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Abstract

The solid state reaction between tungsten and amorphous carbon was studied at 973, 1073 and 1173 K. An

amorphous carbon film was deposited onto a tungsten sheet by vacuum evaporation. The specimens thus prepared were

heated at given temperatures, and the time dependence of carbide growth was examined by means of X-ray diffraction.

No carbide appeared at 973 K within 240 min. On the other hand, the peaks of W2C appeared at 1073 and 1173 K after

an induction period, although W2C is not thermodynamically stable at these temperatures. The intensities of W2C

peaks increased with elapse of time and then decreased owing to the decomposition of W2C. No diffraction peaks from

WC were detected at both temperatures. It was concluded that the rates of nucleation and growth of W2C are sig-

nificantly higher than those of WC at these temperatures.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Low-Z materials such as carbon and beryllium have

been widely used for plasma facing components in

magnetic confinement fusion devices to reduce radiation

loss from the plasma [1,2]. On the other hand, high-Z

materials such as tungsten and molybdenum have better

durability against heat loads and particle bombardments

[3]. Hence, it is now common to use two or more plasma

facing materials being complementary to each other.

Under such conditions, sputtering and evaporation of

one of the plasma-facing materials result in deposition

onto other coexisting materials and modify the sur-

face properties. Fuel recycling and inventory become

complicated through such surface modification. An

understanding of the properties of deposited layers is

necessary for the selection of the plasma facing materials

in the next generation fusion devices.

The present authors have examined the properties of

hydrogen containing carbon (C(H)) film deposited onto

tungsten sheet by rf discharge in methane and ethylene

as a model system to simulate co-deposited layers on the

surfaces of tungsten divertors [4]. Namely, the solid state

reaction between the C(H) film and the substrate has

been examined at a temperature range from room tem-

perature to 1273 K by means of X-ray photoelectron

spectroscopy (XPS) and thermal desorption spectro-

scopy. Carbon started to react with tungsten at �900 K
to form W2C and a large amount of hydrogen was re-

leased through this reaction. These observations suggest

that the chemical states of carbon have a strong influ-

ence on the fuel recycling and inventory at tungsten

divertors with carbon deposition. Luthin and Linsmeier

[5,6] have also examined the reaction between a tungsten

sheet and a thin carbon film without hydrogen by means

of XPS. In contrast to our results, they observed not

only W2C but also WC. It is therefore interesting to

examine the influence of the hydrogen presence on the

reaction between carbon and tungsten. In these studies,

however, the time dependence of the reaction was not

examined although the reaction products can change
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with time; a specimen was heated at a given temperature

only for 10 min in our previous study [4] and for 30 min

in the researches of Luthin and Linsmeier [5,6]. Hence, it

is necessary to investigate the time dependence of reac-

tion for both the C(H)/W and C/W systems.

From this viewpoint, the time dependence of reaction

between tungsten and a carbon film without hydrogen

was examined in the present study. An amorphous car-

bon film was deposited onto a tungsten sheet by vacuum

evaporation. The specimens thus prepared were heated

at 973, 1073 and 1173 K from 0.5 to 240 min, and the

time dependence of carbide growth was examined by

X-ray diffraction (XRD).

2. Experimental

A tungsten specimen of 10� 10� 0:3 mm3 was cut
from a sheet supplied by Nilaco (99.95 wt% purity). The

surface of the specimen was polished with SiC abrasive

papers and finished with 0.06 lm Al2O3 powder. A
carbon film of �10 nm thickness was deposited onto the
specimen surface with a conventional ohmic heating

carbon evaporator evacuated with an oil-sealed rotary

pump. The deposition rate was �5 nmmin�1. In order to
examine the crystal structure, carbon was evaporated

onto a tungsten mesh in the manner described above,

and a film deposited on the edge of wire was examined

with a transmission electron microscope (TEM). The

chemical form of tungsten at the C/W interface was

examined by XPS. In this case, a thin film (�3 nm) was
prepared by reducing the evaporation time.

The specimen with carbon film of �10 nm thickness
was heated at 973, 1073 and 1173 K for 0.5–240 min in

the vacuum system used for the thermal desorption ex-

periments in the previous study [4]. The pressure of the

residual gas was 1� 10�5 Pa or lower, and the dominant
residual gas was water vapor. After heat treatment, the

specimen was taken out from the vacuum system and

analyzed by means of XRD. The specimen was placed

on a holder made of aluminum and analyzed in 2h ge-
ometry over the range from 3� to 90� with Cu Ka ra-
diation, where the incident angle of X-rays was adjusted

to 1.5� to analyze the shallow region from the surface.
The specimen heated at 1073 K for 70 min was analyzed

by using a scanning Auger microscope (SAM) in order

to examine a major chemical form of carbon and uni-

formity of the reaction.

