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Abstract

The solid-state reaction between hydrogen-containing carbon and tungsten was studied by means of infrared,
Raman, X-ray photoelectron (XPS) and thermal desorption (TDS) spectroscopies. Infrared and Raman spectroscopies
revealed that as-prepared hydrogen-containing films were composed of carbon atoms with sp> and sp® hybridized
orbitals, where hydrogen was bound to carbon as -CH3 and >CH,. Vacuum heating of the carbon films deposited on
tungsten caused thermal desorption peaks of hydrogen at about 723 and 1173 K in TDS. The former was accompanied
by other desorption of CO, CO, and hydrocarbons, whereas the latter was evolved with only a minor amount of CO. It
was observed by XPS that the W4f peak began to appear at about 773 K, with an increasing surface composition
corresponding to tungsten carbide at 1273 K. These observations indicate that a solid-state reaction between the carbon
film and tungsten took place extensively above 973 K to yield an intermetallic compound of W,C at 1273 K. © 2001

Elsevier Science B.V. All rights reserved.

Keywords.: Tungsten; Carbon; Co-deposition; Solid-state reaction; Heat load; Hydrogen

1. Introduction

Low-Z materials such as beryllium, boron and car-
bon have been widely used in tokamaks to improve
plasma confinement parameters by the reduction of ra-
diation losses [1,2]. Their high erosion rates through
physical and chemical sputtering, evaporation, etc.,
however, are giving rise to a serious problem for their
use as protective tiles on the inner wall of tokamaks. On
the other hand, high-Z materials such as molybdenum
and tungsten have attracted great attention to compen-
sate for low-Z materials with their durability against
high heat loading and particle fluence [3].

Installation of two or more plasma facing materials is
common now in many tokamaks to control plasma—
surface interactions, but poses a new problem concern-
ing fuel recycling and inventory, which deeply relate
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with the physiochemical properties of co-existing layers
consisting of low- and high-Z materials. An under-
standing of the properties of co-existing layers is indis-
pensable for material selection on designing next
generation tokamaks.

In the present study, tungsten plates covered with
hydrogen-containing carbon films were prepared as
model system to simulate changes in physiochemical
properties of hydrogen-containing carbon depositing on
a tungsten divertor. The properties of the co-existing
layers and their changes with heat loading were studied
by means of infrared, Raman, X-ray photoelectron
(XPS) and thermal desorption (TDS) spectroscopies.

2. Experimental
2.1. Sample preparation
Hydrogen-containing carbon films were prepared on

tungsten, silicon and quartz plates by inductive RF
discharge [4]. Hereafter, they are denoted as C(H)/W,
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C(H)/Si and C(H)/SiO,, respectively, in the present pa-
per. The sample C(H)/W was used for observing solid-
state reactions between the hydrogen-containing carbon
and tungsten, C(H)/Si for infrared and Raman spec-
troscopy, and C(H)/SiO, for referencing standard. The
size of each plate was 10 x 10 x 0.5 mm?. Methane and
ethylene of pure grade were used as working gases for
deposition of hydrogen-containing carbon films on these
substrates. The gases were purchased from Sumitomo
Seika and the purities of both gases were guaranteed as
99.99%. They were used without further purification.

The devices for sample preparation and its proce-
dures were the same as C(H)/Be and C(H)/Mo. They are
described elsewhere [4-6].

2.2. Measurements

The change in the total pressure was measured during
the discharge and the change in the gas composition was
analyzed using a QMS by sampling a part of gas
through a variable leak value. The QMS has been cali-
brated for H,, H,0,CO, CO,,CH, and C,H, by using
high purity gases except H,O, which was supplied from
a wet molecular sieve bed.

The characteristics of deposited carbon films were
analyzed by FT-IR and Raman spectroscopies. Namely,
the C(H)/Si samples were taken out from the preparation
system to air and set into their respective sample holders.
The spectra were measured at room temperature with
2 cm™' resolution. Thermal desorption spectra were
measured for both C(H)/W and C(H)/SiO, samples.
They were taken out to air and set into a quartz sample
tube of a high vacuum system installed with a pre-cali-
brated mass spectrometer. The sample was heated lin-
early with time at a rate of 9 K/min up to 1273 K by use
of an electric furnace, where the temperature was mea-
sured with a thermocouple attached to the sample tube.

