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behavior of energetic deuterium implanted into tungsten carbide
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Abstract

Dependence of implantation temperature on chemical behavior of energetic deuterium implanted into WC was inves-
tigated by TDS and XPS. 1.0 keV Dþ2 ions were implanted into WC samples at the implantation temperature range of 323–
873 K. It was found that the deuterium retention decreased as the implantation temperature increased. Above 573 K, most
of the retained deuterium was bound to C, which was less than 20% of the total D retention after Dþ2 implantation at
323 K. Above 673 K, C was segregated on the WC surface and some of the implanted deuterium was retained in the
segregated carbon layer. Additionally, it can be said that the D retention in WC was much less than that in other car-
bon-related materials, such as graphite and SiC. Hydrogen isotope retention can be reduced significantly when WC is
formed on a divertor surface as a redeposited layer.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In ITER, both tungsten (W) and carbon (C)
materials will be used as the plasma-facing materials
(PFMs) [1]. It is expected that W and CFC are sput-
tered by energetic particles and then redeposited on
the divertor surface as mixed materials [2]. Their
composition is still unknown, while they could be
carbon-rich due to the higher sputtering rate for C
than that for W [3,4]. To understand chemical
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behavior of tritium in the redeposited layers, there-
fore, it is useful to investigate hydrogen isotopes
behavior in carbon materials containing various
concentration of W. As a fundamental study, we
carried out the experiments for WC in the present
paper.

It has been reported that there were four deute-
rium desorption peaks of the TDS spectrum for
the deuterium implanted WC, when energetic deute-
rium was implanted at the temperature of 323 K:
the two peaks observed at the lower tempera-
ture region were attributed to the desorption of deu-
terium retained in the interstitial sites, the third
.
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Fig. 1. TDS spectra of D2 for Dþ2 ion implanted WC with fitted
peaks.

Fig. 2. TDS spectra of D2 for Dþ2 ion implanted WC with various
implantation temperatures.
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corresponded to that trapped by carbon vacancy,
and the last was originated from the desorption of
deuterium bound to carbon [5].

In this paper, implantation of energetic deute-
rium ion ðDþ2 Þ into WC was carried out to under-
stand temperature dependence on chemical
behavior of hydrogen isotopes in temperature range
from room temperature up to 873 K, which will
almost covers the expected operating temperatures
of fusion reactors. Thermal desorption processes
of implanted deuterium from WC and the chemical
structure of WC were studied by means of the ther-
mal desorption spectroscopy (TDS) and X-ray pho-
toelectron spectroscopy (XPS).

2. Experimental

The sample used in the present study was poly-
crystalline WC supplied by A.L.M.T. TUNGSTEN
Corp. (Toyama, Japan). The size of the sample
was 10 mm · 10 mm · 0.5 mmt and its density was
14.9 g/cm3, which was almost same as that of 15.5–
15.7 g/cm3 for the single crystal. The sample was
mounted on a sample holder equipped with a cera-
mic heater, whose details were described in Ref. [6].

To remove the impurities, such as H2O, O2, H2

and so on, the samples were preheated at 1323 K
for 10 min under ultrahigh vacuum (�10�8 Pa).
Thereafter, the sample surface was sputtered by
1.0 keV argon ions (Ar+), and its atomic composi-
tion ratio of W and C was determined to be almost
unity according to the XPS measurement. The
1.0 keV Dþ2 ions were implanted into the WC sam-
ples at various temperatures in the range between
323 and 873 K, with the flux of 1.0 · 1018 D m�2 s�1

and the fluence of 1.0 · 1022 D m�2, which corre-
sponded to the D saturation in WC. The chemical
state of WC after the Dþ2 ion implantations at the
various implantation temperatures was also ana-
lyzed by means of XPS using the AlKa source. To
reveal the thermal desorption behavior of the
implanted deuterium from the WC samples, the
TDS experiments were carried out up to the temper-
ature of 1323 K at a heating rate of 0.5 K s�1.

3. Results and discussion

Fig. 1 shows the TDS spectrum for the Dþ2 ions
implanted WC at the temperature of 323 K and
the four analyzed peaks of D2 desorbed from WC
by using the Gaussian distribution function. These
peaks were located at the temperatures of around
400, 490, 600 and 930 K, marked with Peak 1, Peak
2, Peak 3 and Peak 4, respectively. According to our
previous study [5], Peaks 1 and 2 were assigned to
the desorption of D retained in two interstitial sites
of WC, Peak 3 was corresponded to that trapped by
C vacancy, and Peak 4 was originated from the
desorption of D bound to C.

Fig. 2 shows the TDS spectra for Dþ2 ion
implanted WC at the various implantation tempera-
tures between 323 and 873 K. It was found that the
total D retention decreased as implantation temper-
ature increased. No Peak 1 was observed in the TDS
spectrum for the WC irradiated at 423 K. Peak 2 and
Peak 3 did not also observed in the TDS spectrum at
the implantation temperature of 573 K. The satu-
rated retention of D bound to C was determined to
be almost 3.0 · 1020 D m�2 at 573 K. Above 573 K,
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it was found that most of D bound to C was des-
orbed. The desorption temperature for D bound to
C has elevated as implantation temperature
increased above 573 K as shown in Fig. 2, which
was attributed to the fact that the D desorption
was refrained by a re-combination process [7].

