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Tungsten (W) coatings have been prepared via air (APS) and vacuum plasma spraying (VPS) tech-
nologies, respectively. The microstructures and chemical compositions of the coatings were compara-
tively studied; meanwhile, the mechanical and thermal properties were evaluated. The results obtained
showed that oxide content in the VPS-W coating was apparently lower than that of the APS-W coating
because of the different surrounding atmosphere, which influenced the mechanical and thermal prop-
erties of the coatings directly. Similar microstructures were observed for the VPS-W and the APS-W
coating, but the VPS-W coating was much denser. The bonding strength of the VPS-W coating was much
higher than that of the APS-W coating. Thermal conductivity of the VPS-W coating was 59.3 W/m Æ K at
room temperature while the APS-W coating was 32.2 W/m K. Thermal loading experiments of electron
beam showed that the VPS-W coating could withstand the heat load of 10.75 MW/m2, while the APS-W
coating formed serious cracks on its surface at the load of 7.5 MW/m2.
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1. Introduction

CFC, B4C, Be, W, Mo, V, and so forth have been
studied as candidates for plasma facing materials (PFM) in
fusion experiment devices (Ref 1-3). However, the low-Z
materials such as Be and C are susceptible to erosion
under plasma particles bombardment by physical sput-
tering, radiation-enhanced sublimation, and chemical
sputtering processes (Ref 4). The erosion not only con-
taminates the plasma but also changes the properties of
the plasma facing wall (Ref 5).

It has been demonstrated that W has many special
advantages as PFM in recent research, such as: highest
melting point of all metals, high energy threshold for
physical sputtering, low deuterium etching, good thermal
conductivity, high-temperature strength, and dimensional
stability (Ref 6). The main drawbacks of W are the high
ductile-to-brittle transition temperature (DBTT, about
400 �C) and difficulties in machining (Ref 7). So it is
significant to use W coatings at plasma facing surfaces

instead of W bulk materials. The preparation and char-
acterization of W coating have been actively studied.
Several coating technologies have been applied to fabri-
cate W coatings. Nakamura et al. (Ref 8) prepared W
coating via chemical vapor deposition (CVD), and
Deschka et al. (Ref 9) used physical vapor deposition
(PVD). The high cost and thin thickness of the CVD-W
coating limited the application of this method, while the
main problems in the PVD-W coating were the low adhe-
sion and high impurity content. Maier et al. (Ref 10)
compared W film deposited by magnetron sputtering (MS)
and by plasma arc (PA) deposition. It was reported that
high compressive stress led to delamination when a MS-W
film thickness was about 3 lm, and for the PA-W film it was
not suitable for thick coatings as well. To achieve inex-
pensive, thick W coatings with good adhesion strength,
Riccardi et al. (Ref 11) fabricated W coating through
plasma spraying (PS) technology. Matějı́ček et al. (Ref 12)
exposed the PS-W coatings to high-temperature plasma in a
small tokamak, and the coatings showed no erosion and
minimal influence on plasma parameters. Boire-Lavigne
et al. (Ref 13) investigated the thermal diffusivity using
laser flash method and found that spraying atmosphere had
a strong influence on the interfacial contact between lam-
ellas and the thermal diffusivity of the PS-W coatings.

Plasma spray technology enables the preparation of a
broad variety of coating materials, including high melting
point materials. Plasma spray technology has become the
favorite way to prepare W coating now, because of its
ability to cover large surfaces with thick coatings and its
relatively low cost. However, the intrinsic porosity and
high impurity content decrease the mechanical and ther-
mal properties of PS-W coating. Greuner et al. (Ref 14)
thought that parallel layer structure and porosity of layer
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reduced the thermal conductivity of the coatings (20 W/m Æ K
at room temperature), while Kang (Ref 15) pointed out
that tungsten oxide and porosity in the coating might have
a significant influence on its electrical and thermal con-
ductivity.