The solid-state reaction between the deposited carbon
film and the tungsten substrate was measured by XPS
through the change in surface composition with vacuum
heating. A C(H)/W sample taken out from the sample
preparation system was set into the sample holder for
XPS. The system could be evacuated down to 10~% Pa.
Then the sample was heated at a given temperature for
10 min and cooled down to room temperature for
measurements. The sample could be heated ohmically up
to 1273 K, where the temperature was measured with a
thermocouple attached to the tungsten substrate.

3. Results and discussion

3.1. Characterization of hydrogen-containing carbon films

To determine the composition of hydrogen-contain-
ing films, the changes in total and partial pressures with

time were measured by using a pressure gauge and the
QMS. Figs. 1 and 2 show typical examples of the
changes observed during the discharges in methane and
ethylene, respectively. In the case of methane (Fig. 1),
the discharge yielded hydrogen and ethylene as the main
gaseous products. The hydrogen pressure increased
continuously with time, while ethylene pressure reached
a maximum and then decreased gradually. At the end of
the discharge, the total pressure increased to 48 Pa,
while the composition of the gas was 87% H,, 8%
CHy4 and 5% C,Hy. On the other hand, the discharge of
ethylene gave hydrogen and acetylene as the main gas-
eous products (Fig. 2), but the acetylene formed a peak
and disappeared at the end of the discharge, where the
gas phase consisted of essentially hydrogen (95%) with a
minor amount of ethylene (5%), and the total pressure
was 25 Pa. On account of these changes in the gas phase,
the compositions of the carbon films prepared were
evaluated as [H/[C] = 1.7 and 1.4 for the methane and
ethylene discharges, respectively.

Fig. 3 shows a FT-IR spectrum in the frequency
region of the C—H stretch bands [7]. It was observed for
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Fig. 1. Pressure changes during discharge of CHy.
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Fig. 2. Pressure changes during discharge of C,Hj,.
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Fig. 3. FT-IR spectrum observed for hydrogen-containing
carbon film prepared by a methane discharge.

the film prepared by the methane discharge. Essentially
the same spectrum was found for the film prepared by
the ethylene discharge. The spectrum could be decon-
voluted into three major components, which peaked at
2925, 2875 and 2960 cm~!. They were assigned to sym-
metric —CH3, asymmetric >CH, and asymmetric —CHj
stretching vibrations, respectively. Similar band struc-
tures were observed for amorphous carbon films [8] and
graphite irradiated by keV-energy hydrogen ions [9].
The Raman spectrum of the as-prepared film in a region
of 1000-1700 cm~! showed a similar structure to that of
so-called amorphous carbon and mainly consisted of
two components. One of them peaked at 1300 and the
other at 1600 cm~!. The former could be attributed to
the C—C single bond and the latter to the C=C double
bond. In addition, it should be mentioned that similar
Raman spectra have been observed for graphite irradi-
ated with hydrogen ions [10]. On the basis of these ob-
servations, it can be concluded that the C—C and C=C
bonds make the principle structure of the as-prepared
carbon films, which contain hydrogen amounting [H]/
[C]=1.4-1.7 as —CH; and >CH,.

