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Chemical Binding States of Carbon Atoms Migrated in Tungsten
Coating Layer Exposed to JT-60U Divertor Plasmas
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Carbon migration in the tungsten coating layer exposed to JT-60U divertor plasmas has been investigated
by analysis of chemical binding states of the carbon atoms. More than 1% of carbon atoms were accumulated
as graphitic carbon, amorphous carbon and/or carbon-deuterium bonds. This concentration was more than five
orders of magnitude higher than the solubility of carbon atoms in tungsten lattice. Up to 20% of ditungsten
carbide (W2C) was also formed in the tungsten coating layer. These findings suggested the following carbon
migration mechanism in the tungsten coating layer. The incident carbon migrates along grain boundaries and
defects such as pores over the depth which is evaluated by the carbon diffusion coefficient in tungsten lattice.
The carbon atoms trapped on grain surface penetrate and diffuse in the grains. The carbon atoms exceeded the
solubility of carbon atoms in tungsten lattice chemically bind to tungsten atoms and form W2C.
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1. Introduction
In-vessel tritium inventory is one of the most crucial

issues for future deuterium-tritium (DT) fusion devices.
Carbon based materials such as graphite and carbon fiber
composites (CFCs) have been widely used as plasma fac-
ing components (PFCs) due to its advantages of low ra-
diation in the core plasma, high thermal conductivity, and
high thermal shock resistance [1]. However, since carbon
is chemically eroded by hydrogen isotope plasma expo-
sure in addition to physical erosion, an erosion rate of car-
bon PFCs is high even at a low incident hydrogen ion en-
ergy (<100 eV) compared with other candidate materials
such as tungsten. The eroded carbon atoms are transported
in the plasma and are deposited with hydrogen isotopes
on surfaces of armor tiles and remote areas such as tile
gaps [2]. The codeposits, especially deposited on the re-
mote area, increase in-vessel tritium inventory since they
are difficult to be removed by plasma irradiation.

Tungsten is planned to be used for the PFCs in future
fusion devices such as International Thermonuclear Exper-
imental Reactor (ITER) to reduce in-vessel tritium inven-
tory. The advantages of tungsten are low hydrogen solubil-
ity, low sputtering yield, and high melting point. Before the
DT operation phase in ITER, the CFC monoblocks at the
divertor targets will be replaced with tungsten monoblocks
[3]. In addition, it is under consideration that the beryllium
first wall tiles are replaced by tungsten coated tiles before
the later DT operation phase. Even though the carbon tiles
are removed from the vacuum vessel, carbon ions should
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still remain in the plasma [4]. These carbon ions are in-
jected to the tungsten coating layer together with tritium
ions.

Tungsten coated tiles exposed to the divertor plasmas
in JT-60U and ASDEX Upgrade have been analyzed to in-
vestigate the effects of carbon on hydrogen retention. In
these tokamaks, tungsten-coated tiles were installed to in-
vestigate feasibility of tungsten as the PFCs, for exam-
ple, tungsten accumulation and its suppression in the core
plasmas [5, 6], tungsten migration [7, 8] and in-vessel deu-
terium retention [9]. After experimental campaigns, a part
of the tungsten-coated tiles were taken out and deuterium
and carbon accumulation in the tungsten coating layers
were investigated [10–12]. Carbon was injected and accu-
mulated in the tungsten coating layer [10,11]. It was found
that the carbon migration depth was longer than that of
thermal diffusion length in tungsten lattice [12]. The deu-
terium atoms were predominantly trapped by the migrated
carbon atoms in the tungsten coating layer [12]. This sug-
gests that migration of carbon atoms plays an important
role for hydrogen retention in the tungsten coating layer.
In order to investigate the carbon migration mechanisms,
in this study, depth profiles of chemical binding states of
carbon atoms accumulated in the tungsten coating layer ex-
posed to JT-60U divertor plasmas were analyzed.

2. Experimental
2.1 Exposure of the tungsten coated tiles

Figure 1 shows a cross sectional view of a tungsten-
coated tile. Rhenium and tungsten multi-layer with a thick-
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Fig. 1 A cross sectional view of a tungsten-coated tile.

