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a b s t r a c t

We present tungsten alloy coating of 150–200 lm thickness with improved plasma erosion resistance
fabricated by plasma spraying of granular W–SiC composite powders. During increasing the SiC concen-
tration to 8 wt%, we observed the increase in the hardness of the coating from 250 to 440 Hv. The plasma
erosion depth of the coating decreased by 10 times compared with pure tungsten in the same erosion
environment.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Plasma facing materials (PFMs) are required to have high ero-
sion resistance against the plasma or the ion bombardment, which
is generated in Tokamak fusion reactor because the erosion prod-
ucts re-deposited on the PFM wall or penetrated into the core plas-
ma can cause the degradation of the properties of PFM or the
quality of the plasma. On this score, many researchers have
searched new PFMs such as tungsten, carbon, vanadium, and beryl-
lium [1]. Among those candidates for the PFMs, tungsten [2–5] is
considered as an attractive PFM [6] in fusion devices due to its
favorable physical properties, prominent thermal properties and
the low sputtering yield.

In this study, we focus on the development of new tungsten al-
loys (or composite) with improved erosion resistance against the
plasma and the ion bombardment compared with pure tungsten
without sacrificing the mechanical and thermal properties. As an
alloy component, SiC [7] was chosen because of its low activity,
high melting temperature, and high thermal conductivity. W–Si–
C alloy (or composite) coating was fabricated on Cu alloy substrate
with the atmospheric plasma spraying process using composite
granular powders composed of primary fine W and SiC powders.

2. Experimental procedures

W–SiC composite powders were prepared under the optimized
spray drying conditions with varied SiC contents of 1, 2, 4, 8 wt%
following conventional granulation route. At first, a fluidic slurry
composed of distilled water, 1–2 lm sized W powder, 1–2 lm
sized SiC powders, 0.8 wt% polyvinylpropylene as binder, and
ll rights reserved.
0.2 wt% dispersant were prepared. Then, the slurry was spray dried
with 180 �C hot air using high speed rotational nozzle, resulting in
5–50 lm sized granules containing polymeric binder inside. Then
the spray dried granule was heat treated in vacuum furnace at
an elevated temperature of 1450 �C for 1 h in order to remove poly-
meric binder as well as to increase the mechanical strength of
powder not to be broken during plasma spraying.

The prepared composite powder was plasma spray coated un-
der the conditions of 800 A, 41 V, Ar flow rate of 36 l/min, H2 flow
rate of 6 l/min, and spray distance of 120 mm in atmospheric sur-
roundings to form 150 to 200 lm thickness coating on 7.62 cm
diameter and 3 mm thickness Cu substrate which was designed
to fit the DC magnetron sputter gun used in this study.

The microstructural evolution was estimated using scanning
electron microspcopy (SEM) and phase transformation by X-ray
diffraction (XRD), wavelength dispersive spectroscopy (WDS),
and X-ray photoelectron spectroscopy (XPS). Micro Vickers hard-
ness was measured under 1000 gf load. Plasma erosion rate was
evaluated by using plasma sputter under the conditions of
0.48 A, 200 W, Ar gas flow rate of 0.046 l/min, 10 mtorr pressure
for 1 h to simulate the erosion behavior of plasma facing materials
of fusion reactor.

3. Results and discussion

Fig. 1 shows the XRD patterns of as-spray dried W–4 wt%(Si–C)
powders (bottom), after heat treatment at 1450 �C for 1 h (middle),
and plasma spray coating (top). As the atomic weight of Si and C
are much lower than that of W, the relative intensity of SiC diffrac-
tion peaks are too weak to be distinguishable as shown in the bot-
tom XRD pattern of Fig. 1. However, in the WDS investigation of
the composite granular powder as shown in Fig. 2, Si and C
elements are obviously observed, which means that SiC primary
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Fig. 1. XRD patterns recorded from as-spray dried W–4 wt%(Si–C) powder(lower),
after heat treatment at 1450 �C for 1 h (intermediate), and plasma spray coating
(upper). 0 2 4 6 8

0

30

60

90

120

150

180

pure W

pure W  Plasma erosion rate

W-8wt% (Si-C)

W-4wt% (Si-C)
W-2wt% (Si-C)

W-1wt% (Si-C)

H
ar

dn
es

s 
(H

v,
 1

00
0g

f)

Pl
as

m
a 

er
os

io
n 

ra
te

 (m
m

/h
r)

SiC contents (wt%)

200

300

400

500

(b)

W-8wt% (Si-C)

W-4wt% (Si-C)

W-2wt% (Si-C)

W-1wt% (Si-C)

 Hardness 

(a)

