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ABSTRACT

Two types of plasma spray tungsten coatings on ferritic/martensitic steel F82H made by vacuum plasma
spray technique (VPS) and air plasma spray technique (APS) were examined in this study to evaluate the
possibility as plasma-facing armor. The VPS-W/F82H showed superior properties. The porosity of the
VPS-W coatings was about 0.6% and most of the pores were smaller than 1-2 um and joining of W/
F82H and W|/W was fairly good. Thermal load tests indicated high potential of this coating as plasma-fac-
ing armor under thermal loading. In case of APS-W/F82H, however, porosity was 6% and thermal load
properties were much worse than VPS-W/F82H. It is likely that surface oxidation during plasma spray
process reduced joining properties. Remarkably, both coatings created soft ferrite interlayer after proper
heat treatments probably due to high residual stress at the interfaces after the production. This indicates
the potential function of the interlayer as stress relieve and possible high performance of such coating

component under thermal loads.

© 2009 Published by Elsevier B.V.

1. Introduction

Tungsten (W) is promising plasma-facing armor material in the
future fusion devices. The advantage of W is the high melting
point, low tritium inventory and low erosion rate under plasma
loading [1,2]. The main drawbacks of W are the high ductile to brit-
tle transition temperature (DBTT, approximately 400 °C) and diffi-
culties in machining. A possible solution for the utilization of
tungsten at plasma-facing surfaces is the coating of the heat sink
or structural material with a thin tungsten layer. As coating tech-
nologies, vacuum plasma spray (VPS) [3], physical vapor deposition
(PVD) [4,5] and chemical vapor deposition (CVD) [6], have been
proposed and tested under high heat flux loading. As substrate
materials for W coating, the following materials have been applied:
copper or copper alloys foreseen in concern of water cooled sys-
tem, graphite and/or CFC [7-10] for inertially cooled system and
reduced activation ferritic steel [11]. In the present study, F82H
ferritic/martensitic reduced activation steel, which is a leading
structural material candidate for a fusion demonstration reactor,
was selected as the substrate.
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In this paper, characterization of thick plasma spray coatings of
W on F82H steel and the evaluation of impacts of various heat
treatments on the coating systems are presented.

2. Experimental procedures

Reduced activation ferritic steel substrate with dimension of
20 mm x 20 mm x 2.5 mm were coated by vacuum plasma splay-
ing technique (VPS) and also by air plasma splay (APS). The
substrate material was F82H, (Fe-8Cr-2W) developed by JAEA. Its
thermal expansion and thermal conductivity at 300K are 11.7 x
107°K~! and 0.82 W/cm™! K™, respectively. After roughing the
surface of the substrate by burst treatment for better adhesion,
APS and VPS were performed at TOCALO Co. Ltd. in Japan. The
thickness of the coating layer in both cases is 1.0 mm. In order to
suppress oxidation and change of the ferritic/martensitic structure
during the spraying processes, bulk temperature of the substrate
was kept below 150 and 600 °C for APS and VPS, respectively.
The average size of the W powders for APS and VPS were 40 and
17 pm, respectively.

In order to examine metallurgically, microstructure of the
coatings and the substrate were observed by means of scanning
electron microscopy (SEM), orientation imaging microscopy
(OIM) and transmission electron microscopy (TEM). OIM gives
the 2-D information of the orientation of each crystalline grains
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and local strain. In order to obtain thin foil specimens of about
100 nm-thick for TEM observation, cross-sectional specimen prep-
aration technique with a focused ion beam device (FIB) was used.
Local hardness was measured by a nano-indenter.

Thermal response tests were carried out in the electron beam
facility JUDITH [12,13]. Its maximum beam power is 60 kW and
the beam diameter is 1 mm. The acceleration voltage of electron
beam is 120 kV. A single color pyrometer (observing wavelength:
around 1.5-1.6 pum) observes surface temperature in the area of
3-4 mm diameter at the surface though a quartz window with
viewing angle of approximately 45° The effective emissivity
including transmission of the window was calibrated by the melt-
ing temperature of the W coating at 3400 °C.

3. Results
3.1. Structure

SEM micrographs in Fig. 1 show surface morphology of VPS-W
and APS-W, and the corresponding cross-sectional structures. The
surface of VPS-W has very fine rough structure. In addition,
many spherical particles of about 20 pm or less, which probably
have not melted perfectly during the plasma spray process, exist
on the surface. Such very rough surface morphology indicates
that the temperature of the melted particles was not high en-
ough to form ideal pan cake-like depositions with smooth sur-
face. On the other hand, the surface of the APS-W is smoother
and the number of the un-melted particles is lower. These results
indicate that the heating power of the plasma for VPS process
was not high enough to form smooth surface. The cross-sectional
SEM micrographs show that pores size is small in the VPS-W
(less than 1-2 pm), in spite of the very rough surface. In case
of APS-W, however, many pores larger than 10 pm remain.
Reflecting the size of the pores, the porosity of VPS-W and

APS-W estimated from the cross-sectional SEM micrographs were
0.6% and 6%, respectively. The low porosity of the VPS-W indi-
cates that quite good thermo-mechanical properties would be
expected.