Fig. 2 Poloidal cross-section of the JT-60U divertor region. The
two curves indicate the typical positions of the separatrix
for the magnetic configurations of a usual and a tungsten
accumulation experiment. The filled tile shows the tung-
sten coated CFC tile. The arrow indicates the analysis
point.

ness of ∼15 µm was deposited by physical vapor deposition
(PVD) on the CFC tiles to reduce carbon diffusion from the
CFC substrate [13]. Tungsten with a thickness of ∼50 µm
was coated by vacuum plasma splaying (VPS) on the rhe-
nium/tungsten multi-layer.

In JT-60U, 12 tungsten-coated tiles were installed at
the upper part of the outer divertor plates before the 2003-
2004 experimental campaign as shown in Fig. 2. The outer
divertor plate is erosion dominant. In the 2003-2004 ex-
perimental campaign, 978 discharges were performed with
an outer striking point positioned on the lower part of the
divertor plates (the usual configuration), whereas 25 dis-
charges were performed on the upper part of the divertor
plates (the tungsten configuration), as shown in Fig. 2. The
incident ion fluence during the experimental campaign,
evaluated by the Langmuir probe array, was of the order
of 1025 ions/m−2. The electron temperature measured by
the Langmuir probe array was up to 50 eV. The max-
imum surface temperature during the plasma discharges

Fig. 3 (a) Schematic view of X-ray photoelectron spectroscope
(XPS) device for the analysis of the chemical bind-
ing state of the carbon atoms in the tungsten coating
layer. The photoelectrons illuminated from the sample
are shown by e−. (b) A top view of the sample with the
molybdenum aperture. The argon ion beam focused to
a diameter of ∼2 mm is raster-scanned over an area of
6 × 6 mm2 to sputter the tungsten coating layer evenly.

with the strike point positioned on the tungsten coated tiles
was ∼700 K. This temperature was evaluated by finite el-
ement methods (FEM) based on the tile temperature mea-
sured with thermocouples embedded at ∼6 mm bellow the
CFC tile surface installed on the same poloidal position.
Before air ventilation, 105 shots of hydrogen discharges
with hydrogen neutral beam injection (NBI) heating were
performed to remove the tritium retained at the tile sur-
faces.

2.2 Post mortem analysis
After the experimental campaign, two tungsten-coated

CFC tiles were taken out from JT-60U for the present post
mortem tile analysis. Accumulated elements and chemical
binding states of carbon atoms were analyzed with X-ray
photoelectron spectroscope (XPS). A sample with a size
of about 8 × 8 × 1 mm3 was cut out from the position at
∼10 mm from the lower tile edge at which the ion fluence
was the highest for the tungsten coated tile. Figure 3 (a)
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Fig. 4 Low resolution photoelectron spectra detected at ∼20 nm in depth. Background is not subtracted. Oxygen and rhenium are detected
in addition to carbon. The O KLL indicates the Auger electrons emitted from the L-shell by relaxation of the electron from the
L-shell to K-shell.

shows schematic view of the XPS device used in this study,
and Fig. 3 (b) shows a top view of the sample with the
molybdenum aperture. The X-ray generated from an Mg
Kα X-ray source was focused to the area of 0.8 × 0.2 mm2

on the surface of the tungsten coating layer placed in the
chamber at a pressure below 5 × 10−7 Pa. The photoelec-
trons emitted from the surface passed through a hemispher-
ical energy analyzer and were detected with a channel elec-
tron multiplier. After the photoelectron spectrum was mea-
sured, an argon ion beam at a beam energy of 4 keV was
injected through an aperture with a 4 mm in diameter to
sputter the tungsten coating layer in order to investigate
next deeper layer. As shown in Fig. 3 (b), the argon ion
beam focused to about 2 mm in diameter on the sample
surface was raster-scanned over an area of 6 × 6 mm2 to
sputter the surface evenly. The XPS measurement and the
sputtering by argon ion beam were repeated to measure
the depth profile of carbon, oxygen, and rhenium down to
2.5 µm. Prior to the measurement, the surface with a thick-
ness of about 20 nm was sputtered to reduce air contami-
nation. The depth profile of oxygen in unexposed tungsten
coating layer was also measured to compare with plasma
exposed one. Prior to the measurements, the unexposed
one was heated at 1373 K for 10 min in a separated vacuum
chamber to remove residual gas. The depth of the sputtered
crater was measured by a surface profilometer. Note that
binding energies of photoelectron spectra were calibrated
with the Au 4f7/2 photoelectron spectrum with a peak at
84.0 eV taken from a clean surface of a gold sample.