Fig. 3. Variation of (a) hardness and (b) plasma erosion rate measured from plasma
sprayed W–Si–C coating prepared with different SiC contents.
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powders exist in the composite granular powders. Hence, we can
say that the spray dried granular powders composed of primary
W and SiC powders were well prepared without loss of SiC pow-
ders from W powders. During the heat treatment of the granular
powders at 1450 �C, Fig. 1 shows the occurrence of the intermixing
between W and SiC powders and the formation of W–C and W–Si
intermetallic compounds. After plasma spraying, however, the dif-
fraction peaks corresponding to the intermetallics disappear as
shown in the top plot of Fig. 1. The WDS investigation of W–Si–C
coating shows the uniform distribution of Si and C through the en-
tire coating film and shows no evidence of the formation of other
intermetallics such as carbides or silicides. Considering the angle
shift of diffraction pattern of W–Si–C coating as shown in the top
plot of Fig. 1, the inter-planar distance between (110) planes of
W coating with 4 wt% SiC decreased to 3.14 A, which is certainly
smaller than that of pure W (3.16 A). The decrease in the inter-pla-
nar distance is due to replacing larger W atoms with smaller Si
Fig. 2. Image and alloying elements distribution of as-spra
atoms. From the XRD and WDS studies of thermally sprayed
W–Si–C coating, most Si and C atoms are thought to exist as
substitutional or interstitial atoms in W–Si–C coating without
the formation of the intermetallics.

Hardness of W–Si–C coating increased from 250 Hv to 440 Hv by
increasing SiC contents up to 8 wt% as shown in Fig. 3(a). This result
can be easily understood as the added Si and C atoms introduce
crystalline lattice distortion by substitutional and interstitial
atoms, resulting in retard of dislocation movement excited by
external stress.

Plasma erosion rate of W–Si–C coating with different contents
of SiC are shown in Fig. 3(b). During plasma sputtering test,
intensive erosion of W–Si–C coating happens in the middle circular
y dried W–4 wt%(Si–C) powder investigated by WDS.



Fig. 4. Plasma spray coated W–Si–C sputtering targets, (a) before plasma erosion test and (b) after plasma erosion test.
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region by concentrated plasma and ion bombardment as shown in
Fig. 4(b), where plasma erosion depth was measured after 1 h
exposure to plasma and ion. From the result shown in Fig. 3(b),
drastic decrease of erosion rate from 170 lm/h down to 16 lm/h
with increasing the additive SiC content up to 8 wt% are affirmed.
Though W–Si–C coatings containing SiC over than 8 wt% are ex-
pected to reveal better erosion resistance but higher contents of
SiC makes it easier to decompose to form carbon oxide gas during
atmospheric plasma spraying, resulting in lots of pores in W–Si–C
coating.

It is not clearly understood how C and/or Si dissolved in W im-
prove the plasma erosion resistance of W coating. Gusev et al. [8]
reported the sputtering coefficients of W, WC, and W–C mixed
layer using deuterium ions. They revealed that the effect of C on
the sputtering coefficient of W is not significant. Also, it is not ex-
pected that Si rapidly improves the erosion property with increas-
ing Si content, since it is known that pure W and Si have very
similar sputtering rates [9]. The protective layer of silicon oxide
on the surface of W–Si–C coating might improve the sputtering-
erosion property, as Koch and Bolt [10] recently indicated the pres-
ence of SiO2 surface layer of plasma erosion resistant W–Cr–Si
alloys. Actually, the formation of stable surface oxide is known to
reduce the sputtering rate significantly [11]. In plasma spray coat-
ing of W–Si–C, SiO2 formation in inter-splat boundaries is unavoid-
able because Si elements in molten powder can be easily oxidized
by reaction with oxygen contained in atmosphere and/or carrier
gas. Formation of SiO2 was confirmed in XPS analysis in this study
(not shown), where 99 eV corresponding to 2p orbital binding
energy of Si in SiC, which was recorded before heat treatment of
W–SiC mixture powder, was disappeared, however, 103.5 eV cor-
responding to 2p orbital binding energy of Si in SiO2 was recorded
in plasma sprayed W–Si–C coating.

Since the plasma sprayed W–Si–C coating is of meta-stable
state, changes in the mechanical/thermal properties as well as
plasma erosion resistance should be estimated after long time
exposure to high temperature surrounding simulating continuous
operation of fusion reactor. Nevertheless, in view point of plasma
erosion resistance, plasma sprayed W–Si–C coating shows promi-
nent characteristics compared to any reported refractory materials.

4. Conclusion

More improved plasma erosion resistant W–Si–C coating was
successfully developed by plasma spraying of granular W–SiC com-
posite powders. During heat treatment of W–SiC powder, W2C and
Si2W5 intermetallics were formed by decomposition of SiC. How-
ever, all the intermetallics disappeared and some SiO2 were con-
firmed to be formed in W–Si–C coating.

By increasing SiC content up to 8 wt%, hardness of W–Si–C coat-
ing increased from 250 Hv to 440 Hv, and plasma erosion rate was
reduced from 170 lm/h down to 16 lm/h. In view point of plasma
erosion resistance, plasma sprayed W–Si–C coating shows promi-
nent characteristics compared to any reported refractory materials.
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