There have been some studies on the PS-W coating
focused on the microstructures and thermal responses
under high heat loads, but little research was carried out
concerning the effects of oxidation behavior on the
mechanical and thermal properties of the coatings. In this
work, an effort was made to investigate the influence of
oxygen impurity on the properties of PS-W coatings. Two
kinds of coatings have been prepared via air plasma spray
(APS) and vacuum plasma spraying (VPS) technologies,
respectively. The influence of oxidation behavior on their
microstructures, chemical compositions, microhardness,
bonding strengths, and thermal conductivities were
investigated. Thermal loading experiments were also car-
ried out to evaluate the high heat flux properties of the
coatings.

2. Experimental Procedure

Commercially available tungsten powder with a median
size of 42 lm in a weight mean (Fig. 1) was applied to
prepare coatings via a plasma spray system (Sulzer Metco
A-2000, Switzerland) equipped with a F4-MB torch for
APS and a F4-VB torch for VPS, respectively. For both
APS and VPS processing, argon and hydrogen were used
as plasma forming gases, and the coatings were deposited
onto copper (Cu) substrate under modified deposition

parameters (Table 1). Before deposition, the Cu substrate
was grit blasted and the gradient layer comprising W and
Cu was applied to improve the bonding strength of the
coating. The gradient layer was stepped from 1:1, 1:2, to
1:3 at the weight ratio of Cu and W, the total thickness of
which was about 80 lm.

Microstructures of the coatings were characterized by an
electron probe microscope analyzer (EPMA; JAX-8100,
JEOL, Japan) and a transmission electron microscope
(TEM; TEM-2100F, JEOL, Japan). Porosity was deter-
mined using OPTILABA and IMAGE (from the National
Institute of Health (NIH), Springfield, VA) software and
the cross-sectional SEM images of the coatings were used.
X-ray energy dispersive spectrometry (EDS; TEM-2100F,
JEOL, Japan) and Auger electron spectroscopy (AES;
Microlab 310F with a dual-anode, VG Scientific, Great
Britain) were applied to examine the chemical composi-
tions and structures of the coatings. Polished specimens of
W coatings were used in AES examination. The oxygen
content in the coatings was detected by Nitrogen/Oxygen
Determinator (TC600, Leco, USA).

Fig. 1 Particle size distribution of W feedstock and its SEM photograph

Table 1 Spraying parameters of APS and VPS

VPS APS

Plasma gas Ar, slpm 42 40
Plasma gas H2, slpm 10 10
Spray distance, mm 300 150
Chamber pressure, mbar 100 …
Powder carrier gas, Ar, slpm 3.0 4.0
Power, kW 39 36
Spray gun F4-VB F4-MB
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The bonding strengths of the coatings were evaluated
according to ASTM C 633–79. The Vickers microhardness
tests of the as-sprayed coatings were performed on
polished surfaces (cross sections of the coatings) by a
microhardness tester (HX-1000, SSOIF, China) with a
1.96 N normal load and a dwell time of 15 s. The reported
values of microhardness of the coatings were the mean of
20 indentations. To avoid the effect of stress field, the
distance between two indentations was kept greater than
three times the indentation diagonal (Ref 16). Thermal
conductivities of the coatings were measured on a physical
property measurement system (PPMS; PPMS Model 6000
Quantum Design). The temperature ranged from 2 to
320 K with the infrared emissivity e = 0.3 (Ref 17).

Thermal loading experiments were carried out with
active water cooling in an e-beam high heat flux (HHF)
test facility. The coatings of 1 mm thickness including the
gradient layer were sprayed on Cu substrates of an area of
40 9 30 mm and a height of 25 mm. An electron beam
with particle energy of 10 keV was used in the tests, and
the water flow rate was 1.8 m3/h. The loaded area was
2 cm2, and the chamber pressure was 2.3 9 10-3 to
3.2 9 10-3 Pa. The heat load increased with a stepwise
increase of 1.25 MW/m2, and each step lasted for 100 s.
The starting heat loads for the tests were 2.5 MW/m2. The
surface temperature variation of the coatings was mea-
sured by an infrared (IR) pyrometer, the wavelength of
which was 0.85 to 1.08 lm. It had one color, and the
measurable temperature range was from 500 to 2000 �C.

