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Thermal properties of plasma-sprayed tungsten deposits
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Abstract

Tungsten powder was plasma-sprayed onto a graphite substrate in order to examine the microstructures, porosities,

and thermal conductivities of tungsten deposits. Tungsten was partially oxidized to tungsten oxide (WO3) after plasma

spraying. Most pores were found in the vicinity of lamellar layers in association with oxidation. It was revealed that

both tungsten oxide and the lamellar structure with pores have a significant influence on the electrical and thermal

conductivity.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tungsten has a body centered cubic structure (bcc), a

high melting point (3420 �C), good erosion resistance to

welding and spark, low vapor pressure (1.3 · 10�7 Pa at

Tmelt), high strength and dimensional stabilities at ele-

vated temperatures, low thermal expansion coefficient

(4.4 · 10�6/K), and high thermal conductivity (180 W/

mK). These prominent properties make tungsten a

candidate for contact material and plasma facing com-

ponents for the divertor region in International Thermo-

nuclear Experimental Reactors (ITER). In addition,

tungsten oxide (WO3) has been used in electronic de-

vices, catalysts, and chemical sensors. According to Gil-

let et al. [1], the electrical conductivity of tungsten oxide

can be changeable from the wide bandgap semiconduc-

tor state (WO3) to the conductor state (WO2). Smid

et al. [2] reported comprehensive research into tungsten
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armor and bonding to copper for plasma-interactive

compounds. W–1%La2O3 exhibited a high recrystalliza-

tion temperature, high thermal strength, and good

machinability. However, shortcomings such as reduced

thermal conductivities arise. Recently, Döring et al. [3]

explored the processing of vacuum plasma-sprayed

tungsten–copper composite coatings for high heat flux

components. They solved the issue of reduced thermal

conductivity by adopting a functionally gradient mate-

rial that exhibits a smooth property transition (i.e. ther-

mal expansion coefficient) from copper to tungsten.

Moreau et al. [4] conducted an experiment on the ther-

mal diffusivity of plasma-sprayed tungsten coatings.

They concluded that the lower thermal diffusivity of

plasma-sprayed tungsten coatings, compared to that of

bulk tungsten, was attributed to the coating�s lamel-

lar structure. However, tungsten oxidation may have

some influence on the thermal diffusivity (a), which

determines the thermal conductivity (j) by the following

equation:

j ¼ q Cpa; ð1Þ
s

ed.
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where Cp is the specific heat and qs is the sintered

density.

Thus, it is useful to investigate the influences of both

the coating�s lamellar structure and tungsten oxidation

on thermal diffusivity.

In the present study, plasma-sprayed tungsten depo-

sition was carried out to explore the effects on thermal

diffusivity and conductivity of the deposit. The micro-

structure and oxidation of the tungsten deposit were also

discussed.
2. Experimental procedures

Tungsten feedstock powder (TaeguTec Ltd., Korea,

99.9%, <13.5 lm) was plasma-sprayed onto a graphite

substrate (100 · 120 · 10 mm3) in air using the Valu-

PlazaTM thermal plasma spray system (40 kW), incorpo-

rating a 4 MP-Dual powder feed unit with an SG-100

gun (Praxair, USA) controlled by a computer program,

which moved the gun in x- and y-directions at intervals

of 3 mm. Table 1 shows the experimental parameters of

the present thermal plasma spray. Argon gas was used as

both the plasma and carrier gas. After plasma spraying,

the deposits were detached from the substrates by the

mechanism of thermal expansion mismatch at the inter-

faces between the deposits and substrates. Phase constit-

uents of deposits was identified by a Rigaku X-ray

diffract- meter with Cu Ka radiation at 40 kV and 34

mA. A scanning electron microscope (JEOL 8600,

Japan) with back-scattered electrons as well as a Nikon

Epiphot 200 optical microscope, were utilized to exam-

ine the microstructure and porosity of the deposits after

being polished with 1 lm diamond paste. The thermal

diffusivity and thermal conductivity were measured at

an in-plane direction parallel to the deposit using a laser

flash instrument (LFA-437, NETZSCH-Geraetebau

GmbH, Korea Institute of Machinery and Materials)

at room temperature. The electrical conductivity was

measured at 10 sites on each specimen using the

eddy current method. A Sigmascope SMP10 (Fischer

Technology, Inc.) was used at a probe frequency of
Table 1

Present plasma spraying parameters

Parameters/torch SG-100

Input power (kW) 25, 27, 30

Input current (A) 500

Input voltage (V) 50, 54, 60

1st gas flow rate (Ar, l/min) 47.2

2nd gas flow rate (H2, l/min) 3.78, 7.08, 9.44

Carrier gas (Ar, l/min) 6.6

Powder feed rate (g/min) 25

Traverse rate (mm/s) 20

Spray distance (mm) 100
68 KHz after the sprayed deposits were ground to a

thickness of 450 lm.
3. Results and discussion

3.1. Microstructure observation

Fig. 1 shows the cross-section of a free-standing tung-

sten deposit plate. The thickness of the deposit plate was

0.8 mm. Generally, a dense deposit was observed. Sev-

eral pores were found scattered in the vicinity of the

coating�s lamellar layers as shown in Fig. 2(a). It is seen

that most of the sprayed tungsten particles were com-

pletely melted and deposited. As shown in Fig. 2(b),

stacks of large lamellar layers with thicknesses of about

5 lm are seen. Small intra-lamellar pores were observed,

while large inter-lamellar pores were found. Dark areas

at the inter-lamellar layer boundaries are attributed to

tungsten oxide (WO3). This implies that most pores

developed at the inter-lamellar layers in association with

oxidation during plasma spraying.

