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The effect of an addition of SiC nanowire on the microstructure and mechanical properties of tungsten-
based composites is investigated in this study. SiC-nanowire-augmented tungsten composites were
prepared by a spray-drying process and an in situ spark plasma sintering process. Three distinctive
reaction phases, tungsten, tungsten carbide (W, C) and rod-type tungsten silicide (W5Sis) were formed
during the sintering process. The flexural strength was significantly increased from 706 MPa to 924 MPa
in tungsten composites augmented with SiC nanowires, as was the formation of W,C and WsSi3 phases.
The rod-type W5sSis bears significant stress by both sharing a portion of the load and providing a bridg-
ing mechanism. Furthermore, a high ablation resistance at an elevated temperature was observed for
tungsten composites augmented with SiC nanowires.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, tungsten-based composites have gained consider-
able attention owing to their excellent performance levels at
high temperatures due to exceptional high temperature prop-
erties such as a high melting point (3410°C), a high modulus
(310-380GPa), good thermal conductivity (105 +10W/mK), and
a low thermal expansion coefficient (4.5 x 10~6/K) [1,2]. Therefore
tungsten-based composites are promising candidates for aerospace
applications such as heat shields, combustion chamber liners and
rock nozzles, or structural material for fusion reactors [3,4]. How-
ever, tungsten is associated with a serious reduction in its strength
at elevated temperatures [5]. It is well known that this deteriora-
tion in strength is due to the oxidation of the surface of tungsten at
high temperatures, thus requiring that its microstructure be con-
trolled to secure feasible performance at high temperatures [6].
Hence, many studies have been undertaken to reduce the oxida-
tion of tungsten and to control its microstructure through surface
coatings and with the application of additives such as SiC, HfC,
ZrC, or Lay 03 to the tungsten matrix [7-10]. Through such studies,
SiC has become well known as an additive and a coating mate-
rial for tungsten-based composites due to the excellent thermal
shock resistance, strength, toughness and oxidation resistance it
offers [11]. Baud et al. [12] showed that W,C and W5Si3 phases
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form in a reaction between W and SiC at temperatures that exceed
1473 K. Although the chemical reactions of SiC/W composites have
been thoroughly investigated, information about the microstruc-
tures and mechanical properties of SiC/W composites are limited
[13]. Therefore, in this study, the shape of W5Sis is controlled via
the initial SiC shape through mixing with W powder to improve
the strength of SiC-augmented tungsten composites. In addition,
the effects of the microstructures and the volume fraction on
the flexural strength of SiC-augmented tungsten composites are
investigated. The mass ablation rate of SiC-augmented tungsten
composites is also identified.

2. Experimental

To fabricate SiC-augmented tungsten composite (SiCyw/W) powders, ammo-
nium meta tungstate (AMT, (NH4 )¢ HoW12040-XH2 0, as a tungsten precursor) and SiC
nanowires were used. The SiC nanowires were synthesized by the reaction between
carbon nanotubes (CNTs) (Hanwha Nanotech, at adiameter of 10-15 nm and a length
of 10-20 wm) and SiO powder (Sigma-Aldrich, 325 mesh) [14,15]. The reaction was
carried out in a vacuum furnace at 1350 °C under a pressure of 100 mTorr for 30 min.
The SiC nanowires were sonicated for 2 h in distilled water to obtain a homogeneous
dispersion. AMT was added to a suspension with SiC nanowires and these were then
sonicated for 2 h. This solution was spray dried to fabricate homogeneously mixed
SiC nanowire/W composite powders at an atomizing pressure of 120kPa, a spray
drying temperature of 200 °C, blowing at 0.13 m?/min and at a feed rate of 400 ml/h.
The dried composite powders were then calcined at 500°C for 1h in air. The cal-
cined SiC nanowire/WO3; composite powders were reduced at 800 °C for 2 h under
a hydrogen atmosphere. The volume fractions of SiC nanowire varied from 0vol.%
to 20vol.%.

The SiCnw/W powders were consolidated by a spark plasma sintering process
(SPS) [16]. The composite powders were compacted in a graphite mold and heated
by a pulsed electric current, after which they were sintered at 1700°C for 3 min
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Fig. 1. (a) Microstructure of SiC nanowires synthesized by a reaction between CNT and SiO. (b) SEM micrographs of 20vol.% SiCyw/W composite powder in which SiC
nanowires were homogeneously mixed with W powder. SEM micrographs showing 5 vol.% SiCxw/W composites (c) and 20 vol.% SiCyw/W composites, (d) as revealed after
chemical etching.