A low resolution photoelectron spectrum was taken
in the binding energy range between 1.6 and 1000 eV, as
shown in Fig. 4. The photoelectron energy through the
hemispherical energy analyzer (pass energy) was set at
187.85 eV and the photoelectrons were measured every
1.6 eV (energy step).

High resolution C 1s and W 4f photoelectron spec-
tra were measured, as shown in Figs. 5 (a) and (b), respec-
tively. The measured energy ranged from 275 to 295 eV for
the C 1s spectrum and varied from 25 to 40 eV for the W 4f

Fig. 5 High resolution photoelectron spectra for (a) C 1s and (b)
W 4f detected at ∼0.6 µm in depth. The backgrounds are
shown by the broken lines. The W 5p3/2 photoelectron
spectrum is overlapped with the W 4f5/2 one.

spectrum. The pass energies and energy steps for both pho-
toelectrons were set to be 58.7 and 0.125 eV, respectively.
High resolution spectra emitted from the impurities, oxy-
gen and rhenium, detected from the low resolution spectra
were also measured, as shown in Fig. 6. The measured en-
ergy ranged from 524 to 540 eV for the O 1s spectrum and
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Fig. 6 High resolution photoelectron spectra for (a) O 1s and (b)
Re 4f detected at ∼0.6 µm in depth. The backgrounds are
shown by the broken lines.

varied from 35 to 50 eV for the Re 4f spectrum. The pass
energies and energy steps for both photoelectrons were set
to be 58.7 and 0.125 eV, respectively.

3. Analysis
The high resolution C 1s spectrum is deconvoluted

by Voigt functions to determine chemical binding states
of carbon atoms. As shown in Fig. 5 (a), the background
of the C 1s spectrum, determined by the Shirley’s method
[14], is subtracted and the resultant spectrum is shown in
Fig. 7. The C 1s spectrum can be fitted by four Voigt
functions with the different central energies. This is be-
cause four different types of carbon chemical binding
states are expected from a tungsten-carbon binary sys-
tem [15]: graphitic carbon, amorphous carbon, tungsten
carbide (WC) and ditungsten carbide (W2C). Although
carbon-deuterium (C-D) bonds are expected to be formed,
these cannot be distinguished from the amorphous carbon,
due to the same biding energy [16, 17]. The central ener-
gies of the Voigt functions are fixed to the binding energies
reported in Ref. [15]. These energies are summarized in
Table 1. The full width at half maximum (FWHM) and the
ratio of the Lorentzian and Gaussian widths were set to be

Fig. 7 C 1s spectrum at ∼0.6 µm in depth with the best fits for
the measured spectrum. The dots show the detected C
1s spectrum after the background subtraction. The three
solid lines represent the curves fitted by Voigt functions.
The broken line shows total fit of the three Voigt profiles.

Table 1 Binding energies of the electrons at the C 1s electron
orbital for the different chemical binding states.

free parameters.
Concentrations of carbon atoms with each different

binding state over tungsten atoms are determined from an
areal ratio of each Voigt profile to W 4f spectrum in consid-
eration of difference of the detection sensitivity between C
1s and W 4f photoelectrons. The background of the W 4f
spectrum shown in Fig. 5 (b) is subtracted. The sensitivity
factors included in the MultiPak software package [18] are
used. Concentrations of oxygen and rhenium atoms over
tungsten atoms are also determined by a similar method to
the carbon.