3. Results and discussion

In the TEM analysis, a halo pattern was observed but

sharp diffraction spots and rings were scarcely seen. This

observation indicates that carbon was in an amorphous

state. The photoelectron spectrum from the specimen

with thin carbon film is shown in Fig. 1(a). Peaks of the

C 1s and W 4f photoelectrons were observed, while no

clear peaks were seen for impurities such as oxygen.

Details of the W 4f spectrum are shown in (b) of this

figure, in which the binding energy of W 4f7=2 electrons is

31.2 eV, corresponding to that in metallic tungsten [7].

Therefore, it was concluded that the amorphous carbon

film was directly deposited onto the tungsten surface

without any intermediate layer such as the tungsten

oxide film. It is probable that tungsten oxide was

evaporated owing to the increase in the surface tem-

perature and/or reduced to metallic tungsten by high

temperature carbon atoms during deposition.

Fig. 2(a) shows the XRD pattern before the heat

treatment. All peaks observed were assigned to tungsten

and aluminum used as the specimen holder. After

heating at 973 K, no significant change was observed in

the XRD patterns up to 240 min. At 1073 K, however,

new peaks appeared after the heat treatment for 4 min

or a longer period of time as shown in Fig. 2(b). These

new peaks were assigned to W2C. No peaks of WC were

observed. The time dependence of W2C growth was

examined by measuring the peak intensity ratio of W2C

(0 4 0) planes to tungsten (2 2 0) planes (61.8� and 87.1�)

Fig. 1. (a) Photoelectron spectrum of a tungsten specimen with

thin carbon film. (b) Details of the W 4f photoelectron spec-

trum.

1340 Y. Hatano et al. / Journal of Nuclear Materials 307–311 (2002) 1339–1343



because the intensity ratio between them was scarcely

dependent on the incident direction of X-rays. Fig. 3

shows the change in the peak intensity ratio, IðW2CÞ=
IðWÞ, with time. After the induction period for �1 min,
the amount of W2C first increased with time, took the

maximum value at 50 min and then decreased. This

observation indicates that the reaction between the

amorphous carbon film and the tungsten substrate

progressed in the following three steps: nucleation,

growth and decomposition of W2C. The time depen-

dence of W2C growth at 1173 K is also shown in this

figure. The amount of W2C increased quickly, took the

maximum value at 1 min and decreased rapidly. Peaks

of WC were not observed at this temperature, either.

In secondary electron images observed by SAM, no

significant contrast was observed on the surface of the

specimen heated at 1073 K for 70 min. Hence, Auger

electron spectra were acquired from the several ran-

domly selected points with a primary electron beam of

�10 nm in diameter. A typical example of the obtained
Auger spectra is shown in Fig. 4. The carbon KLL

spectrum have three peaks at 253, 258 and 268 eV. The

heights of these peaks from background are comparable

to each other. According to Childs et al. [8], the KLL

spectrum from elemental carbon shows a single peak at

around 253 eV with a shoulder in higher energy region,

while that from tungsten carbide has three peaks. The

intensity of the 268 eV peak, however, is significantly

higher than that of other peaks in the C KLL spectrum

from tungsten carbide shown by Childs et al. [8]. Hence,

it is plausible that a small portion of carbon remained

in an elemental state but the majority was present as

tungsten carbide, W2C. No significant difference was

observed among all analyzed points in the shape of the

C KLL spectrum and the peak-to-peak height ratio of

carbon to tungsten. These observations indicate that the

reaction between carbon and tungsten progressed uni-

formly in macroscopic scale under the present experi-

mental conditions.

For comparison, a specimen sheet with C(H) film was

prepared in the manner described in the previous paper

[4] and heated at 1073 K for 10 and 30 min. The peaks of

W2C appeared after heating, while no peaks of WC were

observed. Hence, hydrogen in carbon film does not ap-

pear to alter the reaction product at this temperature,

although detailed examinations of time dependence of

reaction are necessary to derive a final conclusion.

It should be emphasized that W2C was formed from

both of carbon films with and without hydrogen de-

posited under quite different conditions. This is because

W2C is thermodynamically stable above 1523 K in the

case of the graphite–tungsten system, and WC is the

only stable carbide at the present temperature range [9].

Hence, it is concluded that the rates of nucleation and

growth of W2C are significantly higher than those of

WC at these temperatures. Luthin and Linsmeier [5,6]

also reported that W2C growth took place at 770 K

Fig. 2. XRD pattern from specimen surface before (a) and after

heat treatment at 1073 K for 30 min (b).

Fig. 3. Change in the peak intensity ratio of W2C to tungsten

with elapse of time. Solid lines are guides to the eyes.