under an applied pressure of 50 MPa under vacuum pressure. The heating rate was Inspector 2), as well as through X-ray diffraction (XRD) patterns (RigakuD/MAX-IIIC)
maintained at 100 °C/min up to the sintering temperature. The microstructures of and transmission electron microscopy (TEM, Tecnai F30). The tungsten, tungsten
the sintered composites were examined using high-resolution scanning electron carbide and tungsten silicide phases were identified using the diffraction pattern
microscopy (SEM, Hitachi S-4800), and the volume fractions of W, W, C and W5Si3 in database maintained by the Joint Committee for Powder Diffraction Studies (JCPDS).
the SiCnw/W composites were determined using an image analysis program (Matrox The flexural strength of the SiCyw/W composites was measured using an INSTRON
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Fig. 2. (a) XRD patterns of sintered the SiCnw /W composite at 1700 °C for 3 min. (b) Elemental analysis of the different regions of the 20 vol.% SiCnw/W composites with EDS.
(c) TEM micrograph and selected-area electron diffraction patterns of each phase in 20 vol.% SiCyw/W composites. (d) Volume fraction of each phase while varying the SiC
volume fraction.
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Fig. 3. (a) Variation of the flexural strength of SiCyw/W composites while varying
the SiC volume fraction. (b) Fracture surface of the SiCnw/W composites.

5583 device with a crosshead speed of 0.2 mm/min and a span of 4 mm. Flexural
strength testing was performed using three-point bending, and the specimen size
was 6 mm x 3 mm x 1 mm atroom temperature. Ablation tests were carried out with
anoxy-acetylene flame. The flow rates of the oxygen and acetylene gas were 12 I/min
and 101/min, with pressures of 5bar and 1.5 bar, respectively. A specimen with a
diameter of 12 mm was exposed to the flame for a 30 s ablation. The mass ablation
ratio was calculated by the weight change before and after the test for each sample.

3. Results and discussion

Fig. 1(a) shows the respective microstructures of the SiC
nanowires. SiC nanowires synthesized by a reaction between CNT
and SiO powder have diameters of approximately 100-200 nm
and lengths similar to those of carbon nanotubes (up to 2-3 pwm).
The morphology of the SiC nanowire/W (SiCyw/W) composite
powders indicated that the SiC nanowires are homogeneously dis-
tributed in the W powders, as shown in Fig. 1(b). The particle sizes
of the tungsten range from 300 nm to 1 pm. The SiC nanowires
maintain their shape and display no chemical reaction during the
drying, calcination and hydrogen reduction processes. The key fea-
ture of the spray-drying process is that the SiC nanowires are
distributed homogeneously in the W powders without any mor-
phology change. Fig. 1(c) and (d) shows the microstructures of the
surface of the 5vol.% SiCnw/W composites and 20 vol.% SiCyw/W
composites etched with the Murakami etchant. The composite
has three distinct regions. The first region is a round, un-etched
area representing W, C. The second region is an etched area corre-
sponding to the W grain. The third region is an area with rod-type
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Fig.4. (a) Mass ablation rate after the oxy-acetylene torch test of the SiCyw /W com-
posites. (b) XRD patterns of specimen surfaces before and after the oxy-acetylene
torch test of pure tungsten and the SiCyw /W composites.

morphology occupied by W5Si3. The rod-type W5Si3 phase was
homogeneously dispersed in the tungsten grain and was randomly
oriented. The grain size of each phase is 10-15 pm and the diam-
eter and length of the rod-type W5Si3 are approximately 200 nm
and 2-3 pm, respectively. The W5 C phases of the 5 vol.% SiCnw /W
composites show small grains of about 5-10 pm in size. The grains
were located at the boundary among large W grains, as shown in
Fig. 1(c); however, the W, C phases of 20 vol.% SiCnw /W composites
show large grains of about 20 pmin size that appear to have coa-
lesced. The relative density of sintered SiCyw/W composites was
95-97%, as measured by the Archimedes method.

X-ray diffraction patterns of the SiCyw/W composites with dif-
ferent volume fractions sintered at 1700 °C for 3 min are shown in
Fig. 2(a). Peaks of W, W, C and W5Sis are identifiable [17]. The W, C
and W5Si3 phases are stable carbide and stable silicide respectively
[18,19]. As the volume percent of SiC increases, the peak intensity of
W decreases and the peak intensity of W, C and W5Sis increases due
to the chemical reaction between W and SiC. The intensity of the
diffraction peak of the W,C andW5Si3 increased with an increase
in the volume fraction of the SiC, clarifying that a larger amount
of SiC leads to a larger amount of the metal W taking part in the
chemical reaction and therefore larger amounts of W, C and W5Sis
being produced. According to Seng and Branes [20], the possible
reactions between W and SiC can be expressed as follows:

. 5 1 .
SiC+ §W—> §W5513+C (1)
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Fig. 5. SEM images of specimen surfaces of pure tungsten (a) and 5 vol.% SiCnw/W composites (b), (c) after the oxy-acetylene torch test. (d) High-magnification SEM image
of the specimen surfaces of the 5 vol.% SiCnw/W composites after the oxy-acetylene torch test.

