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Abstract

Tungsten coatings of 0.5 and 1 mm thickness were successfully deposited by the vacuum plasma spraying (VPS)

technique on carbon/carbon ®ber composite (CFC), CX-2002U and isotropic ®ne grained graphite, IG-430U. High

heat ¯ux experiments by irradiation of electron beam with uniform pro®le were performed on the coated samples in

order to prove the suitability and load limit of such coating materials. The cross-sectional composition and structure of

the interface of VPS±W and carbon material samples were investigated. Compositional analyses showed that the Re/W

multi-layer acts as di�usion barrier for carbon and suppresses tungsten carbide formation in the VPS±W layer at high

temperature about 1300°C. Microstructure of the joint interface of the sample changed in the case of a peak tem-

perature of about 2800°C. The multi-layer structure completely disappeared and compositional distribution was almost

uniform in the interface of the sample after melting and resolidi®cation. The di�usion barrier for carbon is not expected

to act in this stage. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Although the utilization of low Z materials like car-

bon materials for plasma facing components has en-

abled the improvement in plasma con®nement, their

high erosion rates at elevated temperatures are now a

serious problem. Degradation of thermal conductivity

by neutron damage and high tritium retention would be

a serious problem in a next generation D±T fusion ex-

perimental reactor [1]. Owing to its low sputtering yield

and good thermal properties, tungsten seems a promis-

ing candidate material for plasma facing components in

the next fusion experimental devices.

Disadvantages of tungsten as a plasma facing mate-

rial are its heavy weight and poor workability. One of

the possibilities to overcome these disadvantages is to

coat tungsten on light carbon materials, which have

shown good heat load resistance in the present plasma

con®nement devices. Tungsten coatings on graphite by

plasma spray (PS) or physical vapor deposition (PVD)

were produced and their performance under high heat

¯ux loading has been examined [2,3]. From the view-

points of thermal conductivity and mechanical strength,

it seems that carbon/carbon ®ber composites (CFCs) are

preferable as a substrate material for high heat ¯ux

loading. Thick tungsten coatings on CFC and isotropic

®ne grained graphite were successfully produced by

vacuum plasma spray (VPS) technique and their good

thermal and adhesion properties have been con®rmed by

high heat ¯ux loading tests [4,5]. In addition, thermal

response and thermal fatigue properties of the VPS±W

coated CFC and isotropic ®ne grained graphite brazed

on OFHC block have been examined under an actively

cooling condition [6].
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It is well known that the interface of joint materials is

weak from some viewpoints. In the present case, the

CFC or the graphite substrates had received PVD multi-

layer di�usion barrier layers 1 of rhenium and tungsten

prior to the coating in order to inhibit uncontrolled

brittle carbide formation [5]. Cracks due to focusing of

thermal stress and formation of metallic alloys due to

di�usion of atoms at high temperature are expected to

occur in joint interface of tungsten and carbon materials

exposed to high heat ¯ux. In the present work, details of

the microstructure and the composition change of the

cross-section of the tungsten and carbon interface before

and after heat ¯ux loading were observed to evaluate

stability of structure and di�usion of atoms at high

temperatures.

1 PVD Re/W multi-layer di�usion barrier coating is patent-

ed by Plansee.

Fig. 1. Composition analyses of VPS±W and carbon material interface of VPS±W (1.0 mm) coated CX-2002U(#6) with an EMPA: (a)

backscattered electron image and line analyses of carbon, W and Re; (b) mapping of carbon; (c) mapping of W; (d) mapping of Re.
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2. Experimental

Tiles �20 mm� 20 mm� 10 mm� of carbon/carbon

composite, CX-2002U and isotropic ®ne grained

graphite IG-430U [7] made by Toyo Tanso were coated

with tungsten by VPS technique. The carbon or the

graphite substrates had received PVD multi-layer di�u-

sion barrier layers of rhenium and tungsten prior to the

coating as described above. Heat treatments were per-

formed to stabilize the microstructure of the sample. The

thickness of the VPS tungsten layer was 0.5 and 1.0 mm

and its density was 92.5% of the theoretical value.

Heat load experiments were carried out with an ac-

tive cooling teststand (ACT) of National Institute for

Fusion Science (NIFS) [8±10]. The samples were placed

on a carbon/copper block actively cooled with water.