Fig. 3 shows the XPS spectra C-1s and W-4f of
WC normalized at the various implantation temper-
atures. The initial binding energies of C-1s and W-4f
were located at 282.9 eV and 31.4 eV, respectively. A
positive peak shift of C-1s to 283.0 eV was observed
after the Dþ2 ion implantation at 323 K. This sug-
gests that C–D bonds are formed in Dþ2 ion implan-
tation. On other hand, no distinct chemical shifts of
W-4f were observed by Dþ2 ion implantation at
323 K. The additional peak shift of C-1s toward
the lower energy side was observed as the implanta-
tion temperature increased, and at the temperature
of 873 K, it was reached to 282.7 eV, which was con-
Fig. 3. XPS spectra for Dþ2 ion implanted WC with various
implantation temperatures. (a) C-1s (b) W-4f. These were
normalized to equalized these intensities.
sistent with a typical binding energy of C-1s for WC
[8]. It was suggested that the amount of D bound to
C decreased as implantation temperature increased
[9]. For the binding energy of W-4f, a positive chem-
ical shift was observed as the implantation tempera-
ture increased. The binding energy of W-4f at the
implantation temperature of 423 K was 0.2 eV
higher than that at 323 K, which was consistent with
the result of the TDS measurement that D bound to
one of the interstitial sites was detrapped. The
trapped D is affected by two vertical atoms of W
because the distance between the trapped D and pla-
nate three atoms was longer than that between the
trapped D and the vertical two W atoms. The dis-
tinct chemical shift of C-1s between the implantation
temperature of 323 K and 423 K was not observed,
indicating the trapped D was influenced by not C
but W. It is known that there are two different inter-
stitial sites in WC, namely Interstitial I, where
arranges three W atoms on planate and the other
two C atoms on vertically located, and Interstitial
II which is opposite configuration with Interstitial
I. According to these experimental results, it was
thought that the D trapped by Interstitial II would
be energetically more stable than that by Interstitial
I, and Peak 1 of the TDS spectrum was attributed to
the D desorption from Interstitial I, and Peak 2 to
that from Interstitial II. At the temperature of
573 K, the binding energy of W-4f was 0.3 eV lower
than that of 423 K, which corresponded to the D
desorption from Interstitial II and carbon vacancies.
Especially, the D desorption from the carbon vacan-
cies induced negative peak shift of W-4f, as the D
trapped by carbon vacancies were surrounded by
only W atoms. Furthermore, a shoulder appeared
on the higher energy side of C-1s peak after the Dþ2
ion implantations. The shoulder shifted to the higher
energy side and the FWHM value of the C-1s peak
increased as implantation temperature increased.
Consequently, the C-1s XPS spectra were found to
be divided into two peaks; the lower one (282.7 eV)
was attributed to C–W bond, and the higher one
(284.6 eV), C–D bond and/or C–C bond [4,7,9].
Fig. 4 shows the peak areas of C–W bond and ‘C–
D + C–C’ bonds, which estimated from C-1s spec-
tra. Fig. 5 indicates the peak areas of W-4f and
C-1s XPS spectra as a function of implantation tem-
perature. Below 673 K, both peak areas in Fig. 4 and
C-1s in Fig. 5 were not changed significantly. How-
ever, above 673 K, the peak area of ‘C–C + C–D’
in Fig. 4 and C-1s in Fig. 5 increased as implantation
temperature increased, although the total D



Fig. 4. Implantation temperature dependence of peak areas of
C-1s XPS spectra.

Fig. 5. Implantation temperature dependence of peak areas of
C-1s and W-4f XPS spectra.

Fig. 6. D retention for Dþ2 ion implanted graphite, SiC and WC
at various temperatures.
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retention in WC decreased. It was suggested that C–
C bond was the major chemical form on the WC sur-
face above 673 K, expecting that C was segregated
on the surface by heating treatment during Dþ2 ion
implantation. Coincidentally, peak area of W-4f in
Fig. 5 was decreased as implantation temperature
increased whereas C–W in Fig. 4 was not widely
changed. It was suggested that deuterium desorbed
by heating above 673 K and, thereafter, C–W bonds
were recovered. However some disordered C were
remained and easily diffused toward the surface.
These facts induced the C segregation on the WC
surface.

The D retention in WC per one component atom
(D/WC · 0.5) as a function of implantation temper-
ature is summarized in Fig. 6, in which the D reten-
tion in pyrolytic graphite (D/C) and SiC (D/
SiC · 0.5) are also shown [10,11]. The D retention
in WC was decreased significantly up to 573 K,
and the reduction became almost gradual above
573 K, where the amount of D bound to C was less
than 20% of the D retention at 323 K. It should be
noted that the D retention in WC was much less than
those in the other materials, one fifth of that in pyro-
lytic graphite and one sixth in SiC. In addition, the D
retention would be lowered if the temperature of WC
layer could be high during discharge in fusion reac-
tors. However, it is thought that the D retention
would increase when the C concentration in the
re-deposition layer increased. Further studies, there-
fore, will be required to reveal C concentration
dependence on hydrogen isotope retention in rede-
position layers of tungsten–carbon mixtures on
divertor region of fusion reactors.
4. Conclusion

Dependence of implantation temperature on
chemical behavior of energetic deuterium implanted
into WC was investigated by using TDS and XPS.

There were four D desorption stages for the Dþ2
ion implanted WC according to TDS results. It
was suggested that D was trapped mainly by two
different interstitial sites and carbon vacancies in
WC below 423 K. Above 573 K, most of D was
bound to C, which was less than 20% of the total
D retention at 323 K. Above 673 K, C was segre-
gated on the WC surface.

The present experimental results imply that pos-
sibility for the reduction of tritium inventory in
WC redeposition layer in the divertor region for
ITER compared to the C redeposition layer when
the surface temperature was increased. In the
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operating temperature of divertor ITER, therefore,
a significant reduction of tritium inventory in the
WC deposited layer could be achieved. For more
detailed estimation of tritium inventory in redepos-
ited layers of W and C mixtures in ITER, however,
further studies will be required to reveal C concen-
tration dependence on hydrogen isotopes retention.
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