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Abstract

Al,03-30 wt.%TiCN composites have been fabricated successfully by a two-stage gas pressure sintering schedule. The gas pressure sintered
Al,03-30 wt.%TiCN composite achieved a relative density of 99.5%, a bending strength of 772 MPa, a hardness of 19.6 GPa, and a fracture
toughness of 5.82 MPa m'/?. The fabrication procedure involves solid state sintering of two phases without solubility to prepare Al,O;~TiCN
composite. Little grain growth occurred for TiCN during sintering while Al,O5 grains grew about three times to an average size of 3—-5 pm. The
interface microstress arising during cooling from the processing temperature because of the thermal and/or mechanical properties mismatch
between the Al,O5; and TiCN phase is about 50 MPa. Such a compressive microstress is not high enough to cause grain boundary cracking that may

weaken the composite but it can introduce dislocations within grains, which is very good to enhance the composite properties.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The Al,O3/TiC composites consist of small titanium carbide
grains dispersed in an alumina matrix and have been widely
used for high speed cutting of hard steel, superalloys, or cast
iron [1-4]. The characterization of their mechanical properties
has also been an interesting subject for research because of the
possible toughening effects resulting from the thermal and/or
mechanical properties mismatch between of the Al,O5 and TiC
phases [5,6]. Hot pressing is commonly used to prepare Al,Os/
TiC composite, which has many limitations for mass
production. Gas-pressure sintering is now widely used to
fabricate high-performance ceramics with complex shapes
because of its economic advantages over hot isostatic pressing
(HIP) and improvements in relative density and mechanical
properties compared to those produced by pressureless
sintering [7,8]. TiCN is now very attractive in applications
as cutting tools due to its superior mechanical and tribological
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properties (e.g. lower friction coefficient) compared to
traditional TiC and TiN [9,10]. Based on these observations,
the microstructure and the densification behavior as well as the
mechanical properties of the gas pressure sintered Al,O3/TiCN
composite were investigated in the present study.

2. Experimental

The alumina powder used in the present study had a purity
of 99.5%, a mean particle size of 1 wm, and a a-phase of
above 90%. TiCg 7Ny 3 (Beijing Non-ferrous Institute, China,
99% purity, 1 um) was used as an additive. The powder
mixtures were prepared in 200 g batches consisting of
70 wt.% Al,O5; and 30 wt.%TiCN. Each powder batch was
mixed and ball milled in alcohol for 24 h with alumina
medium. The powder mixtures were dry-pressed into bars in a
steel die at 100 MPa. The green compacts were sintered in a
graphite crucible in a graphite furnace capable of operating at
temperatures of up to 2000 °C in an inert atmosphere of up to
10 MPa pressure. A two-stage sintering schedule was utilized
in the present study, which included a first stage at a sintering
temperature of 1700-1850 °C for 30 min under a low argon
gas pressure of 0.2-0.5 MPa and a second stage at the same
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temperature for 60 min under a high pressure of 6-8 MPa.
The heating and cooling rates were 10 °C/min. The high
argon gas pressure was maintained during cooling until the
temperature was below 1200 °C.

The bulk density was measured using the Archimedean
principle. Without being ground and polished, the sintered bar
specimens, 5 mm X 5 mm x 30 mm in size, were used directly
for three-point bending strength measurements at a crosshead
speed of 0.5 mm/min, with a bottom span of 24 mm. Ten
samples were used for each strength data point. The fracture
toughness was measure by the indentation method according to
Ref. [11]. The surface was polished for Vickers indentation, and
a load of 49 N was used for 15 s to induce indentations. Three
data points were measured for each sample and five samples
were used for each fracture toughness data point. The TEM
samples were prepared as follows. Slices of materials
~1000 pm thick were cut from the sintered bars, ground on
a diamond wheel to ~200 wm thickness, and then polished to
~120 pm thickness using 6 pm diamond paste. Discs with a
diameter of 3 mm were cut from the polished slices using a
supersonic drill with water and silicon carbide grinding
medium. A Gatan dimple grinder was used to polish each
side using 1 pm diamond, leaving a central area ~20 um
thickness. Finally the dimpled region was thinned to electron
transparency using a Precision Ion Polishing System (Gatan
600, USA). A transmission electron microscopy (JEOL
200CX) was used to observe the microstructures. In order to
prevent charging during observation, the specimens were
coated with carbon prior to observation.

3. Results and discussion

The reason that the two stage sintering schedule was used is
that the bulk density greater than 92% was achieved in the first
stage of sintering under low pressure and then nearly full density
could be achieved in the second stage of sintering under high
pressure of 6-8 MPa argon which is about 5% of the pressure of
HIP.

The relative density and the mechanical properties of the
Al,03-30 wt.%TiCN composite gas pressure sintered at
different temperatures are listed in Table 1.

The optimal sintering temperature is at 1800 °C, which
corresponds to the highest relative density of 99.5%, the highest
bending strength of 772 MPa, the highest toughness of 5.85
MPa m'? and the highest hardness of 19.6 GPa. It is reasonable
that the higher the relative density, the higher the mechanical
properties for ceramic materials.

Table 1

1000nm

Fig. 1. Typical TEM micrograph of the Al,05-30 wt.%TiCN composite gas
pressure sintered at 1800 °C.

Now alumina ceramics with a flexural strength of above
700 MPa and a fracture toughness of above 4 MPa m'? have
been prepared by using pure and fine powder [12]. Considering
its relative density and the mechanical properties as well as the
particle size of the raw alumina powders, the gas pressure
sintered Al,03-30 wt.%TiCN composite in the present study is
very successful.

