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                                     Abstract 

   High density tungsten is coated by vacuum plasma spraying technique (VPS) on tiles, 20tmn x 20tmn x 10mm. 
Substrate materials are carbon/carbon composite (CX-2002U), isotropic fine-grained graphite(IG-430U). Thickness 
of the tungsten-coating layer is 0.5 mm. The tungsten-coated tiles are jointed by Ti brazing on the OFHC surface 
with a cooling tube. In addition, VPS-W coated TZM also has been brazed. Thermal response and thennal fatigue 
lifetime tests using an electron beam facility have been carried out on the tungsten coated mock-ups under the active 
cooling condition. Heat flux is changed from 1 to 10 MW/in2. The heat flux experiments have been carried out under 
the condition that the water flow velocity, pressure and temperature are 15.0 m/s, 0.5 MPa and 293 K, respectively. 
The use of high density VPS-W improves the performance of mock-ups under steady state heat flux condition. In 
addition, in the case of high density W coated CX-2002U on OFHC and W coated TZM on OFHC, it is 
demonstrated that the mock-up successfully withstood 100 cycles of heat loads at 10 MW/m2 at steady state. 
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1. Introduction 

  Tungsten seems a promising candidate material for the 
armor of the plasma facing materials such as the divertor 

plate in fuSiOn devices because of its low sputtering yield and 
good thennal properties. The lack of knowledge regarding 
the application of tungsten as the plasma facing material is 
major obstacle to provide a credible basis for further 
development of the fuSiOn devices. Therefore, this would 

require further study of plasma wall interaction processes of 
tungsten in existing fuSiOn devices. The disadvantages of 
tungsten as an annor of plasma facing components such as 
the divertor plate are its heavy weight and the brittleness 
below DBTT. For the near tenn application, tungsten coated 
tiles could be convenient because the tiles could be easily

replaced without big change in heat transfer properties to 

cooling channels°. 

   Tungsten coatings on graphite by plasma spray (PS) or 

physical vapor deposition (PVD) were produced and their 

perfonnance under high heat flux loading has been 
examined2). Plasma sprayed tungsten coated materials are 

very useful as tungsten annor of the high heat flux 

components because a coating rate is high and thick coatings 

of tungsten can be possible. From the viewpoints of thennal 

conductivity and mechanical strength, it seems that 

carbon/carbon fiber composites (CFC) and molybdenum 

alloys are preferable as a substrate material for high heat flux 

loading. Thick tungsten coatings on CFC and isotropic fine 

grain graphite were successfully produced by vacuum plasma 
spray (VPS) technique and their good thennal and adheSiOn 

properties have been confirmed by high heat flux tests3-9). 
Fui'thennore, VPS-W(tungsten) coated CX-2002U and 

IG-430U were brazed on the OFHC with a cooling tube. 

Their thermal response on the mock-ups has been carried out 

under an actively cooling condition using electron beams"). 

In addition, surface modifications such as blistering and 

hydrogen isotope/helium retention of VPS-W irradiated by a 

low energy and high flux hydrogen isotope/helium have been
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also investigated'  -13). 

   Recently, higher density VPS-W coated CFC and 

isotropic fine-grained graphite compared to the previous one 

[4] have been developed. In addition, VPS-W coated 
molybdenum alloy was also produced. In the present work, 

thermal response and thermal fatigue lifetime tests using an 

electron beam facility have been carried out on the VPS-W 

coated CFC and isotropic fine grained graphite and 

molybdenum alloy brazed on the OFHC with a cooling tube 

under the active cooling condition

2. Experimental 

   Tiles (20 nun x 20 mm x 10 mm) of carbon/carbon 

composite CX-2002U and isotropic fine-grained graphite 

IG-430U made by Toyo Talmo Co. were coated with tungsten 

by vacuum plasma spraying technique(VPS). They are 

simply denoted as W/CX-2002U and W/IG-430U, 

respectively. The carbon or the graphite substrates had 

received PVD multilayer diffuSiOn barrier layers of rhenium 

and tungsten prior to the coating in order to inhibit 

uncontrolled brittle carbide formation3M. Heat treatments at 

1173 K for 5 h were performed to stabilize the microstructure 

of the samples. the thickness of the VPS-W layer was 0.5 

rnm and its density was 98% of the theoretical value. Shown 

in fig.1 is a SEM image taken from VPS-W surface. This 

shows that disk-like tungsten is accumulated in the coating 

layer. Compared with the previous ones where spherical 

particles were melted or partially incited and joined to each 
other and pores were aimed in the coatings3"), it can be seen 

