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a b s t r a c t

A dense nanostructured 5TaSi2–SiC–Si3N4 composite was synthesized by the high-frequency induction-
heated combustion synthesis (HFIHCS) method within 1 min in one step from mechanically activated
powders of 4TaN, TaC and 14Si. Simultaneous combustion synthesis and densification were accom-
plished under the combined effects of the induced current and mechanical pressure. A highly dense
vailable online 11 June 2010
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5TaSi2–SiC–Si3N4 composite with relative density of up to 96% was produced under the simultaneous
application of a pressure of 60 MPa and the induced current. The average grain size and mechanical
properties (hardness and fracture toughness) of the composite were investigated.

© 2010 Elsevier B.V. All rights reserved.
echanical properties

. Introduction

An increase in operating temperature of a gas turbine engine
ill bring us reductions in both fuel consumption and CO2 emis-

ions. It requires ultra-high temperature structural materials which
verwhelm the performance of nickel-based superalloys commer-
ially used as turbine blade and rotors. Among candidate materials
ased on refractory metal elements, refractory metal silicides have
n attractive combination of properties, including high melting
emperature, high modulus, high oxidation resistance in air, and a
elatively low density [1,2]. However, as in the case of many inter-
etallic compounds, the current concern about these materials

ocuses on their low fracture toughness below the ductile-brittle
ransition temperature [3,4]. To improve their mechanical prop-
rties, the approach commonly utilized has been the addition of
second phase to form composites and to make nanostructured
aterials [5–10]. One example of this is the addition of Si3N4 and
iC to TaSi2 to improve the latter’s properties. Silicon nitride has
high thermal shock resistance, due to its low thermal expansion

oefficient, and good resistance to oxidation when compared to
ther structural materials [11,12]. The isothermal oxidation resis-

∗ Corresponding author. Tel.: +82 63 270 2381; fax: +82 63 270 2386.
E-mail address: ijshon@chonbuk.ac.kr (I.-J. Shon).
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tance of the NbSi2–40 vol.% Si3N4 composite prepared by the spark
plasma sintering (SPS) process in dry air at 1300 ◦C was superior to
that of monolithic NbSi2 compact since the composite contained
a larger amount of Si, which made it easier to form dense SiO2
scale [13]. Also the addition of SiC had a significant influence on the
behavior of MoSi2, by forming a protective SiO2 layer leading to its
exhibiting outstanding oxidation resistance [14]. Therefore, Si3N4
and SiC may be the most promising additives for use as reinforcing
material for NbSi2-based composites.

As nanomaterials possess high strength, high hardness, excel-
lent ductility and toughness, undoubtedly, more attention has been
paid for the application of nanomaterials [15]. 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, controlling grain growth during sintering is one
of the keys to the commercial success of nanostructured materi-
als. In this regard, the high-frequency induction-heated sintering
method (HFIHSM), which can make dense materials within 2 min,
has been shown to be effective in achieving not only rapid densifi-
cation to near theoretical density but also the prohibition of grain

growth in nanostructured materials [16,17].

The objective of this study is to investigate the preparation
of a dense nanophase 5TaSi2–SiC–Si3N4 composite by the high-
frequency induction-heated combustion method starting from a
mixture of mechanically activated TaN, TaC and Si powders.

dx.doi.org/10.1016/j.jallcom.2010.06.009
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ijshon@chonbuk.ac.kr
dx.doi.org/10.1016/j.jallcom.2010.06.009


I.-Y. Ko et al. / Journal of Alloys and Compounds 504 (2010) 548–551 549

F
a

2

t
A
a
(
d
s
r
S

B

w
i
i
X
B
B
s

e
h
i
u
a
a
t
d
p

A
u
H
a
(
p
i

3

4
i
a
T
f

4

w

ig. 1. Schematic diagram of the high-frequency induction-heated combustion
pparatus.