Uniform electron beam at 30 keV was irradiated on the

tungsten surface through a beam limiter with an aper-

ture of 30 mm� 30 mm. The exposure time of the

sample was controlled using a beam shift system of the

ACT. In this experiment, the duration of the beam was

20 s. The heat load experiments were performed by in-

creasing the heat ¯ux stepwise. The surface temperature

of the central part about 5 mm in diameter was mea-

sured with an optical pyrometer (300±3000°C). Details

of method of the heat ¯ux experiments were described in

the previous paper [5].

Before and after the loading of heat ¯ux, micro-

structure and composition were examined with a scan-

ning electron microscope (SEM) equipped with an

energy dispersion X-ray spectroscope (EDS) and elec-

tron probe micro analyzer (EPMA). Micro-Vickers

hardness of the W and carbon interface was also mea-

sured.

3. Results

3.1. Composition distribution of VPS±W and carbon

interface

Figs. 1 show result of the compositional analyses of

the joint interface of the cross-section of the VPS±W

coated CX-2002U(#6) with a tungsten thickness of

1 mm. Fig. 1(a) shows backscattered electron image and

line analyses of carbon, W and Re. Figs. 1(b), (c) and (d)

show distribution of carbon, W and Re, respectively.

The multi-layer structure of Re and W is seen between

VPS±W and CX-2002U. It can be seen that carbon in

the multi-layer exists mainly in the ®rst W layer denoted

by (1) in Fig. 1(a). On the other hand, the second layer

((2) in Fig. 1(a)) and thick VPS±W layer of tungsten did

not include such large amount of carbon. This can be

explained that carbon was di�used from CX-2002U to

the Re/W multi-layer and trapped mainly in the ®rst

tungsten layer during the heat treatment (1300°C) after

the coating.

Fig. 2 shows quantitative composition in these

tungsten layers. Concentration of carbon decreases with

increasing distance from the CX-2002U interface. Tak-

ing into account the temperature of the heat treatment

and the composition, it is likely that tungsten carbide

was formed in the tungsten layers [11].

Fig. 3 shows micro-hardness of the cross-section

around the joint interface. Hardness of the ®rst and

second layers of tungsten were hard comparing with that

of other layer. This indicates that tungsten carbide was

formed in these layers. This is coincident with the result

of previous discussion. On the other hand, hardness in

Re layers did not increase because carbide was not

formed in Re.

Fig. 2. Composition in tungsten layers of interface of VPS±W

and carbon material of VPS±W (1.0 mm) coated CX-

2002U(#6).

Fig. 3. Hardness as a function of distance of CX-2002U in-

terface of VPS±W (1.0 mm) coated CX-2002U(#6).
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3.2. Changes of composition and microstructure of

interface by high heat ¯ux

After the electron beam irradiation, the samples were

removed from the ACT and observed with the SEM,

EDS and EPMA. Figs. 4 show result of the composi-

tional analyses of the joint interface of the cross-section

of VPS±W coated IG-430U(#20) with a tungsten

thickness of 0.5 mm after loading of heat ¯ux. The

maximum surface temperature by loading of heat ¯ux

was about 2800°C and the maximum heat ¯ux was 4.5

MW/m2.

The structure and composition between the IG-430U

and the VPS±W before the electron beam irradiation

was the same as the CX-2002U case as shown in Fig. 1

because the manufacture process was same. It can be

seen that the joint of the IG-430U and Re is good en-

ough but structure of the multi-layer changed in the

layer between the VPS±W and the IG-430U. Micro-

cracks and exfoliation were seen in the layers denoted by

Fig. 4. Composition analyses of VPS±W and carbon material interface of VPS±W (0.5 mm) coated IG-430U(#20)with an EMPA after

loading with a maximum heat ¯ux of 4.5 MW/m2 and peak temperature of surface of 2800°C: (a) backscattered electron image and line

analyses of carbon, W and Re; (b) mapping of carbon; (c) mapping of W; (d) mapping of Re.
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(1) and (3) in Fig. 4(a). Fig. 5 shows quantitative com-

position of W, Re, carbon and O in areas corresponding

with (1), (2) and (3) in Fig. 4(a). These indicate that the

composition changes depending on the newly formed

layers and that micro-cracks are formed in the layers

which include large amount of carbon. Therefore, it is

likely that this damage was caused by carbide formation

and embrittlement. It may be that this in¯uences de-

gradation due to thermal fatigue. Fig. 6 shows hardness

of the cross-section around the joint interface of this

sample. This indicates also that hardness depended on

the newly formed layers.