that the VPS-W increases in density. VPS-W coated TZM 

(Mo-0.5Ti-0.07Zr alloys) were also prepared. A density of 
VPS-W on TZM is 92.5% of the theoretical value. After the 

coating, heat treatment at 1573 K for 5 h was perlormed.

Fig. 1 SEM image of VPS-W surface.

Mock-ups were made by brazing the tiles 

(VPS-W/CX-2002U, VPS-W/IG-430U and VPS-W/TZM) on 

oxygen free high purity (OFHC) block with a cooling 

tube by inserting a Ti foil of 0.05 mm-thick in between"). 

Shown in fig. 2 is heat treatment during the brazing. In

most cases, silver brazing technique has been used for 

carbon-Cu system, but alternative silver-free brazing 

techniques are required for D-T burning devices due to 

transmutation of silver into cadmium during neutron 

irradiation. The mock-ups are noted here as 

W/CX2002U/OFHC,W/IG-430U/OFHCand 

W/TZM/OFHC. Figure 3 shows a cross-sectional view of the 

mock-up.

Figure 2 IIistory of temperature during brazing using Ti 

       foil.

   Heat load tests were performed on the Active Cooling 

Test stand (ACT) of National Institute for FuSiOn Science 

(NIFS). Uniform electron beam at 30 keV was irradiated on 

the tungsten surface through a beam limiter with an aperture 

of 20 mm x 20 mm. Beam duration during ramp-up, plateau 

and ramp-down were 20 s, 22 s (16 s) and 0 s, respectively. 

Heat flux was changed from 1 to 10 MW/m2. Thermal 

fatigue tests were also carried out for up to 100 cycles at a 

heat flux of 10 MW/m`. Surface temperature of the tile is 

measured with an optical pyrometer. Temperatures of upper 

side (T1) and down side (T2) of interface of brazed area are 

also measured with thermocouples. The positions for TI 

and T2 are indicated in fig. 3. The heat flux tests have been 

carried out under the condition that the water flow velocity,

Fig.3 Cross-sectional view of VPS-W coated 
CX-2002U(IG-430U,TZM)/OFHC mock-up.



pressure and temperature were 15.0  m/s, 0.5 MPa and 293 K, 

respectively. After the heat flux experiments, the mock-ups 

were observed with a scanning electron microscope to 

investigate modification such as crack and exfoliation. In 

addition, residual stress distribution after the cooling at the 

brazing process was also calculated.

3. Results and discusSiOn 

    hi the case of W/IG-430U/OFHC, micro cracks with a 
width of about 50 ,u in and a length of about 5 mm were 
formed at corners of the IG-430U part during the brazing 

process. This behavior is attributed to the residual stress 
due to the VPS-coating layer and OFHC during and after the 
brazing. On the other hand, no damage was observed in the 
W/CX-2002U/OFHC and W/TZM/OFHC mock-ups. Figure 
4 shows residual strain distribution for the vertical direction 
of W/IG-430U/OFHC calculated after the cooling at the 
brazing. Numerical values in the figure show strain along 
the vertical direction. This indicates that there is the highest 
strain at the corners of the IG-430U, which is in good 
agreement with the experimental result. In addition, the CTEs 
of CX-2002U and IG-430U are (1.6-3.2) X 10-6/K for X and 
Y directions, (3.6-6.6) X 10-6/K for Z directions, 5.2 X 10-6/K 
for X, Y and Z direction, respectively. On the other hand, the 
CTE of Cu is 16.7 x 10-6/K. The excellent mechanical 
strength of CX2002-U may suppress crack fonnation because 
the difference of the CTEs of CX-2002U and Cu are larger 
than those of IG-430U and Cu.

