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Abstract

In situ synthesis of Al,O3;—TiC nanocomposite powders from a mixture of titanium, graphite, and Al,O; powders by high-energy ball milling
(HEBM) and its consolidation through spark plasma sintering (SPS) were investigated. After being milled for 25 h at ambient temperature, the
powder mixtures were mainly composed of homogeneous nanosized Al,O; particle and amorphous TiC solid solution. The relative density of
the samples consolidated by SPS technique in vacuum at 1480 °C for 4 min reached 99.2%. The final products exhibited very fine microstructure,
and the grain sizes of Al,O; and TiC were about 400 nm and 200 nm, respectively, with a flexure strength of 944 + 21 MPa, Vickers hardness
21.0 £ 0.3 GPa, fracture toughness 3.87 &= 0.2 MPam'?, and electrical conductivity 1.2787 x 103 Sm™".
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1. Introduction

AlyO3-TiC composites are widely used as substrate of mag-
netic heads and cutting tools due to their attractive mechanical
properties and good electrical conductivity.! At present commer-
cially available microsized Al,O3-TiC composites are prepared
by pressureless sintering or hot pressing the direct mixtures of
Al,O3 and TiC powders,>> during which severe grain coarsen-
ing and generation of metal oxides at the interface* always take
place due to relatively long holding time at high temperature.
Because the binding force at the interface is not strong, grains
are often pulled out when the Al,O3—TiC composites are being
machined. It is especially detrimental if the grain size is large,
which results in low product yield and then high manufacturing
cost. Furthermore, the problem becomes more serious with the
ongoing miniaturization of magnetic disk drive sliders. It is a
current trend to prepare fine-grained Al,O3-TiC composites for
future development of hard disk drive, moreover the reduction
of grain size will result in improved properties.

High-energy ball milling machine (HEBM) has proved to
be a powerful technique for synthesizing metal-metalloid com-
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pounds and fabricating homogeneously distributed nanocrys-
talline composites at ambient temperature.>® Mechanically
induced self-sustaining synthesis of monolithic nanocrys-
talline TiC powders and nanocrystalline TiC-contained com-
posite powders via HEBM have been investigated by several
researchers.” 10

SPS technique is an effective sintering process that allows
densification of ceramics at a relatively lower temperature
with short holding time owing to rapid heating and cooling
rates. Recently, it has been reported by co-workers that in situ
synthesis and sintering of submicron TiC/SiC composites,'’
TisSi3—TiC-Ti3SiC, and Ti5Si3-TiC nanocomposites,18 and
TiC/SiC nanocomposites'®? through SPS technique were suc-
cessfully carried out.

In the present paper, Al,O3-TiC nanocomposite powders
were in situ synthesized from elemental Ti, C and Al,O3 pow-
ders by HEBM, and then the as-milled reactants were consoli-
dated into fully dense nanostructured Al, O3-TiC composites by
SPS, and finally the properties of the as-sintered sample were
investigated.

2. Experimental procedure

The raw materials used in this work were 99.5% pure titanium
powder (—325 mesh, Shanxi Bongen Titanium Co. Ltd., Shanxi,
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China), 99.9% pure graphite powder (—325 mesh, Shanghai
Carbon Materials Factory, Shanghai, China) and 99.9% pure
alumina (average particle size of 300 nm, Shanghai Wusong
Chemical Factory, Shanghai, China). Titanium and graphite
powders with a molar ratio 1:0.95 were mixed with Al,O3 pow-
der to yield a TiC content 40 wt.% in the end-product. The
mixed powders were put into the vial of high-energy ball milling
machine (Model GN-2, Shengyang Science Equipment Factory,
Shengyang, China). The milling was conducted using a serial
of hardened steel balls. The ball-to-powder weight ratio was
13:1, and the steel vial was sealed in a glove box under argon
atmosphere, with a milling speed at 480 rpm. The milling was
interrupted per 5 h to inspect for sticking, and to scrape off the
powders if necessary. A small amount of the powders were also
collected after selected milling times in Ar gas to evaluate the
progress of milling. The collected powders were analyzed by
XRD (Cu Ka radiation). Particle morphology observation and
crystal structure determination were performed using TEM with
selected area electron diffraction (SAD).

The as-milled powders were put into a graphite die (15 mm
in diameter), and graphite sheets were inserted into the inside
of die in order to prevent the reaction between the powders and
the die during sintering process. The samples were sintered with
Dr. Sinter® 2040 spark plasma sintering system (Sumitomo Coal
Mining Co., Tokyo, Japan) in vacuum (less than 4 Pa). The heat-
ing rate was about 50 °C/min and the pressure was applied at final
stage of sintering process and maintained constant at 50 MPa.
The temperature was held at 1480 °C for 4 min before turning
off the power.