3.2. Thermal desorption

Fig. 4 shows thermal desorption spectra observed for
the C(H)/W film prepared by the methane discharge,
where only such species as H,, CO and H,O are plotted
for simplicity. The relatively high background pressure
of H,O was due to the poor vacuum conditions of the
system. The spectra showed two distinct peaks; a low
temperature peak centered at about 723 K and a high
temperature peak at about 1173 K. In the low temper-
ature region, other species attributable to hydrocarbons
such as CH,, C;H,, and C;H, formed peaks of similar
intensities as CO. On the other hand, the H, peak as-
serted its preeminence over CO in the high temperature
region, where no hydrocarbon peaks appeared at all. It
should be mentioned that desorption peak at the low
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Fig. 4. Thermal desortion spectra of predominant species for a
C(H)/W film.

temperature region was also observed for the C(H)/SiO,
samples, whereas no high temperature H, peak ap-
peared. Similar phenomena have been also observed for
C(H)/Mo [6] and C(H)/Be [4], although the peak tem-
peratures differ from each other. Small peaks of H, and
CO observed at about 910 K were ascribed to the
tungsten substrate, because they also appeared from a
tungsten plate but not from a quartz glass plate and the
sample tube itself. These peaks were presumably due to
reactions of surface contaminants of the tungsten plate
(O and C) and water vapor in the system.

3.3. Change in surface composition

The surface composition of the carbon films and the
chemical state of surface elements were analyzed by XPS
to observe their changes with heat loading. The sample
was heated in vacuum at a given temperature for 10 min,
and cooled down to room temperature for measurement.
Similar procedures were repeated step by step up to
1273 K. Fig. 5 shows the change in the surface compo-
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Fig. 5. Change in surface composition with vacuum heating of
C(H)/W prepared by a methane discharge.
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sition of the sample prepared by the methane discharge.
It is seen that the surface composition was almost con-
stant below 600 K. Above 600 K, the oxygen concen-
tration started to decrease and disappeared at 873 K.
The carbon concentration began to decrease at 973 K
and reached 36% at 1273 K. On the contrary, tungsten
appeared only after the heating at 773 K and then in-
creased to 64% at 1273 K. Similar phenomena have been
observed for C(H)/Be [5] and C(H)/Mo [6].

On the basis of TDS and XPS observations, it is
concluded that a solid-state reaction between the film
and the substrate plays an essential role for the hydrogen
evolution and the formation of W,C in the high tem-
perature region. The formation of W,C was confirmed
by not only the surface composition but also by the
chemical shifts of W4f;,, and Cls peaks in XPS as well
as X-ray diffraction.

3.4. Hydrogen evolution mechanism

As to the hydrogen evolution in the low temperature
region, no appreciable desorption should be expected
because of the high bond energy of C—H [11]. In fact,
hydrogen ion-implanted graphite shows hydrogen de-
sorption peaks above 923 K [12]. The hydrogen evolu-
tion in the low temperature region shown in Fig. 4 can
be ascribed to reactions between the film and water
adsorbed as H,O(a) and/or OH(a), because the Ols
peak from OH(a) disappeared from XPS spectra around
573 K, although the Ols peak attributable to CO(a) still
remained on the surface till 773 K. Therefore, the hy-
drogen evolution in the low temperature region should
be described as

[—CH,—],, + xH,O(a) — xC(O) + (x + m'n’/2)H, (1)
[—CH,—],, + xOH(a) — xC(O) + ((x + m'n")/2)H, (2)
(n=0~3n>n",m>m)

C(0) — CO(gas) 3)

where [—CH,—], represents the hydrogen-containing
carbon, H,O(a) and OH(a) an adsorbed water and a
hydroxyl molecules, respectively, and C(O) a carbon site
occupied by adsorbed oxygen. The adsorbed H,O(a) and
OH(a) molecules appear to arise partly from the air ex-
posure of the sample during the transfer from the prep-
aration apparatus to the XPS system and partly from the
presence of residual water vapor in the TDS system.

On the contrary, the hydrogen release in the high
temperature region is due to the solid-state reaction of
the carbon film with the substrate to form W,C, which
was identified by X-ray diffraction analysis. On the basis
of these observations, it can be concluded that the solid-
state reaction between them is described as

[—CH,—],, + YW — (¥/2)W,C + (m'n’)H(a) (4)

(n=0~3n>n,m>m)

It is also plausible that a part of tungsten appearing on
the surface reacts with water vapor present in the system
as residual gas to form tungsten oxide. It can then react
with the carbon film as
W — oxide + [-CH,—|,, — W + CO(gas) + (m'n')H(a)
(5)
Subsequently, the adsorbed hydrogen desorbs from the
surface, but a small part may dissolve in the tungsten
substrate. Namely, the hydrogen release reaction is de-
scribed as

(m'n')H(a) — aH, + BH(s),

m

Qo+ p=m'n') (6)

These reaction schemes are essentially the same as those
proposed for the solid-state reaction between hydrogen-
containing carbon and molybdenum [6].

