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Abstract

Nanopowder of TaSi, was synthesized from Ta and 2Si during high energy ball milling for 20 h. Dense nanostructured TaSi, was consolidated
by high frequency induction heated sintering method within 2 min from mechanically activated powders of TaSi,. Highly dense TaSi, with relative
density of up to 98% was produced under simultaneous application of a 80 MPa pressure and the induced current. The average grain size and

hardness of the compound were investigated.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

An increase in operating temperature of a gas turbine engine
will bring us reductions in both fuel consumption and CO,
emissions. It requires ultra-high temperature structural materials
which overwhelm the performance of nickel-based superalloys
commercially used as turbine blade and rotors. In this regard,
transition-metal silicides are very attractive for application
temperature up to 1300 °C and higher because this class of
materials has an attractive combination of properties, including
high melting temperature, high modulus, high oxidation
resistance in air, and a relatively low density [1,2]. In addition,
the thermal and electrical conductivities are relatively high and
therefore they are also attractive for electronic interconnections
and diffusion barriers. Most of the investigations on silicides
have focused on a few compounds, with MoSi, and TiSi, being
the most studied. Other silicides, such as TaSi,, WSi,, NbSi,,
ZrSi, and VSi, have received relatively little attention. The
melting point, crystal structure, density, formation enthalpy at
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298 K, and adiabatic temperature of TaSi, are 2025 °C,
hexagonal, 9.205 g/cm®, 32.4 KJ mol ™', and 1795 K [3-5].

As in the case of many intermetallic compounds, the current
concern about these materials focuses on their low fracture
toughness below the ductile-brittle transition temperature
[6,7]. To improve on their mechanical properties, the approach
commonly utilized has been the addition of a second phase to
form composites and nanostructured materials [8—13].

Nanostructured materials have been widely investigated
because they display a wide functional diversity and exhibit
enhanced or different properties compared with bulk materials
[14]. Particularly, in the case of nanostructured ceramics, the
presence of a large fraction of grain boundaries can lead to
unusual or better mechanical, electrical, optical, sensing,
magnetic, and biomedical properties [15-20]. In recent days,
nanocrystalline powders have been developed by co-pricipita-
tion, the thermochemical and thermomechanical process
named as the spray conversion process (SCP) and high energy
milling [21,22]. However, the grain size in sintered materials
becomes much larger than that in pre-sintered powders due to a
fast grain growth during conventional sintering process.
Therefore, even though the initial particle size is less than
100 nm, the grain size increases rapidly up to 500 nm or larger
during the conventional sintering [23]. So, controlling grain
growth during sintering is one of the keys to the commercial
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success of nanostructured materials. In this regard, the high
frequency induction heated sintering method which can make
dense materials within 2 min, has been shown to be effective in
achieving this goal [24,25].

The objective of this study is to make nanopowder by high
energy ball milling and to investigate the preparation of dense
nanophase TaSi, by the HFIHS method starting from mechani-
cally synthesized powders.

2. Experimental procedure

Powders of 99.97% pure tantalum (—325 mesh, Alfa
Products, Ward Hill, MA) and 99% pure silicon (—325 mesh,
Aldrich Products, Milwaukee, WI) were used as starting
materials. Powder mixtures of Ta and Si in the molar proportion
of 1:2 were first milled in a high-energy ball mill (Pulverisette-5,
planetary mill) at 250 rpm for 20 h. Tungsten carbide balls
(5 mm in diameter) were used in a sealed cylindrical stainless
steel vial under argon atmosphere. The weight ratio of ball-to-
powder was 30:1. The grain size and the internal strain were
calculated by Suryanarayana and Grant Norton’s formula [26],