4. Results
Figure 7 shows the C 1s spectrum taken at ∼0.6 µm

in depth. Although the measured spectrum is fitted by
four Voigt profiles, it can be fitted by the three profiles.
From the areal ratio of these Voigt profiles to the W 4f
spectrum (Fig. 5 (b)), the concentration of carbon atoms
over tungsten atoms are determined to be 15, 8, and 19%
for graphitic carbon, amorphous carbon and/or C-D bonds,
and carbon atoms forming W2C, respectively.

Depth profiles of concentrations of carbon atoms with
different chemical binding states, determined from the
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Fig. 8 Depth profiles of concentrations of carbon atoms with
different chemical binding states in the tungsten coating.

above method, are shown in Fig. 8. The atomic concen-
trations are determined with carbon and tungsten although
other atoms such as oxygen and rhenium are accumu-
lated in the tungsten coating layer. A concentration of the
graphitic carbon is uniform with 15% within 0.6 µm from
the surface, and is down to 1% at 2.5 µm in depth. A con-
centration of the amorphous carbon and/or C-D bounded
carbon is uniform at 10-15% within 0.1 µm from the sur-
face. Then it decreases with increasing depth, down to 1%.
A concentration of the carbon atoms forming W2C is 2%
at the surface. It increases with depth and saturates to 20%
over 0.3 µm in depth.

5. Discussion
5.1 Carbon migration through the grain

boundaries
The concentration of the carbon atoms chemically un-

bound to the tungsten atoms, i.e. graphitic carbon, amor-
phous carbon, and/or C-D bound carbon, exceeds the sol-
ubility of carbon atoms in tungsten lattice. The solubil-
ity of carbon atoms in tungsten lattice extrapolated from
the experimental results [19] to 700 K is evaluated to be
10−4%. However, the concentration of the carbon atoms
unbound to the tungsten atoms is more than 1%. This dis-
crepancy indicates possible interpretations that the carbon
atoms over the solubility is retained along the grain bound-
aries and defects such as pores in the present tungsten coat-
ing layer.

The carbon migration length in the present tungsten
coating layer is much longer than the carbon diffusion
length evaluated by the carbon diffusion coefficient in
tungsten lattice. Diffusion length, ld, in materials is defined
as

ld =
√

Dt. (1)

Here, D (m2/s) is the diffusion coefficient and t (s) is the
diffusion time. The carbon diffusion coefficient at 700 K is

evaluated to be up to 5× 10−19 m2/s from extrapolations of
the experimental results [20–23]. With this diffusion coef-
ficient, the carbon diffusion length is evaluated to be up to
70 nm with a surface temperature of the tungsten coating
of 700 K during plasma discharge and discharge duration
of 8420 s in the 2003-2004 experimental campaign. This
diffusion length is more than 40 times shorter than the ana-
lyzed depth (∼2.5 µm in depth). Therefore, the present car-
bon migration length cannot be explained simply by car-
bon diffusion in tungsten lattice, suggesting another, much
faster carbon migration mechanisms in the tungsten coat-
ing layer.

Although carbon diffusion coefficients along grain
boundaries in VPS-tungsten coating layer have not been
determined, diffusion along grain boundaries and defects,
in general, is much faster than that through crystal lat-
tice [24]. Therefore, it is probable that the injected car-
bon atoms and hydrocarbon molecules should migrate
along the grain boundaries and defects in the tungsten
coating layer. Since the carbon atoms and hydrocar-
bon molecules which migrated along the grain boundaries
would be trapped on the grain surfaces, more than 1% of
the carbon atoms unbound to the tungsten atoms were de-
tected.

5.2 W2C formation
As shown in Figs. 7 and 8, it is found that W2C was

also formed in the present tungsten coating layer. In the
case where carbon atoms penetrate to tungsten grains,
carbon atoms exceeded the solubility in tungsten lattice
chemically bind to tungsten atoms and form WC or W2C.
Hence, retention of W2C in the present tungsten coating
layer indicates that the carbon atoms trapped on grain sur-
face penetrate to grains through the grain surface and dif-
fuse in the grains, forming W2C.