Fig. 4. Typical example of an Auger electron spectrum after

heat treatment at 1073 K for 70 min.
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and higher temperatures through the reaction between

tungsten and the thin carbon film, although the depo-

sition rate in their study was much smaller than the

present one; the deposition rate in their study was 0.01–

0.04 nmmin�1 [5,6]. Therefore, W2C appears to be

formed from deposited films at the present temperature

range under wide variety of deposition conditions. The

mechanisms underlying metastable W2C nucleation

and growth, however, are not understood at present.

Therefore, systematic studies with well-characterized

carbon films are required.

In the previous study [4], the reaction between the

C(H) film and residual water vapor was observed above

600 K. It is therefore probable that the decomposition of

W2C shown in Fig. 3 was caused by the reaction between

carbon in W2C and the water vapor in the vacuum

system. Luthin and Linsmeier [5,6] reported that sig-

nificant diffusion of carbon into tungsten takes place

above 970 K. In the present case, however, the dissolu-

tion of carbon in the tungsten phase appears to make

only negligibly small contribution to W2C decomposi-

tion. This is because the solubility of carbon in tungsten

is significantly small in comparison with the amount of

deposited carbon at the temperature range examined in

the present study. The solubility of carbon in tungsten in

equilibrium with W2C has been measured by Gold-

schmidt and Brand [10] and Gebhardt et al. [11], and the

latter group has reported higher values. According to

Gebhardt et al. [11], the solubility of carbon in tungsten

is 0.101–0.625 mol.% at temperatures between 2068 and

2913 K. The solubility at 1073 K is estimated to be 1 mol

ppm by extrapolating their data. Hence, the possible

amount of carbon dissolved in the specimen is evaluated

to be 3� 10�9 mol. On the other hand, the amount of
carbon deposited was �1� 10�7 mol. Namely, only 3%
of carbon can be dissolved in the tungsten phase. In Fig.

3, however, IðW2CÞ=IðWÞ decreased from 0.25 (50 min)
to 0.16 (70 min); the amount of W2C decreased by 36%

within 20 min. In order to confirm the occurrence of the

reaction between carbon and water vapor in the residual

gas, 10 g of W2C powder was heated at 1073 K for 10 h

in the same vacuum system and analyzed by means of

XRD. This powder contained WC and metallic tungsten

as impurities, and the concentrations of W2C, WC and

W were 59, 3 and 38 mol.% before heat treatment. After

heating, the concentrations of W2C, WC and metallic

tungsten became 30, 4 and 66 mol.%, respectively.

Namely, the concentration of W2C decreased signifi-

cantly, while that of metallic tungsten increased. This

observation indicated that carbon was removed from

W2C phase by the reaction with residual gas. The mass

of powder decreased by 0.0135 g by removal of carbon.

The estimation of the powder surface area from the

particle size and the mass analysis of residual gas

showed that only the partial pressure of water vapor was

high enough to remove 0.0135 g of carbon within 10 h.

Therefore, it is apparent that carbon was removed

through the reaction with water vapor.

The transformation from metastable W2C to stable

WC was not observed in the present study, because the

reaction between carbon and water vapor in the residual

gas took place prior to this transformation as mentioned

above. In contrast to our results, Luthin and Linsmeier

[5,6] observed not only W2C but also WC by XPS as

described in Section 1. According to them [5,6], WC was

formed during carbon film deposition at room temper-

ature and grew during heat treatments. Namely, the

fraction of carbon present as WC was initially 5%, and it

started to increase at 870 K and reached to �80% at
1270 K [5]. It is, however, still an open question whether

the significant growth of WC takes place under the

conditions examined by Luthin and Linsmeier [5,6]. In

their study, the increase in the WC fraction was ac-

companied by a significant decrease in the total amount

of carbon at the surface caused by the diffusion into

tungsten. Under such condition, the decrease in the

amount of elemental carbon and W2C can lead to the

increase in the fraction of WC. Namely, the fraction of

WC can increase without any growth of WC. The rate of

transformation from W2C to WC should be examined

under the conditions where no significant amount of

carbon is removed from the reaction layer by either of

reaction with residual gas and dissolution into tungsten

phase.

4. Conclusions

The solid state reaction between tungsten and

amorphous carbon was studied at 973, 1073 and 1173 K

by XRD. No carbide appeared at 973 K within 240 min.

On the other hand, the peaks of W2C appeared at 1073

and 1173 K after an induction period, although W2C is

thermodynamically not stable at these temperatures.

The intensities of W2C peaks increased with elapse of

time and then decreased owing to the decomposition of

W2C. No diffraction peak from WC was detected at

both temperatures. These results indicated that the rates

of nucleation and growth of W2C are significantly higher

than those of WC at these temperatures.
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