A typical TEM micrograph of the Al,03;-30 wt.%TiCN
composite sintered at 1800 °C is shown in Fig. 1. The large
bright grains sized 3-5 wm are Al,O; grains. The small dark
TiCN grains sized about 1 pwm were distributed homogeneously
at grain junctions in Al,O3 matrix. Considering the particle size
of ~1 pm of the Al,O5; powder used in the present study, Al,O3
grains grew about three times during sintering. It was observed
that some very small TiCN particles in nanometer scale are
dispersed in Al,O3 grains (Fig. 2). Because there is no reported
solubility of TiC, TiN, or TiC,N;_, in Al,Oj3 in the literature
and one would not expect any solubility, the TiCN particles
found within Al,O3 grains should therefore be the result of
grain growth of alumina. The melting point of TiC and Al,O3 is
about 3147 and 2050 °C, respectively, so when sintered at
1800 °C, it is a typical solid state sintering of two phases
without solubility. Very little grain growth occurred during
sintering for TiCN. Although the average particle size of TiICN
before sintering is about 1 um, there is a distribution of sizes,
with some particles being smaller than 100 nm. Actually the
TiCN particles remained almost unchanged during sintering of
the AlL,O3/TiN nanocomposite just as Todd and co-workers

The relative density and the mechanical properties of the Al,O3-30 wt.%TiCN composite gas pressure sintered at different temperatures

Sintering temperature (°C) Relative density (%)

Bending strength (MPa)

Toughness (MPa m'?) Hardness (GPa)

1700 9724+ 0.6 643 + 80
1750 98.3£0.2 685 £ 56
1800 99.5£0.3 772 £78
1850 99.0 £0.5 700 £ 72

545+£02 18.6+1.2
5.65+0.2 192+13
585+ 0.1 19.6+ 1.5
572+£0.2 194 £12

Theoretical density = 4.28 g/cm® for Al,O3-30 wt.%TiCN.
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Fig. 2. TEM photograph showing small TiCN particles in nanometer scale
dispersed in Al,O3 grains.

[13,14] found in their study that the nano SiC particles were
almost unchanged in the sintering of Al,O3/SiC nanocompo-
site. The transgranular fracture is predominant for the Al,O3—
30 wt.%TiCN composite sintered at 1800 °C, which is usually
the characteristic of high fracture strength. Fig. 3 shows mic-
rocracks propagated through the grains and the crack propaga-
tion was stopped by a TiCN particle.

The mechanical properties of pure alumina have been
improved by adding TiC, TiN, or TiC,N;_, to form particle-
reinforced ceramic composites by the following mechanisms.
First, the matrix transfers some of the applied stress to the
particles, which bear a fraction of the load; second, these
reinforcing particles tend to impede the grain growth of the
alumina matrix phase; third, the cracks are deflected by these
reinforcing particles; and fourth, some toughening results from
the thermal and/or mechanical properties mismatch between
the Al,O3 and TiCN phases. The compressive residual stresses
arise during cooling from processing temperatures due to the
thermal and/or mechanical properties mismatch between the
Al,O5 and TiCN phases [14].

1000nm

Fig. 3. TEM photograph showing microcracks propagating through the grains
and the crack arrest by a TiCN particle.

1000nm

Fig. 4. TEM photograph illustrating the dislocations in strong diffraction
contrast in an Al,O3 grain where a big TiCN particle is located nearby.

The residual stress in the fine-grained TiC,N;_, composites
in the present study is estimated by the equation [15]

g; = K(Olr — Oli)AT (1)

where o, and ¢; are the average volume expansion coefficient and
volume expansion coefficient for particle i, AT the temperature
change from the stress-free state, and K is the bulk modulus
(K =E/3(1 — 2u), where E is the elastic modulus, and p the
Poissson’s ratio). For the Al;O3/TiCN system, the linear expan-
sion coefficients of AlL,O; and TiCN are 8.24 x 107 and
8.35 x 1076, respectively [12], with the average value estimated
to be about 8.30 x 1078, and since volume expansion coefficient
equals approximately three times linear expansion coefficient,
the parameter (o, — ;) is about 0.2 X 10~°. The elastic modulus
of Al,O5 and TiCN are 380 x 10* and 400 x 10° MPa, respec-
tively, with an average value estimated to be about 390 x
10* MPa, 1 is about 0.25,and AT is about 2 x 10* K, the sinter-
ing temperature. According to Eq. (1), the residual stress on each
particle o;is about 50 MPa. Such a compressive microstress is not
high enough to cause grain boundary cracking that may weaken
the composite but it may introduce dislocations within grains,
which is very good to enhance the composites properties. That
explains the very good mechanical properties of the Al,O;-TiCN
composite in the present study. Fig. 4 illustrates the dislocations
under strong diffraction contrast in an Al,O5 grain where a big
TiCN particle is located nearby.

4. Conclusions

Al,03-30 wt.%TiCN composite have been fabricated suc-
cessfully by a two stage gas pressure sintering schedule. The gas
pressure sintered Al,O3—30 wt.%TiCN composite achieved a
relative density of 99.5%, a bending strength of 772 MPa, a
hardness of 19.6 GPa, and a fracture toughness of 5.82 MPa m "%,

The fabrication procedure involves solid state sintering of two
phases without solubility to form the Al,O;—TiCN composite.
Little grain growth occurred for TiCN during sintering while
Al,0O5 grains grew about three times to 3—5 pm. The interface
microstress arising during cooling from the processing
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temperature because of the thermal expansion mismatch between
the Al,O5 and TiCN phases is about 50 MPa. Such a compressive
microstress is not high enough to cause grain boundary cracking
that may weaken the composite but is high enough to introduce
dislocations within grains, which is very good to enhance the
composites properties.
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