3. Results and Discussion

3.1 Microstructure and Chemical Composition

Figure 2 shows the surface morphologies of APS-W
and VPS-W coatings. Well-molten particles were observed
in both of the coatings; however, it was found that there
were distinct microcracks on the surface of the APS-W
coating (Fig. 2a). The fracture morphologies of W coat-
ings are shown in Fig. 3. Lamellar structures characteristic
of plasma sprayed coatings and columnar crystals were
found in both coatings, and the grain boundary was clearly
viewed in the VPS-W coating. Similar columnar crystal
structure of W coating deposited on molybdenum sub-
strate was reported in Du et al. (Ref 18). The micro-
structure showed that VPS-W coating had less porosity
than that of APS-W coating. Two kinds of typical
micropores were observed in the APS-W coating (Fig. 3a):
one was spherical pores with a diameter about 4 lm, and
the other was linear pores with an average length about
6 lm. Microcracks were also found in the APS-W coating,
while no cracks and fewer micropores were discovered in
the VPS-W coating (Fig. 3b). Porosity in the APS-W
coating was 10.2%, while porosity was only 2.1% in the
VPS-W coating determined by image analysis, and the
sample photos used for porosity measurement are shown
in Fig. 4.

The transverse sectional (perpendicular to the spraying
direction) microstructure characteristics of W coatings are

presented in Fig. 5. It could be seen that both coatings
were composed of W crystalline grains with different sizes
and irregular shapes. The average grain size in the VPS-W
coating was 0.78 lm, which was about twice that in the
APS-W coating (0.34 lm). The difference in grain size was
determined by the different cooling conditions during
spray process. The VPS-W coating was deposited and
cooled down in the chamber without air cooling during
and after the fabrication process, but for the APS-W
coatings there was an air-cooling system. Therefore, the
substrate temperature was much higher than the APS-W
coating, and the cooling rate was lower as well, which
resulted in lower nucleation rate and larger grain size for
the VPS-W coating. The diffraction spot of the VPS-W
coating was circular, while that of the APS-W coating was
arc ellipse in the electron diffraction patterns, which sug-
gested that the crystallization in the APS-W coating was
not as good as that in the VPS-W coating (Ref 19). EDS
spectra of as-sprayed W coatings are also shown in Fig. 5.
Oxygen peak was found in the APS-W coating, but not
viewed in the VPS-W coating.

Fig. 2 Surface morphologies of plasma sprayed W coatings:
(a) APS-W and (b) VPS-W
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Generally, tungsten oxide is generated from the reac-
tion between W and O2 during the deposition of APS-W
coating. Meanwhile, some researchers believed that the
presence of H2O, which comes from the environment
moisture and the reaction between H2 and O2, also played
an important role in the oxidation of tungsten. Hegetüs
et al. (Ref 20) proposed tungsten oxide was produced at
740 �C:

Wþ 2H2O ¼WO2 þH2

Bigey et al. (Ref 21) believed that tungsten oxide
changed—for example, WO2, WO3, WO2.9, WO2.72, and
so forth—at different temperatures. The oxygen exami-
nation result obtained by Nitrogen/Oxygen Determinator
showed that the oxygen content was about 0.21 wt.% in
the APS-W coating and about 0.07 wt.% in the VPS-W
coating. Unfortunately, no tungsten oxide phase was
found in the XRD patterns because of the XRD detection
limit (2 wt.%).

The AES spectra of the W coatings in different depths
under the polished surface are presented in Fig. 6. It could

be seen that O peaks appeared on the outmost layers
(depth = 0 nm) of the both coatings. For the VPS-W
coating, the height of O peak decreased with the
increasing depth, and the O peak almost disappeared at a
depth of 36 nm (Fig. 6b). However, it was found that
oxygen peak presented apparently at all depths for the
APS-W coating, which confirmed that oxide did exist in
the coating (Fig. 6a). The oxygen on the surface of the
VPS-W coating was supposed to be introduced from
exposure to air after spraying or during the polishing
process.