. Experimental procedure

Powders of 99.5% pure titanium nitride (−325 mesh, Alfa Products), 99.5% pure
itanium carbide(−325 mesh, Cerac Products) and 99.5% pure silicon (−325 mesh,
ldrich Products) were used as the starting materials. Powder mixtures of TaN, TaC
nd Si in the molar proportion of 4:1:14 were first milled in a high-energy ball mill
Pulverisette-5, planetary mill) at 250 rpm for 10 h. Tungsten carbide balls (5 mm in
iameter) were used in a sealed cylindrical stainless steel vial under an argon atmo-
phere. The weight ratio of ball to powder was 30:1. Milling resulted in a significant
eduction of the grain size. The grain size and the internal strain were calculated by
uryanarayana and Grant Norton’s formula [18]:

r (Bcrystalline + Bstrain) cos � = k�/L + � sin � (1)

here Br is the full width at half-maximum (FWHM) of the diffraction peak after
nstrument correction; Bcrystalline and Bstrain are FWHM caused by small grain size and
nternal stress, respectively; k is constant (with a value of 0.9); � is wavelength of the
-ray radiation; L and � are grain size and internal stress, respectively; and � is the
ragg angle. The parameters B and Br follow Cauchy’s form with the relationship:
= Br + Bs, where B and Bs are FWHM of the broadened Bragg peaks and the standard

ample’s Bragg peaks, respectively.
After milling, the mixed powders were placed in a graphite die (outside diam-

ter, 45 mm; inside diameter, 20 mm; height, 40 mm) and then introduced into the
igh-frequency induction-heated combustion system as shown in Fig. 1. Follow-

ng the introduction of the die into the apparatus, the system was evacuated and a
niaxial pressure of 60 MPa was applied. The induced current (with a frequency of
bout 50 kHz) was then activated and maintained until densification was attained
s indicated by the linear gauge used to measure the shrinkage of the sample. The
emperatures were measured by a pyrometer focused on the surface of the graphite
ie. At the end of the process, the sample was cooled to room temperature. The
rocess was carried out under a vacuum of 40 mtorr.

The relative densities of the synthesized sample were measured by the
rchimedes method. Microstructural characterization was performed on the prod-
ct samples which had been polished and etched using a solution of HF (30 vol.%),
NO3 (30 vol.%) and H2O (40 vol.%) for 15 s at room temperature. Compositional
nd microstructural analyses of the products were conducted by X-ray diffraction
XRD) and scanning electron microscopy (SEM) in conjunction with energy dis-
ersive X-ray analysis (EDAX). The Vickers hardness was measured by performing

ndentations at a load of 1 kg and a dwell time of 15 s.

. Results and discussion

Fig. 2 shows XRD patterns of the raw powders and the milled
TaN + TaC + 14Si powder mixture. The FWHM of the milled powder

s greater than that of the raw powders, due to the internal strain
nd reduction in the grain size. The average grain sizes of the milled
aN, TaC and Si powders using Suryanarayana and Grant Norton’s
ormula [18] were determined to be 21, 19 and 15 nm, respectively.

The interaction between these phases, i.e.,
TaN + TaC + 14Si → 5TaSi2 + SiC + Si3N4 (2)

is thermodynamically feasible.
The variations in the shrinkage displacement and temperature

ith the heating time during the processing of the 4TaN + TaC + 14Si
Fig. 2. XRD patterns of raw materials: (a) TaC, (b) TaN, (c) Si, and (d) milled
TaC + 4TaN + 14Si.

system are shown in Fig. 3. As soon as the induced current was
applied, the shrinkage displacement abruptly increased and, subse-
quently, the specimen initially showed a small amount of (thermal)
expansion and the shrinkage displacement abruptly increased at

about 1150 ◦C. When the reactant mixture of 4TaN + TaC + 14Si was
heated to 1100 ◦C under a pressure of 60 MPa, no reaction took
place as judged by the subsequent XRD analysis. The X-ray diffrac-
tion results, shown in Fig. 4a and b, exhibit only peaks pertaining
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ig. 3. Variations of temperature and shrinkage displacement with heating time
uring high-frequency induction-heated combustion synthesis and densification of
TaSi2–SiC–Si3N4 composite (under 60 MPa, 90% of total output power capacity).