Both surfaces of the as-prepared samples were ground to
remove the graphite layer and then analyzed by XRD. The
densities of consolidated specimens were obtained using the
Archimedes’ immersion method with deionized water as the
immersion medium. The theoretical densities of the speci-
mens were calculated according to mixture rule. Microstructural
observation was conducted using SEM and TEM. The samples
were machined to 1 mm x 1.3 mm x 12 mm bars for measuring
the three-point bending strength (o) with a span of 10 mm.
For each material six beams were tested. Vickers hardness (Hy)
and fracture toughness (Kjc) were measured by indentation
technique (Wilson-wolpert Tukon® 2100B). The indentation
parameters were made using 5-kg load with a dwell of 10s. A
half-penny crack was found after indentation. Six normal values
of crack length were obtained and then the following equation

was used to calculate the fracture toughness?':

Kic =0.016 EN'® (P 1
Ic =Y. Fv m ()

where E, Hy, P and c refer to Young’s modulus, Vickers hardness,
the applied indentation load, and the half-length of the radial
crack, respectively. The modulus E has been reported to increase
nearly linearly with increasing TiC content in the range of 0—40
mass%.2 According to this relation, as E(Al,O3) =393 GPa and
E(TiC) =460 GPa, we had E(Al,03/40 mass%TiC) =416 GPa.
The electrical conductivity (o) of sintered bodies was measured
by four-probe method.??

3. Results and discussion

The XRD patterns of ball milled powder mixtures after
selected times are presented in Fig. 1a—e. Sharp peaks of elemen-
tal Ti and C can be seen in Fig. 1a, which is the XRD pattern
of the starting powder mixtures. After milling 10h, the peaks
of graphite disappear completely, while the peaks of titanium
are still visible, with the intensities decreasing and the widths
broadening, which mean the refinement of Ti grains. The dis-
appearance of graphite is due to a solid state diffusion of the C
atoms into the grain boundaries and defects of Ti particles, and to
the high absorption coefficient of the fine graphite particles,’
but there are barely reactions between Ti and C, which can be
supported by the fact that no TiC phase is detected by XRD. After
milling 15 h, the diffractions of TiC appear, as is shown in Fig. 1c.
After milling 20 h, the peaks of Ti almost vanish and at the same
time the peaks of TiC become obvious. Further milling to 25h
leads to the slight decrease in strength and increase in width of
the diffraction peaks of TiC, which indicates that most of the
elemental Ti and C have converted into poorly crystallined or
even amorphouse TiC solid solution after milling 20 h. It should
be mentioned that during the whole ball milling process the
AlyO3 grains refine continually without phase transformation.
The XRD pattern of Al,O3-TiC nanocomposites consolidated
at 1480 °C for 4 min under 50 MPa by spark plasma sintering is
shown in Fig. 1f. As can be seen, the diffraction peaks of both
Al;O3 and TiC increase remarkably in comparison with that of
Fig. le, meaning that the initially amorphous TiC solid solution
is crystallized and that fine Al,O3 grains grow. According to
the Scherrer equation, the average grain sizes of Al,O3 and TiC
are 329 nm and 210 nm, respectively. No impurity phase can be
seen in Fig. 1f, which means no unexpected reaction occurs.

The TEM micrograph of the powder mixtures milled for 25 h
and corresponding selected area electron diffraction (SAD) pat-
tern are shown in Fig. 2. It is difficult to distinguish and estimate
the grain size of both Al,O3 and TiC by direct observation of
TEM image because they are poorly crystallized or amorphous.
The corresponding SAD pattern in the right lower corner of
Fig. 2 shows bright continuous diffraction rings of TiC indi-
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Fig. 1. XRD patterns of the collected powders after different milling periods
and the as-prepared product: (a) O h; (b) 10h; (c) 15h; (d) 20h; (e) 25h; (f) 25h
of milling followed by SPS at 1480 °C for 4 min under 50 MPa.
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Fig. 2. TEM micrograph of powder mixtures milled for 25 h and corresponding
selected area electron diffraction (SAD) pattern. Bright continuous diffraction
rings of TiC indicate yielding of a large quantity of TiC particles during ball
milling process.

cating yielding of a large quantity of TiC solid solution during
ball milling process. Relatively darker discontinuous diffraction
rings of Al,O3 imply that the particles are poorly crystallized or
amorphousized, and some diffraction spots of Ti imply existence
of unreacted elemental Ti. Therefore the final powder mixtures
consist of amorphous TiC solid solution, nanophase Al,O3 and
a small amount of unreacted nanosized Ti and C particles.