3.2 Mechanical Properties

The microhardness of the VPS-W coating was
2.71 ± 0.52 GPa, which was 77% of bulk W (3.5 GPa),
while the APS-W coating was 2.44 ± 0.46 GPa which was
69% of W bulk material. The high value of microhardness
of the VPS-W coating benefited from the lower porosity
and fewer defects (Fig. 3) because of less oxidation. Polcar
et al. (Ref 22) prepared tungsten oxide coatings with

Fig. 3 Fracture surface SEM images of plasma sprayed W
coatings: (a) APS-W and (b) VPS-W

Fig. 4 The example photos of W coating used for porosity
measurement: (a) APS-W and (b) VPS-W
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13 and 75 at.% oxygen content by direct current (dc)
magnetron sputtering and found that the coating hardness
decreased with increasing oxygen content from 25 to
7.7 GPa. It was thought that the oxidation affected the
texture of the coating by introducing more pores and some
other defects, which had an important influence on the
microhardness (Ref 23).

The bonding strength tests of the coatings revealed that
the bonding strength of the VPS coating was 44.8 MPa,
which was about twice that of the APS coating (22.7 MPa)
(Fig. 7). The good adhesion between the VPS-W coating
and substrate were explained in terms of less oxidation

and higher flight velocity of W particles during vacuum
plasma spraying process (Ref 24). The bonding strength
was influenced by the thermal and kinetic energy of the

Fig. 5 Transverse sectional TEM morphologies of plasma
sprayed W coatings: (a) APS-W and (b) VPS-W

Fig. 6 AES spectra of plasma sprayed W coatings: (a) APS-W
and (b) VPS-W

Fig. 7 Bonding strength of plasma sprayed W coatings
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particles; however, tungsten oxide has low boiling point
(WO3 for example is 1840 �C), the evaporation of which
during spraying reduced the particle energy (Ref 25).
Then higher kinetic energy was allowed by higher flight
velocity, and higher thermal energy was provided by less
oxidation for the VPS-W coating. Parreira et al. (Ref 26)
found that the adhesion of the sputtered tungsten oxide
coating was much better for the low oxygen content than
that for the high oxygen content. Different broken modes
were found in the tensile test from the images of the
fracture surfaces. The color of the APS-W coating fracture
surface was taupe, the typical color of mixed Cu and W.
Meanwhile, the VPS-W coating fracture surface was red-
dish, which was the same color of copper. The observation
of the fracture surfaces revealed that during the bonding
strength tests, the APS-W coating failed in the gradient
layer, while the VPS-W coating ruptured at the boundary
between coating and substrate. This revealed that the
copper oxide and tungsten oxide in the Cu-W gradient
layer of the APS-W coating greatly decreased the bonding
strength. The higher mismatch stress was enhanced by the
oxidation, and more porosity (Fig. 4a) in the APS-W
coating might reduce the adhesion between coating and
substrate (Ref 27, 28).

3.3 Thermal Conductivity

The variations of thermal conductivity versus temper-
ature for the VPS-W and APS-W coatings are exhibited in
Fig. 8. It was discovered that the thermal conductivity of
the VPS-W coating was about 59.3 W/m Æ K at room
temperature, which was much higher than that of the
APS-W coating (32.2 W/m Æ K).

Thermal conductivity of plasma sprayed W coating
depends strongly on the texture structure, defects, poros-
ity, and oxide impurity, which are determined in the fab-
rication process. Castro et al. (Ref 29) demonstrated that
the thermal conductivity of Be coating decreased with
increasing porosity. Riccardi et al. (Ref 30) thought that
the lamellar structure of the coating reduced its thermal

conductivity. It was supposed that the gaps between the
parallel layers (Fig. 3a) and more grain boundaries in the
APS-W coating limiting the electron mean free path by
means of scattering also influenced the thermal conduc-
tivity of the coating. High oxygen content in the APS-W
coating contributed to the reduced thermal transfer as well
compared to VPS-W coating. Kang (Ref 15) showed evi-
dence that tungsten oxide had some influence on the
thermal diffusivity (a). Generally, the thermal conductiv-
ity (j) is determined by: j = qs*Cp*a, where Cp is the
specific heat and qs is the sintered density. Lower thermal
diffusivity and higher porosity reduced the thermal con-
ducting ability of APS-W coating significantly.

