in the composites containing
metallic phase.
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Fig. 5. The flexural strength of the composites tested at room temperature,
800 °C and 1000 °C.

It was well known that the degradation of strength of
ceramics at high temperature always related to the softening
of grain boundary, i.e., the change of fracture mode as a result
of the grain boundary weakness, especially when low melting
point phases existed at the grain boundaries [21-23]. Ni or Co
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distributed at grain boundaries got soft at high temperature,
which probably led to the grain boundary having a lower
viscosity. The lower viscosity of the grain boundaries resulted
in the weakness of the interfacial bonding strength. It meant
that cracks preferred to propagate intergranularly and less
fracture energy was consumed. This phenomenon was clearly
observed in the Al,O3-TiC—Co composite ceramic. The
fracture mode at 800 °C was mainly intergranular fracture
[24]. At 1000 °C, the viscosity of the grain boundary decreased
further due to the softening of metallic phase, so the
intercrystalline crack propagated more easily and the fracture
occurred at low load. In general, the metallic phase had little
effects on improving the high temperature strength of
ceramics.

Additionally, the strength degradation at high temperature could
be ascribed to the oxidation of tension surface, as these tests were
carried out in the air. The surface oxidation layer could be easily
peeled off after a thermal cycle at 1000 °C. The XRD patterns of
the composites tested at 1000 °C were shown in Fig. 6. For the
composite without the metallic phase, WC and TiC were oxidized
to WOj; and TiO,, respectively. The oxides were mainly NiWO,,
CoWOy, and TiO, in the composites containing metallic phase. A
small amount of CoAl,O, was detected in the composite contain-
ing Co. That was because CoO can react with Al,O; to form
CoAlLO, at the temperature above 900 °C [25]. For the present
composites, the oxygen primarily attacked the metallic phase, then
the oxidation of (W,Ti)C and TiC grains occurred. The disap-
pearance of grain boundary phase and the formation of oxides
contributed to inducing defects at grain boundaries. The continuous

Z. Yin et al. / Ceramics International 40 (2014) 2809-2817

increase of defects progressively propagated towards the bulk
material and reduced the area of thrust surface, which induced the
strength degradation.

Furthermore, for the composite containing Co, the Al,O3
matrix was destroyed except the oxidation of (W, Ti)C grains,
which induced the catastrophic degradation of material struc-
ture as shown in Fig. 7. This led to the lower high temperature
strength than that of composite with Ni.

4.2. Effects of metallic phase on strengthening and toughening

The fracture mode of composites with Ni or Co was a mixture
of transgranular and intergranular types, presenting a more
complicated fracture mode, which led to the improved flexural
strength. The enhanced interface strength due to the presence of
Ni or Co distributed along grain boundaries should contribute to
the intragranular fracture. Ni or Co restrained the grain boundary
movement, resulting in reduced grain size and fine microstruc-
ture. The flexural strength increased as the grain size decreased
according to Hall-Petch relationship. Meanwhile, the metallic
phase enhanced the relative density of composite ceramics,
which also benefited mechanical properties.

Compared to the composite without metallic phase, fracture
toughness of the composite with Ni or Co was improved by
41%. The possible effects of metallic on toughening were as
follows. First, the thermal mismatch between the alumina matrix
and (W,Ti)C particles generates a periodic tension-compression
residual stress field as shown in Fig. 1. The tangential stress in
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Fig. 6. The XRD patterns of the composites tested at 1000 °C, (a) A, (b) AN and (c) AC.
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Fig. 7. The tensile surface morphology of composite AC tested at 1000 °C.

the matrix between two adjacent particles is tensile. The tensile
residual stress promotes the cracks propagation by increasing
the stress intensity factor, and consequently, the toughness is
reduced. The toughness reduction can be expressed by [26]

1/2
AKT:O'T X (%) (1)

, 1/3
T
2= <@> 2)

where A is the interparticle distance, d is the particle diameter, f,
is the volume fraction of dispersed particles and o7 is the
tangential residual stress in the matrix. According to the
thermal-elastic theory [19,27], o7 is given by
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where py, p, are the interfacial residual stresses at the interfaces
of metallic phase/matrix and matrix/the equivalent composite,
respectively. r is the distance from the center of (W,Ti)C
particle.f,, and f,, are the volume fraction of reinforcing particles
and matrix.