In order to know the effects of the plasma spray on phase stabil-
ity of the F82H, the cross-sectional samples of VPS/F82H and APS/
F82H were observed by means of OIM. Typical inverse pole figure
(IPF) images and misorientation maps at and near the interface of
VPS-W/F82H and APS-W/F82H are shown in Fig. 2. In both case,
distribution of the rotation angle between the neighboring grains
estimated from the IPF images had peaks at 50° and 60°. This fact
indicates that most of the crystalline grains are martensite. It
means that the surface temperature was successfully suppressed
not to exceed the phase transformation temperature from mar-
tensite to ferrite (770°C). The misorientation map of VPS-W/
F82H, however, shows that residual strain exists in the vicinity of
the interface of about 20 pm. Micro-harness at this area measured
by a nano-indenter was about two times higher than that of
matrix.

Fig. 2 also shows that re-solidified pan cake-like depositions of
W have columnar structure. The size of the columnar crystals in
VPS-W is much smaller than those of APS-W. Relatively large
round-shaped grains must be un-melted W powders, which are
also visible in Fig. 1.

In order to know the details of the microstructure, very thin
cross-sectional TEM specimens were picked up by using FIB.
Fig. 3(a) shows a typical micrograph at the VPS-W/F82H interface.
It is remarkable that no precipitations such as WC were formed at
the interface and in the matrix. Excepting relatively large pores,
joining properties looks rather good. Joining between the pan
cake-like depositions also looks good, though fine pores less than
0.5 pm remains (see Fig. 3(b)). The columnar structure developed
well where the two pan cake-like deposits join well, but not
around large pores.

VPS-W

APS-W
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Fig. 1. SEM micrographs showing surface morphology of VPS-W and APS-W, and the corresponding cross-sectional structures.
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Fig. 2. Typical inverse pole figure images and misorientation maps at and near the interface of VPS-W/F82H and APS-W/F82H.

The experimental results mentioned above indicate that joining
of W and F82H and also W and W in VPS-W/F82H is metallurgical
good. Reduction of pores size less than 1 um is a key issue for the
material improvement.

3.2. Thermal response of the coatings

Thermal response tests were carried out in the electron beam
facility JUDITH. Fairly homogenous distribution of heat deposition
is realized by fast scanning of the electron beam. For the thermal
response tests, moderate thermal impulses were applied for
1 ms. In this duration, the heat propagates in the range of charac-
teristic heat propagation distance around 340 pm by assuming
bulk W [14]. Note that the thermal diffusivity of W coating is smal-
ler than bulk W, therefore, the distance is much shorter. This indi-
cates that the thermal response tests reflect thermal properties of
W coating (1-mm thick) but not those of the interface and
substrate.

Fig. 4 shows surface temperature increases of APS-W, VPS-W
coatings and a bulk W as a function of power density. The surface
temperature of APS-W was significantly higher than the others.
The temperature increase was fairly linear dependence as indi-
cated in

AT =2P x t%% x (mx /. x p x ¢)°2, (1)

where P stands for power density (W/m?), t for time (s), A for ther-
mal conductivity (W/m/K), p for density (kg/m?), and c for specific
heat (J/kg/K). Comparing surface temperatures at a power density, it

is possible to evaluate the ratio of material constants (M =
(A - p - ¢)). Consequently, the material constant of APS-W and VPS-
W were estimated to be 17% and 58% of the bulk W. It shows clearly
that VPS-W had higher performance than APS-W coating. It is likely
that the inferior material constant of APS-W coating was caused by
the higher porosity and high impurity content. The quality of the
coatings still needs to be improved.

3.3. Thermal shock resistances of the coatings

The coatings were exposed to thermal shock loads in a range of
0.19 to 0.56 GW/m? for 5 ms in JUDITH facility. The surface tem-
perature increases were very different between APS-W and VPS-
W coating as expected from the thermal response test (Section
3.2). At the same power density, 0.19 GW/m?, the increases were
2360 °C at APS-W coating and 1300 °C at VPS-W coating. Surface
morphology after the thermal shock load tests are summarized
in Fig. 5. The coatings of APS-W and VPS-W started to melt above
0.38 and 0.56 GW/m?, respectively. They started to show cracking
even lower power density, 0.19 and 0.38 GW/m?. In any case, VPS-
W coatings show better performance than APS-W coatings. Large
holes at the re-solidified surface of APS-W indicated that large
amount of gas have been retained in the coated W.

3.4. Heat treatments and its impact on W/F82H interface

In order to remove the internal stress remained in F82H near
the interface, heat treatment was performed by taking into account
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Fig. 3. TEM micrograph at VPS-W. (a) Interface, and (b) tungsten layer.
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Fig. 4. Surface temperature of APS-W, VPS-W coatings and a bulk W as a function of
power density.

the stability of the phase. The samples were heated at 960 °C for
0.5h at first and then at 750°C for 1.5h in high vacuum. IFP
map and misorientation map of VPS-W/F82H after the heat treat-
ment are shown in Fig. 6. The ferritic phase with large grain size
developed from the interface and residual strain at the interface
disappeared simultaneously. The thickness of the ferritic phase is
about 200-300 pm. The matrix of the F82H substrate became typ-

ical dual-phase structure of ferrite/martensite. On the other hand,
formation of the ferritic phase layer did not occur by the two-step
heat-treatment at 850 °C for 0.5 h and at 750 °C for 1.5 h.