Fig. 7 shows result of compositional analyses of

VPS±W/CX-2002U(#2) with a thickness of tungsten of

0.5 mm after the loading of heat ¯ux. The maximum

heat ¯ux was 5.5 MW/m2. The surface was melted and

many cracks were formed on the surface. It can be seen

that the multi-layer structure has completely changed

and a new structure was formed. In addition to this,

micro-cracks between CX-2002U and metal were ob-

served. Local composition was di�erent but the com-

position of a large area was almost uniform.

4. Discussion

In this work, thick W was coated by VPS after the

coating of multi-layer of Re/W by PVD. Di�usion of

carbon in the PVD multi-layer through pores, which have

high di�usion performance, hardly occurred because the

PVD coating layers are very dense. The di�usion coe�-

cient of carbon in Re is smaller than that in W. 2 As a

result, Re layers act as a di�usion barrier. Embrittlement

due to formation of carbide is not generated because

carbide is not formed in Re. On the other hand, W forms

carbide at high temperature. When carbides are formed,

the activation energy of di�usion of carbon increases. 2

This means di�usion of carbon becomes more di�cult.

The samples used here were heated at 1300°C to

stabilize the structure after the coatings. Compositional

analyses indicated that carbon was trapped in the ®rst

layer of W. This can be explained that a small amount of

carbon has di�used through the ®rst Re layer from the

carbon material and has reached the W layer, and then

accumulated there during the heat treatment. It was

found that tungsten carbide was formed in the ®rst W

layer by the compositional analyses and the hardness

measurement. This also acts a di�usion barrier for car-

bon because of the high activation energy of di�usion.

The tungsten carbide is brittle but, in the case of thin

layer like this, strength and ductility of the layer of

tungsten carbide are su�cient [12]. It was found that the

multi-layer Re/W acts functionally as a di�usion barrier.

Multi-layer structure remained but the microstructure

changed in the joint interface of the sample with a peak

temperature of 2800°C. Micro-cracks were partly formed.

It is likely that exfoliation is formed by repeated loading of

heat ¯ux. On the other hand, the multi-layer structure

completely disappeared and compositional distribution

was almost uniform in the interface of the sample after

melting and resolidi®cation. In this stage, it is certain that

the di�usion barrier for carbon does not act.

5. Summary

1. Tungsten coatings of 0.5 and 1 mm thickness were

successfully deposited by the VPS technique on car-

Fig. 5. Composition of newly formed layer of interface of W

and carbon material of VPS±W coated IG-430U(#20) after

loading with a maximum heat ¯ux of 4.5 MW/m2 with a peak

temperature of surface of 2800°C.

Fig. 6. Hardness as a function of distance of IG-430U interface

of VPS±W (0.5 mm) coated IG-430U(#6) after loading with a

maximum heat ¯ux of 4.5 MW/m2 and a peak temperature of

surface of 2800°C.

2 High temperature compound material property table,

Japan±Russian communication company, 1994 (Japanese).
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bon/CFC, CX-2002U and isotropic ®ne grained

graphite, IG-430U.

2. High heat ¯ux experiments by irradiation of electron

beam with uniform pro®le were performed on the

coated samples in order to prove the suitability and

load limit of such coating materials.

3. The cross-sectional composition and structure of the

interface of the VPS±W and carbon samples were in-

vestigated. The compositional analyses showed that

the Re/W multi-layer acts as a di�usion barrier for

carbon and suppresses tungsten carbide formation

in the VPS±W layer at a high temperature of about

1300°C.

4. The microstructure of the joint interface of the sam-

ple changed in the case of a peak temperature of

about 2800°C.

5. The multi-layer structure completely disappeared and

compositional distribution was almost uniform in the

Fig. 7. Composition analyses of VPS±W and carbon material interface of VPS±W (0.5 mm) coated CX-2002U(#2) with an EMPA

after loading with a maximum heat ¯ux of 5.5 MW/m2. Surface was melted and resolidi®ed: (a) backscattered electron image and line

analyses of carbon, oxygen; (b) mapping of carbon; (c) mapping of W; (d) mapping of Re.
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interface of the sample after melting and resolidi®ca-

tion. The di�usion barrier for carbon is not expected

to act in this stage.
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