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Abstract Tungsten coatings on oxygen-free copper sub-

strates were fabricated by atmospheric plasma spraying

(APS) technique. The properties of the microstructure,

porosity, microhardness and oxidation of the coatings were

characterized and measured. In order to evaluate the

thermal properties of the APS-W coating, a high current

pulsed electron beam facility was introduced to carry out

the transient high heat load tests. Three power densities of

0.2, 0.5 and 1.0 GW/m2 and total pulse duration of 5 ms

were performed on the coating surfaces. The surface

temperature and behavior of the APS-W coatings under the

transient high heat load were investigated. Obvious melt-

ing and re-solidification were found on the treated APS-W

coatings, and cracks were also observed on coating

surface.
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Introduction

Tungsten has been chosen as one of the excellent candidate

armor materials for plasma facing components (PFCs) in

nuclear fusion reactors due to it has the highest melting

point of all metal, the lowest vapor pressure, excellent

thermal conductivity and high physical sputtering threshold

energy [1–4]. Atmospheric plasma spraying (APS) is a

prospective coating technology which can provide simul-

taneously the fabrication of W and joining it to heat sink

even with complex shape. It is an attractive process for its

relatively low cost, high deposition rate and convenience to

in situ repair of damaged coatings [5, 6]. Plasma facing

components in a nuclear fusion reactor will be subjected to

extreme high heat loads (transient as well as steady-state)

and irradiation by various particles from the plasma [7–9].

To assess the suitability and fatigue life of material in a

fusion device, high heat flux test facilities based on intense

electron and ion beams have been successfully utilized to

carry out the simulation experiments under the similar

conditions [10–12].

In this work, thick tungsten coatings were fabricated on

the oxygen free copper substrates by atmospheric plasma

spraying technique. The mechanical properties like

microstructure, porosity, microhardness and oxidation of

the coatings were characterized and measured. To evaluate

the thermal performance of APS-W coating, transient high

heat load tests were performed on the coating by High

Current Pulsed Electron Beam (HCPEB), the behavior of

APS-W coating under transient high heat load were

investigated.

Experimental Procedures

Tungsten Coating Fabrication

Tungsten coatings were fabricated onto oxygen-free copper

substrates by atmospheric plasma spraying technique using

a plasma spray system and SG-100 spray gun (PRAXAIR,

USA), a median size of 6 lm commercial tungsten powder

was used as the feedstock. Copper substrates were grit-

blasted and ultrasonically cleaned before deposition in
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order to enhance the adhesion of coating and substrate. The

spray power was 17 kW (40 V 425 A). During plasma

spraying, the coating surface was cooled by dry

compressed air to avoid the detachment of the coating and

copper substrate.

The mechanical properties of the APS-W coating were

characterized and measured. The microstructure of the

coating was characterized by Scanning Electron Micro-

scopy (SEM, U-70, Hitachi, Japan). X-ray diffraction

(XRD) and energy-dispersive X-ray spectroscopy (EDS,

INCA) analytical system installed on SEM were used to

analyze the composition and oxidation of the coatings. The

microhardness was measured with a digital Vickers hard-

ness testing machine (BUEHLER 5114, Japan). The

porosity and pore size distribution was measured by means

of a mercury porosimeter instrument (AutoPore 9500,

USA).

Transient High Heat Load Test

A high current pulsed electron beam facility (SOLO-M,

Russia) was introduced to carry out the transient high heat

load test. The coating surface was grinded before the

experiment. Three power densities with 0.2, 0.5 and

1.0 GW/m2 and total pulse duration of 5 ms were per-

formed on the coating surface. The main parameters are as

follows: The electron accelerating voltage was 10 kV; the

e-beam current was set to 25, 65 and 130 A, corresponding

to the power density 0.2, 0.5 and 1.0 GW/m2, respectively.

25 pulses with single pulse duration of 0.2 ms and fre-

quency 1 Hz were performed on the surface of the tungsten

coating.

The surface temperature was real time detected by a

high speed infrared thermometer (KLEIBER, Germany);

the surface microstructure of the coatings after treatment

was characterized by Scanning Electron Microscopy, the

behavior of APS-W coatings under transient high heat load

were investigated.