SiC+ gW — %WSiz +W,C (2)
. 3 1

SIC+ W — S WSi; + WC (3)
. 8 1 .

SIC+ W — WsSiz + WC (4)

With an increase in the temperature, the formation of W5Si3 and
WC directly from the reaction of W with SiC (reaction (4)) is kinet-
ically more favorable, after which WC changes into the stable
carbide W, C.

Fig. 2(b) shows the EDS results of the 20 vol.% SiCyw/W com-
posites. EDS was used to confirm the elemental analysis of the
different regions. Peaks corresponding to tungsten alone were
obtained in region 1. Peaks related to W and C were obtained
in region 2. Region 3 gave peaks that corresponded to W and Si,
confirming the existence of WsSis. Fig. 2(c) shows TEM micro-
graphs and selected-area electron diffraction (SAED) patterns of
the same composites. Fig. 2(c) shows SAED patterns of the W-C,
W, and W5Si3 phases. The W,C phases have a hexagonal crys-
tal structure, the W phases have a cubic crystal structure, and
the W5Si3 phases have a tetragonal crystal structure. The volume
fractions of the W, W, C and W5Si3 phases as a function of the vol-
ume percent of SiC are shown in Fig. 2(d). As shown in Fig. 2(d),
the volume fraction of tungsten decreased as the SiC content
increased. The volume fraction of the W5Si3; and W, C phases also
increased as a function of the SiC content. W5Si3 and W, C phases
were the major phases of the composite containing 20 vol.% of SiC
nanowires.

Fig. 3(a) shows the flexural strength of the SiCyw/W compos-
ite and the monolithic tungsten. The flexural strength reaches its
maximal value, 924 MPa, in the 5vol.% SiC nanowire, after which
the values decrease as the SiC content increase. The maximum
value of flexural strength at 5vol.% SiCyw/W results from the dis-
persion of the rod-type WsSi; phases and the small grain size
the W,C phases in the W matrix. However, when SiC in excess

of 5vol.% was added, the volume fractions of the hard and brit-
tle W, C phases increased and the grain size and agglomeration of
the W, C drastically increased, as shown in Fig. 1(c) and (d). This
effect reduced the flexural strength [21,22]. The fracture surface of
the sintered SiCnw/W composites is shown in Fig. 3(b). The rod-
type W5Si3 phases are shown to be dispersed within the tungsten
grains or at the grain boundaries of the tungsten matrix as shown
in Fig. 3(b). The fractography of the composite fabricated with SiC
nanowire followed reactive sintering shows clear evidence of the
pulled-out W5Si3 and the bridging effect of W5Sis3, which indicates
that the rod-type W5Sis bears significant stress by sharing a por-
tion of the load. Therefore, it is expected that the rod-type W5sSis
dispersed in the tungsten matrix simultaneously strengthen the
composite [23].

The high-temperature ablation property of SiCyw/W compos-
ites was investigated, as shown in Fig. 4(a). The mass ablation rate
of the SiCyw/W composites was 18 x 10~4 g/cm? s, while that of
pure tungsten was around 86 x 10~4 g/cm? s. It is well known that
the deterioration of the ablation resistance in pure tungsten is due
to the formation of porous tungsten oxide, which is easily swept
away during ablation testing. The XRD results shown in Fig. 4(b)
show that the pure tungsten was completely oxidized after the
torch test, whereas W peaks remained in the SiCyw/W composites
after the torch test. Hence, these W peaks of the SiCyw/W com-
posites, which survived after the torch test, are good evidence that
the addition of SiC assists SiCyw/W composites in enduring ele-
vated temperatures. As shown in Fig. 5(b)-(d), a thin SiO, layer
formed by the oxidation of W5Si3 developed at the surface of the
SiCnw/W composites after the torch test. Moreover, the unoxidized
rod-type WsSi3 phases prevent the removal of tungsten oxide.
Therefore, the SiCyw/W composites appear to have a low abla-
tion rate due to the thin SiO, layer that formed on the surface of
the specimens after the torch test and due to the presence of the
rod-type W5Si3 phases, whereas the pure tungsten showed seri-
ous ablation and a porous surface after the torch test, as shown
in Fig. 5(a).
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4. Conclusions

In summary, SiCyw/W composites were fabricated by a spray-
drying process followed by reactive sintering in an effort to
investigate the effect of their addition on the microstructure and
mechanical properties of tungsten composites augmented with
SiC nanowire. W,C and W5Si3 phases were formed by a reac-
tion between the SiC and the W during the sintering process.
Due to the bridging phenomenon by rod-type W5Si3 phase, the
flexural strength at room temperature was significantly increased
from 706 MPa to 924 MPa. In oxy-acetylene torch testing, the mass
ablation rate was improved by approximately four times in the
SiCnw/W composites compared to that of pure tungsten. Therefore,
tungsten composites augmented with SiC nanowire are promising
candidates for high-temperature applications.
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