Fig. 3 shows the backscattered SEM image of polished
Al,O3-TiC bulk sample fabricated by SPS. The gray-white
phase is the TiC, and the dark phase is the Al,O3 matrix. It is
shown that the fine TiC particles are homogeneously distributed
in the Al,O3 matrix. No pore can be seen in the polished sur-
face, which demonstrates that the sintered body has been fully
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Fig. 3. Backscattered SEM image of polished surface of the sintered sample.
The gray-white phase is the TiC, and the dark phase is the Al,O3 matrix.
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Fig. 4. SEM micrograph of fracture surface of the sintered sample.

densified by SPS. The density of the as-sintered sample reaches
99.2% of the theoretical density.

Fig. 4, SEM micrograph of the fracture surface of the sintered
sample, clearly shows that the microstructure is composed of
fine Al,O3 and TiC grains with the grain size less than 500 nm,
moreover, the grain sizes distribution is narrow. In addition, it
is easy to see that the fracture mode of the sintered sample is
primarily intergranular.

As is shown in Fig. 5, TEM analysis is conducted to further
study the microstructure of the sintered sample. Most of TiC
and Al,O3 grains confirmed by electron diffraction patterns are
very fine, and the average grain sizes of TiC and Al,O3 are about
200 nm and 400 nm, respectively, corresponding with the above
obtained result from the Scherrer equation.

Fig. 5. TEM image of the sintered sample with electron diffraction patterns of
Al,0O3 and TiC.
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Table 1
Mechanical properties and electrical conductivity of the sintered sample

No. Raw materials Fabrication Relative Grain size (um) Mechanical properties Electrical conductivity
method density 7 5 |
op (MPa) H, (GPa) Kic MPam''~) o (10°Sm™")
1 ALO3, Ti, C *HSPS 99.2% AL O3 0.4 944 £21 21.04+0.3 3.874+0.20 1.279
TiC 0.2
2 Al O3, TiC *WHP 98.4% AlLO3 0.9 785+ 86 20.74+0.9 427+0.45 0.163
TiC 0.5

No. 1 sample: Al;O3 +40 wt.%TiC (35 vol%TiC); *HSPS: high-energy ball milling + SPS; No. 2 sample??: Al;O3 + 30 vol%TiC; *WHP: wet milling + hot-pressing

sintering.

Mechanical properties and electrical conductivity of the sin-
tered specimens are listed in Table 1. It can be seen that the
Al,O3-TiC composites prepared by in situ reaction have finer
microstructure and higher relative density than the hot-pressed
sample. The refinement of microstructure is attributable to
improvement of strength?* and to the reduction of the critical
flaw size that is also beneficial for improvement of strength, so
the strength of in-reacted synthesized sample is much higher
than that of the hot-pressed sample, as shown in Table 1. The
microstructural refinement does not lead to remarkable increase
in hardness but lead to slightly decrease in fracture toughness.
The fracture toughness of the monolithic Al,O3 decreases with
reduction of grain size.* It was reported that the Kic value
of monolithic Al,O3 with a grain size of 350nm was only
3.3+0.14MPam!'225 in comparison with which the fracture
toughness of the in situ synthesized Al,O3—TiC composites has
been improved to 3.87 4 0.20 MPam /2.

The electrical conductivity of the in situ synthesized sam-
ple is almost an order of magnitude higher than that of hot-
pressed one. The primary reason is that the homogeneously
distributed electrically conductive TiC phase (2 x 10°Sm~1h)
in the in situ synthesized sample forms a more continuous elec-
trically conductive network within the insulating Al,O3 phase
(2 x 10~13 Sm™1). Furthermore the clean interface between in-
situ reacted TiC grains also improved the electrical conductivity.
Additionally a slightly higher content of TiC phase in the in situ
synthesized sample is also responsible for the improvement of
electrical conductivity.

4. Conclusions

The Al,O3-TiC nanocomposite powder has been synthesized
by HEBM, and subsequently was densified by SPS. HEBM leads
to alarge amount of nano-sized Al, O3—TiC nanocomposite pow-
der, which showed excellent sinterablity. Near fully dense and
fine-grained Al,O3-TiC composites fabricated by SPS exhibit
excellent comprehensive properties.
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