It is worth to note that remarkable WC precipitations, which
may reduce the joining strength, were not observed at the inter-
faces, in spite of the ferritic phase formation, namely in spite of
the reduction of carbon content in the ferritic phase region. It is ex-
pected that softer ferritic phase at the interface will act as good
interlayer which reduce misfit of the harder F82H substrate and
W layer. It is important that the thickness of the ferritic phase layer
can be controlled easily by changing the annealing time at 960 °C.

In case of APS-W/F82H, the thickness of the ferritic phase at the
interface is about 500 pum for the heat treatment at 950 °C for 0.5 h
followed by that at 750 °C for 1.5 h. In this material, unfortunately,
many cracks between W layers are formed by the heat treatment.

4. Discussions
4.1. Optimization of the plasma spray conditions

APS method is very attractive because the technique is rather
simple and thus application is wider. However, as described in Sec-
tion 3.1 the porosity of APS-W/F82H is about 6%, which is one or-
der higher than that of VPS-W/F82H. It is considered that this high
porosity resulted in the weak heat load resistance as mentioned in
Section 3.2 due to reduction of effective thermal conductivity. Plas-
ma spray of melted W powders was performed by scanning the
plasma gun on the substrate. It means that there was rather long
time interval until the next scanning coming (about 1-2 s in the
preset case). Therefore, the fresh surface of the deposited W will
be oxidized quickly in air during the time interval. Once the
remarkable oxidation occurred at the solid W surface, strong stick-
ing of the melted droplets on the solid surface will become difficult
and as a result large pores will be formed. It is considered that the
application of APS technique will be limited for our purpose.

The preliminary thermal response test and thermal shock test
described in Sections 3.2 and 3.3 indicate that VPS-W/F82H has
considerably good heat load resistance, though more tests such
as cyclic heat load test are required to evaluate the heat load resis-
tance fully. The porosity of VPS-W/F82H is very low but it has still
fine pores less than 1-2 pm as shown in the TEM micrographs of
Fig. 3. In order to improve heat load resistance, one should know
the mechanism of the fine pores formation at first. Very fine
columnar crystal structure in pan cake-like depositions and very
limited area with smooth surface comparing to the APS-W/F82H
indicate that the temperature of the melted W powders was not
high enough. Existence of un-melted round W crystals also indi-
cated the insufficient heating power of plasma. If the temperature
of the melted droplets of W is high enough, they can penetrate well
into the fine holes and even shadows before re-solidification. It is
expected that the porosity and adhesion strength can be improved
by optimizing the powder side of W and plasma heating power.

4.2. Roles of ferritic layer at the interface

It is anticipated that locally induced residual strain and harden-
ing during the plasma spray process in the F82H substrate near the
interface may lead to the exfoliation of the W coating. Moreover,
appropriate measures for large difference of thermal expansion
of the materials are required, because the long life time of the coat-
ing under cyclic heat load is an important concern for fusion appli-
cation. As described in Section 3.4, the two-step heat treatment at
960 and 750 °C is promising. It was shown that not only release of
the residual strain but also formation of thin soft ferritic interlayer
as stress relieve was possible. Residual strain at the interface
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Fig. 6. IFP map and misorientation map of VPS-W/F82H after the heat treatment.

region and diffusion of carbon in F82H through the interface might
be the driving force of the ferritic layer formation. Cyclic pulse heat
load test is planned to evaluate the effects of the ferritic interlayer.

5. Summary

Two types of plasma spray tungsten coatings on ferritic/mar-
tensitic steel F82H made by vacuum plasma spray technique
(VPS) and air plasma spray technique (APS) were examined in this
study to evaluate their possibility as a plasma-facing armor.

The porosity of the VPS-W coatings was about 0.6%. The cross-
sectional TEM observation showed that most of the pores were
smaller than 1-2 um and joining condition of W/F82H and W/W
was fairly good. No remarkable carbides and oxides were observed
at the interface. Thermal response test and thermal shock resis-
tance tests indicated high potential of this coating as plasma-facing
armor under thermal loading. For the reduction of fine pores usage
of smaller W powders and/or increasing of power of plasma splay
gun will be effective. In case of APS-W/F82H, porosity was 6% and
heat load properties were much worse than VPS-W/F82H. It is
likely that surface oxidation during plasma spray process deterio-
rated joining properties. Application of APS-W for a plasma-facing
armor will be limited. Remarkably, both coatings created soft inter-
layer after proper heat treatments probably due to high residual

stress at the interfaces after the production. This indicates the po-
tential function of the soft interlayer as stress relieve and possible
high performance of such coating component under thermal loads.
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