In the present work, for the composite without metallic
phase, p; and p, are — 1213 MPa and 13.7 MPa, respectively,
and for the composite with Ni or Co, p; and p, are —315 MPa
and —13.2 MPa, respectively. The distribution of tangential
residual stress in the matrix was shown in Fig. 8. The tensile
stresses decreased with the increase of r, however, the tensile
stress in the composite without metallic phase was much larger
than that of the composite with Ni or Co. Therefore, the
toughness reduction of the composite with Ni or Co was
substantially much smaller than that of the composite without
the metallic phase according to Eqgs. (1) and (2). So the fracture
toughness was improved.

Second, crack in the composite without metallic phase
preferred to propagate along the grain boundaries with little
deflection as shown in Fig. 9(a). No other toughening
mechanism was observed. However, crack bridging and crack
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Fig. 8. The distribution of tangential residual stress in the matrix.

deflection played an effective role in improving fracture
toughness of the composites with metallic phase.

Crack bridging (denoted with the circles) appeared in the
composites containing Ni or Co as shown in Fig. 9(b—d). The
black phase was Al,Oz and the gray phase was (W,Ti)C. Co
element appeared in the EDS spectrum of point A (marked near
the interface of Al,O3/(W,Ti)C in Fig. 9(b) as shown in Fig. 10,
which indicated that the metallic phase tended to locate at grain
boundaries. The metallic phase distributed along the grain
boundaries can chemically and/or mechanically strength the
interface by increasing the interface fracture work [12,17],
resulting in an increased interfacial bonding strength. This created
the conditions for the anticipated particle bridging. The shielding
effect caused by the particle bridging continues until either
the particles itself or the particle/matrix interface is first fractured.
For the interface fracture, the increase in toughness caused by the
particle bridging is given as [26]

© O_[,7[1/2031/2
Al(x/6f )+ 2((m/6f )T

where ¢, represents the interface fracture strength. Therefore, the
presence of crack bridging and the improved interface fracture
strength enhanced fracture toughness of the composites contain-
ing Ni or Co.

Additionally, crack deflection with large deflection angle
(almost 90°) (denoted by red arrows) and intragranular grain
failure (denoted by white arrows) were observed in the
composites with Ni or Co as shown in Fig. 9(b and c). Thus
much fracture energy was consumed during crack propagation
and the fracture toughness was increased. Therefore, higher
value of fracture toughness should be attributed to the
interaction of more effective energy consuming mechanisms
in the composite containing metallic phase.

4)

5. Conclusions

(1) There were great differences in the residual stress distribu-
tion in the composites containing different metallic phases.
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Fig. 9. Vickers indentation crack propagation paths of the composites (a) A, (b)-(c) AC and (d) AN.
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Fig. 10. EDS spectrum of point A marked in Fig. 9(b).

For the composite containing Mo, large compressive
stresses existed in (W,Ti)C particle and molybdenum layer.
Meanwhile, large tensile stress existed in the Al,O3 matrix.
However, the tensile stress in the Al,O; matrix of the
composites containing Ni or Co was much smaller than
those of the composite containing Mo and the composite
without the metallic phase.

(2) The metallic phase could dramatically improve the room
temperature mechanical properties by refining microstructure,
filling pores and enhancing interfacial bonding strength.

However, it also led to the sharp strength degradation at high
temperature because the metallic phase was easier to be
oxidized and get soft at high temperature in air. The ambient
temperature mechanical properties of the composite with Co
were better than that of the composite with Ni, but it had the
biggest drop in the high temperature strength due to its bad
resistance to oxidation.

(3) The residual tensile stress in matrix of the composites
containing Ni or Co was much lower than that of the
composite without metallic phase, which led to a small
toughness reduction. Ni or Co distributed at the grain
boundaries could enhance the interfacial bonding strength,
creating the conditions for crack bridging and crack
deflection. So, much crack extension energy was expended
by these effective energy consuming mechanisms, and the
fracture toughness was enhanced.
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