Fig. 1 SEM images of the APS-W coating, cross-section (a), surface (b)

Fig. 2 Pore size distribution of the APS-W coating

Fig. 3 XRD pattern and EDS-mapping of the APS-W coating
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Fig. 4 Surface morphology of the APS-W coatings after transient high heat load tests. 0.2 GW/m2, 25 pulses (a), 0.5 GW/m2, 25 pulses (b),
1.0 GW/m2, 25 pulses (c) and 0.5 GW/m2, 200 pulses (d)

Fig. 5 Surface temperature

variation of the APS-W coating

under pulsed heat loads
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Results and Discussion

Characterization of APS-W Coating

Figure 1 shows the surface and cross-section SEM micro-

graphs of the APS-W coating. Overall, a relatively dense

tungsten coating has been obtained, but some pores and a

rough surface which are typical characteristics of APS

coating were also observed. The porosity and pore size

distribution estimated from the mercury porosimeter

instrument are shown in Fig. 2. The density of the coating

is 17.69 g/cm3, the porosity is 10.67 % and the pore size

diameter of the APS-W coating is distributed in the range

of 60–500 nm, mainly concentrated in about 250 nm, the

micron pores have not been detected. The Vickers micro-

hardness of the coating surface is 243 HV which an aver-

age value of 5 measurements at different locations (the

maximum value is 256 HV, and the minimum value is

230.7 HV). The composition and oxidation of the APS-W

coating analyzed by XRD and EDS was shown in Fig. 3, It

was difficult to find tungsten oxide appears from the XRD

pattern, but the EDS-mapping shows the presence of oxy-

gen. The oxygen content tested by EDS was 7.62 wt%.

Behavior of APS-W Coating Under Transient High

Heat Load

Surface morphologies of the APS-W coating after the

transient thermal shocks are shown in Fig. 4. Obvious

surface melting and re-solidification occurred on all coat-

ings at three power densities, Cracks were also observed on

coating surface. There is no essential difference on the

performance of these coatings at three power densities; it is

not obvious that the surface melting and crack development

were aggravated with the increasing power density. Fig-

ure 4d shows the surface morphology of the APS-W

coating undergone 200 pulses heat load with power density

0.5 GW/m2, compared with Fig. 4b, we can see that the

cracks increased and aggravated with the increase of pulse

number.

Surface temperature was real time detected by a high

speed infrared thermometer, the response time and mea-

suring range of the infrared pyrometer are 10 ls and

350–3500 �C, respectively, the temperature below 350 �C
are all recorded as 350 �C. Figure 5 shows the surface

temperature variation under the first five pulsed heat loads

with power density 0.5 GW/m2, the temperature variation

under other pulsed heat loads are very similar to those

shown in Fig. 5. The peak temperature has reached the

melting point of tungsten, melting would occur on the

coating surface, this has been observed in Fig. 4. The

heating and cooling rate of the coating surface are very

fast, coating surface rapidly cooled down to room tem-

perature from the molten state, the cooling rate up to

105 K/s, the melting tungsten re-solidify, shrink rapidly

and form a droplet-shaped which we can clearly see in

Fig. 4. The pulse interval is 1 s, which is enough time for

the surface cooling, so the surface temperature does not

cumulatively increase under the pulsed heat loads with

frequency 1 Hz.

Conclusion

Tungsten coatings were fabricated on oxygen free copper

substrates by atmospheric plasma spraying technique. The

mechanical properties of the APS-W coating were char-

acterized. The density of the coating is 17.69 g/cm3, the

porosity is 10.67 % and the pore size diameter is dis-

tributed in the range of 60–500 nm, no micron pores were

detected. XRD pattern and EDS-mapping show that mini-

mal oxidation occurred during the deposition process.

Transient high heat load with three power densities of 0.2,

0.5 and 1.0 GW/m2 and total pulse duration of 5 ms were

performed on the coating surface for evaluating the thermal

properties of the coating. The peak temperature has

reached the melting point of tungsten, Obvious melting and

re-solidification occurred on the APS-W coating after

treated, some cracks were also observed. The heating and

cooling rate of the coating surface are very fast, which was

up to 105 K/s. The coating surface was fast heated to the

molten state, and then re-solidified rapidly, shrunk and

formed a droplet-shaped. The surface temperature did not

cumulatively increase under the pulsed heat loads with

frequency 1 Hz.
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