3.5. Effect of substrate material

As mentioned above, C(H)/Be, C(H)/Be, C(H)/Mo
and C(H)/W give the respective metallic carbides as
Be,C [4,5], Mo,C [6] and W,C by vacuum heating. The
ease of carbide formation, however, differs considerably
from each other. For example, Table 1 shows the dif-
ference in the hydrogen desorption peaks in the low and
high temperature regions. It can be seen that the peak
temperature in the high temperature region increases
with increasing atomic number of the substrate material,
whereas the one in the low temperature region is kept
almost constant around 723 K for each substrate.

Table 2 shows another example of the substrate de-
pendence of the solid-state reaction observed by XPS,
where one of the characteristic temperature was defined
as the temperature at which the ratio, [C}/[M], became
equal, and the other was the temperature at which the
ratio attained to [C])/[M]=1/2, corresponding to the
completion of carbide formation as M,C, where M de-
notes Be, Mo or W. Hereafter, they are denoted as the
halfway and the completion temperatures, respectively.
Both of them increased with an increase in the atomic
number of substrate materials.

Table 1
Comparison of H, desorption peak temperatures in the low and
high temperature regions

Low temp. (K) High temp. (K)

CH)/W 723 1173
C(H)/Mo 703 1050
C(H)/Be 723 873
C(H)/Si0, 713 None
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Table 2
Comparison of characteristic temperatures defined by [H]/[M]
ratios determined by XPS

CH)W  CH)Mo C(H)/Be
Halfway temp. (K) 1173 1073 823
Compl. temp. (K) 1273 1173 873
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Fig. 6. Plots of the halfway temperature againt the melting
points of substrate materials.

The halfway temperatures are plotted in Fig. 6
against the melting points of substrate materials. It re-
sulted in a good straight line. A similar relation was
found for the completion temperature. Namely the sol-
id-state reaction and the hydrogen evolution become
progressively faster on the substrate having a lower
melting point. In addition, it is worthwhile to mention
that the solid-state reaction appears not to be due to a
diffusion limited process, because the diffusion constants
of carbon in molybdenum and tungsten are almost
equivalent [13] and no appreciable difference between
them should be expected for the characteristic temper-
atures and the hydrogen desorption peak temperature.
In fact, the solid-state reaction for C(H)/Be has been
explained well [5] by a random nucleation and subse-
quent growth model [14,15].

4. Conclusions

The following conclusions were obtained for the
physicochemical properties of hydrogen containing

carbon deposited on tungsten and the solid-state reac-

tion between them by means of FT-IR, Raman, thermal

desorption and X-ray photoelectron spectroscopies
along with X-ray diffraction analysis.

1. The hydrogen-containing carbon films prepared by
plasma CVD in methane and ethylene consisted of
C—C and C=C bondings comprising sp> and sp> hy-
bridized orbitals. Hydrogen was principally bound to
carbon as >CH, and —CHj;.

2. The vacuum heating of the carbon films formed the
desorption peaks of hydrogen about 723 and 1173
K in TDS spectra. The former could be ascribed to
reactions of hydrogen containing carbon with ad-
sorbed hydroxyl and/or water molecules. The latter
was attributed to a solid-state reaction between hy-
drogen-containing carbon and tungsten, which yield-
ed H, and W,C as reaction products.

3. A linear relation was found between the solid-state
reactivity of hydrogen-containing carbon and the
melting point of substrate material among C(H)/M,
where M indicates Be, Mo or W. This relation
strongly suggests that the solid-state reaction is not
due to a diffusion limited process, but attributable
to a random nucleation and subsequent growth
mechanism.
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