3.4 Thermal Loading Test

Surface temperature evolutions measured by an IR
camera during thermal loading tests are given in Fig. 9.
The surface temperature of the APS-W coating increased
quickly with the flux rising from the flux of 2.5 MW/m2. It
was not sensitive for the IR pyrometer below 600 �C, and
the temperature of the VPS-W coating was below that
when the flux was less than 6.25 MW/m2. Therefore, the
temperature curve of the VPS-W coating was drawn from
6.25 MW/m2. The surface temperature of the APS-W
coating was 1290 �C at 7.5 MW/m2, while it was only
1160 �C for VPS-W coating at 10.75 MW/m2. The higher
thermal conductivity of VPS-W coating was helpful to
transfer the heat to the cooling substrate and decreased
the surface temperature. Surface morphologies of the W
coatings after thermal loading tests are shown in Fig. 10.
Recrystallization textures were found in both coatings.
Similar recrystallization phenomenon of plasma sprayed
W coating was found by Liu et al. using annealing and
cyclic heat load experiments (Ref 31). It was reported by
Tamura et al. (Ref 32) that the recrystallization influenced
the mechanical properties such as the embrittlement in the
cyclic heat load tests (Tamura et al.). No distinct micro-
cracks were found in the VPS-W coating after the thermal
load of 10.75 MW/m2, as shown in Fig. 10(b). However,

Fig. 8 Thermal conductivities of plasma sprayed W coatings
Fig. 9 Surface temperatures of plasma sprayed W coatings
during thermal loading tests
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obvious microcracks were found in the APS-W coating
(Fig. 10a). Tokunaga et al. (Ref 33, 34) believed that
crack creation was attributed to the local thermal stress.
During the thermal loading tests, high heat flux led to the
reinforcing of thermal stress on the surface. Because of the
low value of the thermal conductivity of APS-W coating,
the heat on the surface could not be relaxed quickly and
then the surface coating became more brittle during
cooling, which resulted in the creation of cracks. Addi-
tionally, the oxide impurity, which had different thermal
expansion behaviors (the CTE value of W and WO3 are
4.5 9 10-6 K-1 and 16.4 9 10-6 K-1, respectively, Ref 35)
augmented the stress when the temperature increased.

4. Conclusions

Tungsten coatings have been deposited on the copper
substrate via air and vacuum plasma spraying technolo-
gies, respectively. Higher oxygen impurity (0.21 wt.%),

more microcracks, and higher porosity were found in the
APS-W coating than in the VPS-W coating. Spherical
pores and linear pores were observed in the APS-W
coating, which decreased the microhardness. Different
broken modes in the bonding strength tests between APS-W
and VPS-W coatings suggested that oxide impurity
reduced the bonding strength significantly. Thermal con-
ductivity of the VPS-W coating was 59.3 W/m Æ K at room
temperature, while the APS-W coating was 32.2 W/m Æ K.
Oxide impurity, lamellar structure, and intrinsic porosity
of coating were responsible for the low thermal conduc-
tivity of the APS-W coating. Thermal loading experiments
of electron beam showed that the VPS-W coating could
withstand the heat flux of 10.75 MW/m2, while the APS-W
coating caused microcracks to propagate and extend on its
surface at 7.5 MW/m2 load. It was found that oxidation
behavior strongly affected the mechanical and thermal
properties of PS-W coatings; therefore, it becomes
important to further reduce the oxygen impurity in future
studies.
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Sprayed Tungsten Coatings on CFC and Graphite under High
Heat Load, J. Nucl. Mater., 1999, 266-269, p 1224-1229

35. Y.S. Touloukian, R.K. Kirby, R.E. Taylor, and T.Y.R. Lee,
Thermophysical Properties of Matter, Vol. 13, Thermal Expan-
sion Nonmetallic Solids. IFI/Plenum Press, New York, 1975,
p 405

384—Volume 17(3) September 2008 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d


	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec7

	Sec8
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