o the reactants TaN, TaC and Si. However, when the tempera-
ure was raised to 1420 ◦C, the starting powders reacted with each
ther producing products (5TaSi2–SiC–Si3N4) as shown in Fig. 4c.
ig. 5a and b shows the SEM images of the powder after milling,
nd the sample heated to 1420 ◦C, respectively. Fig. 4a shows the
resence of the reactants as separate phases. The SEM image of
he etched surface of the samples heated to 1420 ◦C under a pres-
ure of 60 MPa is shown in Fig. 5b. The grain boundary is not clear.
o, The microstructure consists of nanograins observed by FE-SEM
s shown in Fig. 6. The reaction between TaN, TaC and Si went
o completion under these conditions. The X-ray diffraction anal-
ses of this sample only showed peaks for TaSi2, SiC and Si3N4, as
ndicated in Fig. 4c. The average grain sizes of TaSi2, SiC and Si3N4

alculated by Suryanarayana and Grant Norton’s formula [18] were
bout 35, 55 and 72 nm, respectively. And its corresponding density
s approximately 5.89 g/cm3 (relative density; 96%).

ig. 4. XRD patterns of the TaC + 4TaN + 14Si system: (a) after milling, (b) before
ombustion synthesis, and (c) after combustion synthesis.
Fig. 5. Scanning electron microscope images of 4TaN + TaC + 14Si system: (a) after
milling, (b) before combustion synthesis, and (c) after combustion synthesis.

The abrupt increase in the shrinkage displacement at the igni-
tion temperature is due to the increase in density resulting from
the change in the molar volume associated with the formation
of 5TaSi2–SiC–Si3N4 from the reactants (TaN, TaC and Si) and the

consolidation of the product.

Vickers hardness measurements were conducted on the pol-
ished sections of the 5TaSi2–SiC–Si3N4 composite using a load of
1 kg and dwell time of 15 s. The calculated hardness value, based

Fig. 6. FE-SEM image of 5TaSi2–SiC–Si3N4 composite sintered at 1420 ◦C.
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ig. 7. (a) Vickers hardness indentation and (b) median crack propagating of
TaSi2–SiC–Si3N4 composite.

n the average of five measurements, of the 5TaSi2–SiC–Si3N4
omposite is 1250 kg/mm2. Indentations with large enough loads
roduced median cracks around the indent. The length of these
racks permits the estimation of the fracture toughness of the mate-
ials by means of the expression [19]:

IC = 0.204
(

c

a

)−3/2
Hva1/2

here c is the trace length of the crack measured from the center of

he indentation, a is one half of the average length of the two indent
iagonals, and Hv is the hardness. The calculated fracture tough-
ess value for the 5TaSi2–SiC–Si3N4 composite is about 4 MPa m1/2

s in the case of the hardness value, the toughness value is the
verage of five measurements. The hardness and fracture tough-

[
[

[
[
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ness of TaSi2 were reported to be 908 kg/mm2 and 3.7 MPa m1/2,
respectively [20]. The hardness and fracture toughness of 5TaSi2
–SiC–Si3N4 composite are higher than those of monolithic TaSi2
because hard phases of SiC and Si3N4 are added and crack deflects
at second phase of SiC or Si3N4.

A typical indentation pattern for the 5TaSi2–SiC–Si3N4 compos-
ite is shown in Fig. 7. Typically, one to three additional cracks were
observed to propagate from the indentation corner. A higher mag-
nification view of the indentation median crack in the composite is
shown in Fig. 7b. This shows the crack propagates deflectively (↑).

4. Summary

Using the high-frequency induction-heated combustion
method, the simultaneous synthesis and densification of a nanos-
tructured 5TaSi2–SiC–Si3N4 composite was accomplished using
mechanically activated powders of TaN, TaC and Si. Complete
synthesis and densification can be achieved in one step within
1 min. The relative density of the composite was 96% under an
applied pressure of 60 MPa and the induced current. The average
grain sizes of the TaSi2, SiC and Si3N4 phases in the composite
were about 35, 55 and 72 nm, respectively. The average hardness
and fracture toughness values obtained were 1250 kg/mm2 and
4 MPa m1/2, respectively. The mechanical properties of the com-
posite produced in this work are higher than those of monolithic
TaSi2.
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