kA .
B (Bcrystalline + Bstrain) cosf = T + nsinf (D

where B; is the full width at half-maximum (FWHM) of the
diffraction peak after instrument correction; B ysattine a0d Birain
are FWHM caused by small grain size and internal stress,
respectively; k is constant (with a value of 0.9); A is wavelength
of the X-ray radiation; L and n are grain size and internal stress,
respectively; and 6 is the Bragg angle. The parameters B and B,
follow Cauchy’s form with the relationship: B = B, + B, where B
and B; are FWHM of the broadened Bragg peaks and the standard
sample’s Bragg peaks, respectively. After milling, the powders
were placed in a graphite die (outside diameter, 45 mm; inside
diameter, 20 mm; height, 40 mm) and then introduced into the
high frequency induction heated sintering system made by Eltek
Co. in Republic of Korea presented in Ref. [24,25]. The system
was first evacuated and a uniaxial pressure of 80 MPa was
applied. The HFIHS apparatus includes an 15 kW power supply
(which provides a frequency of 50 kHz) and a 50 kN uniaxial
press. A induced current was then activated and maintained until
the densification rate was negligible, as indicating by the ob-
served shrinkage of the sample. Sample shrinkage is measured in
real time by a linear gauge measuring the vertical displacement.
Temperatures were measured by a pyrometer focused on the
surface of the graphite die. The heating rates were approximately
1000 °C/min in the process. At the end of the process, the induced
current was turned off and the sample was allowed to cool to room
temperature. The entire process of densification using the HFIHS
technique consists of four major control stages. These are
chamber evacuation, pressure application, power application,
and cool down. The process was carried out under a vacuum
of 40 mTorr.

The relative densities of the synthesized sample were
measured by the Archimedes method. Microstructural char-
acterization was made on product samples which had been
polished and etched using a solution of HF (30 vol.%), HNO;

(30 vol.%) and H,O (40 vol.%) for 7 s at room temperature.
Compositional and microstructural analyses of the products were
made through X-ray diffraction (XRD) and scanning electron
microscopy (SEM) with energy dispersive X-ray analysis
(EDAX). Vickers hardness was measured by performing
indentations at a load of 10 kg and a dwell time of 15 s.

3. Results and discussion

Fig. 1 shows XRD patterns of powder milled for 10, 20 h
and TaSi, sintered from milled powder for 20 h. In Fig. 1(a),
reactants of Ta and Si peaks are detected but in Fig. 1(b), TaSi,
is synthesized during milling for 20 h. The interaction between
these phases (Ta and Si), i.e.,

Ta -+ 2Si — TaSis, )

is thermodynamically feasible.
The average grain size of the synthesized TaSi, and the
sintered TaSi, calculated by the C. Suryanarayana and M. Grant

Norton’s formula [26] were about 23 nm and 60 nm,
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Fig. 1. XRD patterns of milled Ta + 2Si powder for (a) 10 h, (b) 20 h and (c)
TaSi, sintered from mechanochemically synthesized TaSi,.
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respectively. Plot of B, sin 6 versus cos 6, Th intercept (kA/L)
from plot of B, sin 0 versus cos 6 can be used to calculate the
crystallite size (L).

Fig. 2 shows FE-SEM image and EDS analysis of powder
milled for 20 h. The particle of TaSi, has nanograin and heavier
contamination such as WC from milling balls and iron from a
milling container were not detected in EDS. The variations in
shrinkage displacement and temperature with heating time
during the processing of TaSi, are shown Fig. 3. As the induced
current was applied to reacted powder of TaSi, the shrinkage

1 2 3 4 5 6 7 8 g 10 1
ull Scale 6574 cts Cursor: 5.044 (95 cts) keV

Fig. 2. FE-SEM image and EDS analysis of TaSi, powder milled for 20 h.
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Fig. 4. (a) FE-SEM image of TaSi, sintered from mechanochemically synthe-
Fig. 3. Variations of temperature and shrinkage displacement with heating time sized TaSi,, (b) Vickers hardness indentation and (c) median crack propagating
during high frequency induction heated densification of TaSi,. in TaSi,.
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displacement gradually increased up to 850 °C and then
abruptly increased. XRD pattern of TaSi, sintered at 1220 °C is
shown in Fig. 1(c). Only TaSi, peaks are detected. Fig. 4 shows
microstructure, Vickers hardness indentation and median crack
propagating in TaSi, sintered from mechanically synthesized
TaSi,. TaSi, consists of nanograin in Fig. 4(a). Vickers
hardness measurements were made on polished sections of the
TaSi, using a 10 kg load and 15 s dwell time. The calculated
hardness value, based on an average of five measurements, of
the TaSi, is 13 GPa. In Fig. 4(b) cracks produce around the
indent and the crack propagates linearly in Fig. 4(c). The
absence of reported values for hardness on TaSi, precludes
making direct comparison to the results obtained in this study to
show the influence of grain size.

4. Summary

Using the high frequency induction heated sintering method,
the densification of nanostructured TaSi, was accomplished
from powders of mechanochemically synthesized TaSi,.
Complete densification can be achieved within 2 min. The
relative density of the composite was 98% under an applied
pressure of 80 MPa and the induced current. The average grain
sizes and hardness of TaSi, phases were about 60 nm and
13 GPa, respectively.
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