3.2. Tungsten oxidation

Fig. 3 shows the phase constituents of the plasma-

sprayed tungsten deposits. With an increase in input

power, the level of the WO3 peak increased. Hegetüs

et al. [5] reported that WO2 was observed after oxidizing

alpha tungsten in moist hydrogen at about 740 �C. Their

proposed reaction is expressed as follows:

Wþ 2H2O ¼ WO2 þH2: ð2Þ

Bigey et al. [6] identified various oxidation states of

tungsten oxide using XPS technology. They concluded

based on the observations (XPS, XRD) that the reduc-

tion took place as follows:
Fig. 1. SEM micrograph of cross-sectioned plasma-sprayed

tungsten deposit.
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Fig. 4. Thermal diffusivity versus porosity.

Fig. 2. SEM micrographs of plasma-sprayed tungsten deposit:

(a) ·2000; (b) ·5000.
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Fig. 3. XRD patterns of plasma-sprayed tungsten deposits

along with different input powers: (a) 25; (b)27; (c) 30 kW.
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However, it is known that plasma spray uses high

temperatures (5000–12000 �C) and high velocities

(200–600 m/s) [7,8]. Thus, there is not enough resident

time for the formation of such WOx, due to the rapid

solidification of liquid/semi-liquid droplets in the range

of 105–7 K/s [9]. As a result, reactions (2)–(5) may not

occur. When droplets impinge the substrate, the drop-

lets� temperatures rapidly decrease to near substrate

temperatures due to the large temperature gradient be-

tween the plasma torch and the substrate, as reported

by many researchers [7,10–12]. It seems that some small

tungsten particles were oxidized to tungsten oxide vapor

(WO3 (g)) in the high temperature plasma jet of approx-

imately 3900 K and then became tungsten oxide

(WO3(g)) by rapid solidification [13].

3.3. Thermal and electrical properties

Fig. 4 shows the thermal diffusivity of plasma-sprayed

tungsten deposits versus porosity. Although the level of

the porosities gradually decreased, the thermal diffusivi-

ties did not increase correspondingly. At the input power

of 30 kW, the value of the thermal diffusivity was

dropped a little, comparing to that at 27 kW. According

to Castro et al. [14], assuming no oxidation in the coat-

ings, the thermal diffusivity increases with decreasing

porosity. However, in the present case, the tungsten

deposits were oxidized to WO3 as shown in Fig. 3. This

indicates that oxidation has a significant influence on

thermal diffusivity. The thermal diffusivity of bulk tung-

sten is about 7 · 10�5 m2/s. The measured values

(�3 · 10�6 m2/s) were extremely lower than bulk tung-

sten�s value. This is attributed to the structural imperfec-

tions of the plasma-sprayed deposit, stacked individual

lamellae with the presence of pores and oxides.

Fig. 5 shows the electrical and thermal conductivities

versus porosities along with different input power levels.

From the theoretical Eq. (1), it is noted that thermal

conductivity increases with increasing material density.
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Fig. 5. Conductivity and porosity along with input power.
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However, the present results show a different tendency,

because pores and impurities (oxides) in the deposit limit

inter-lamellar free electron movement. According to the

Wiedemann–Franz law, the relationship between the

electrical conductivity and thermal conductivity can be

expressed as follows:

r ¼ N fe2s
m	 ¼ 1

q
; ð6Þ

j
rT

¼ p2k2
B

3e2
; ð7Þ

where r is the electrical conductivity, s is the relaxation

time, m* is the effective mass, q is the electrical resistiv-

ity, and kB is the Boltzmann constant. Thus, the electri-

cal conductivity has the same tendency as the thermal

conductivity.
4. Conclusions

A free-standing plasma-sprayed tungsten plate was

produced using an atmospheric plasma spray. Most of
the tungsten particles were melted and deposited on

the graphite substrate. During plasma spraying, tung-

sten oxide (WO3) was formed by the rapid solidification

of droplets. It was revealed that both tungsten oxide and

the lamellar structure with pores have a significant influ-

ence on electrical and thermal conductivity. The ten-

dency of the electrical conductivity was similar to that

of the thermal conductivity. In order to protect against

tungsten oxidation, it is suggested to plasma spray tung-

sten powder in vacuum or lower pressure chamber with

inert gas.
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