Fig. 4 Strain distribution for vertical direction of 

W/IG-430U/OFHC calculated after cooling at 

     brazing process. Grey scale shows residual 

       strain.

    Figure 5 shows typical time evolutions of the electric 

current (a) through W/CX-2002U/OFHC mock-up and 

temperatures (b) at its surface, upper (TI) and lower (T2) 

parts of the brazing interface under heat loading of 7-10 
MW/in2. The temperatures closely follow the changing 

electric current. Figures 6(a), (b) and (c) show heat flux 

dependence of plateau temperatures measured at the surface,

Fig. 5 Time evolutions of the electric current(a) 
     through W/CX-2002U/OFHC mock-up and 

temperatures(b) at its surface, upper (TI) and 
      lower (T2) parts of the brazing interface 

       under heat loading of 7, 8, 9 and 10 MW/m2.

TI and 12 for W/CX-2002U/OFHC (a), W/IG-430U/OFHC 

(b) and W/TZM/OFHC (c). In the case of W/TZM/OFIIC, 

only the surface temperature and T2 were measured. It can be 

seen that the temperatures increased monotonically with 

increasing heat flux. Surface temperature of the 

W/CX-2002U/OFHC is always lower than that of the 

W/IG-430U/OFHC and W/TZMIOFHC, for example, the 

difference between them is about 993 K and 523 K at the 

heat flux of 8 MW/m2, respectively. Figure 7 shows 

thermal conductivity of CX-2002U, IG-430U and TZM. 

Vertical direction of CX-2002U of the mock-up is the X 

direction of CX-2002U. In the case of steady state, 

temperature increase is inversely proportional to the thermal 

conductivity. As a result, this large difference is attributed to 

the difference in thermal conductivity. 

   The thermal conductivity of plasma spray W (PS-W) 

depends strongly on its texture structure and residual porosity. 

It was reported that the thermal conductivities of PS-W and 

VPS-W are about 20 % and 60 % of pure W, respectively, 

Nit are also strongly dependent on the fabrication process. hi 

the present work, higher density VPS-W on CX-2002U and 

IG-430U compared to the previous one10) was used. Use of 

high density VPS-W decreased surface temperature increase 

by steady state high heat flux active cooling condition. 

Figure 8 shows the result of thermal fatigue test with 100 

cycles (10 MW/m2, 20 s ramp-up, 16 s plateau, 16 s OFF) for



 W/TZM/OFHC. Though surface temperature gradually 

changed between 1623 K and 1473 K during the cycle test_ 
temperatures at T2 did not change much. The surface 

morphology observed by SEM also did not change. These 

results indicate that no failure occurred at the braze interface 

or in the W coating during cyclic heat load. In the case of 
W/CX-20021i/OFIIC, the temperature changes during the 

thermal fatigue test are not observed. Our data indicated that 

no micro-structural and chemical change of W layer and the 

W-Re diffuSiOn barrier of W/CX-2002IJ occur below 1573 K 

131.  Therefore, in the case of W/CX-2002U/OFI IC and 
W/T ZM/OFHC, it is demonstrated that the mock-up 

successfully withstood a heat load of 10 MW/m2 at steady 

state.

4. ConcluSiOn 

   High density VPS-W coated CX-2002U and 1G-430U 
have been brazed on the OFHC with a cooling tube by using 
Ti foil as braze material. In addition, VPS-W coated T7..M 
has been brazed. Thermal response and thermal fatigue tests 
on the mock-ups have been carried out under active cooling 
conditions using an electron beam. Surface temperature 
increase decreases by using the high density VPS-W on 
CX-2002U and IG-430U. Use of high density VPS-W 
improves the performance of mock-ups under steady state 
heat flux condition. In addition, in the case of high density 
W/CX-2002U/OFHC and W/TZMIOFHC, it is demonstrated 
that the mock-up successfully withstood 100 cycles with heat 
load of 10 MW/m2 at steady state.
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