Although a concentration of the carbon atoms forming
W2C has the maximum value at 33% in tungsten-carbon
binary system, it was saturated at 20% in the present tung-
sten coating layer. This discrepancy arises from the fol-
lowings: (i) the carbon migration through grain bound-
aries and defects is much faster than the carbon diffusion in
tungsten grains, and (ii) W2C is formed only within 70 nm
from grain surfaces. Tungsten atoms in the central part
of tungsten grains should not be chemically bind to car-
bon atoms. Hence, additional plasma discharges will grow
W2C formation toward the central part of tungsten grains
up to 33% in tungsten coating layer. To confirm this, anal-
ysis of a concentration of the carbon atoms forming W2C
in the tungsten coating layer exposed to a longer experi-
mental campaign is in preparation.

5.3 Effects of oxygen and rhenium on car-
bon migration

As shown in Fig. 4, oxygen and rhenium were seen
in the present tungsten coating layer. According to the re-
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Fig. 9 Depth profiles of concentrations of oxygen atoms in the
tungsten coating layer exposed and unexposed to JT-60U
divertor plasmas.

port from the manufacturer, concentrations of oxygen and
rhenium atoms measured at the time of manufacture were
less than 0.1 and 0.01%, respectively, over tungsten atoms.
These values are lower than detection limit of XPS (about
1%). This indicates a possibility that the oxygen and rhe-
nium atoms were retained in the present tungsten coating
layer during plasma discharges or the tile storage in air af-
ter the taking out from the torus.

Since the oxygen atoms originate mainly from atmo-
sphere during the tile storage in air, the effects on the car-
bon migration would be negligible. Figure 9 shows depth
profiles of concentrations of oxygen atoms over tungsten
atoms in the tungsten coating layer exposed and unexposed
to JT-60U divertor plasmas. The atomic concentrations
were determined with oxygen and tungsten. For the un-
exposed one, the oxygen atoms detected from more than
0.3 µm in depth originate mainly from the residual gas in
the XPS device. This indicates for the exposed one that the
oxygen atoms at the depth of 1.4 µm or more also originate
from the residual gas. Hence, the oxygen atoms within
1.4 µm in depth accumulate during plasma discharge or the
tile storage in air after the experimental campaign. In the
case that the oxygen is injected during plasma discharges,
the incident oxygen atoms would migrate over 1.4 µm in
depth such as carbon and deuterium [11, 12]. Hence, the
oxygen atoms within 1.4 µm in depth would be accumu-
lated during the tile storage in air after the experimental
campaign.

Effects of rhenium on the carbon migration would be
also small. Figure 10 shows a depth profile of a concentra-
tion of rhenium atoms in the present tungsten coating layer.
The atomic concentrations were determined with rhenium
and tungsten. Although the rhenium atoms would origi-
nate from those in the rhenium/tungsten multi-inter layer
[25, 26], the reason why the rhenium atoms retained at the
surface of the tungsten coating layer is unclear [26]. The

Fig. 10 A depth profile of concentration of rhenium atoms in
the tungsten coating layer exposed to JT-60U divertor
plasmas.

carbon diffusion coefficient in lattice of tungsten and rhe-
nium alloy increases with the concentration of the rhenium
atoms [23]. With the carbon diffusion coefficient evaluated
by an extrapolation of the experimental values [23], the
carbon atoms injected at initial of the experimental cam-
paign can diffuse up to 0.3 µm in depth in the alloy with
rhenium content shown in Fig. 10. Hence, enhancement of
diffusion of the carbon atoms in the tungsten coating layer
by the rhenium atoms is limited within 0.3 µm in depth.

5.4 Possible carbon migration mechanisms
From the above discussion, we show possible migra-

tion mechanisms of the incident carbon in the tungsten
coating layer. As shown in Fig. 11 (a), carbon atoms and
hydrocarbon molecules inject into the tungsten coating
within ion ranges (less than 10 nm in depth). As shown
in Fig. 11 (b), the carbon injected near the grain bound-
aries and pores migrates within ∼2.5 µm in depth along
grain boundaries and pores. As shown in Fig. 11 (c), the
carbon atoms trapped on grain surface penetrate and dif-
fuse in grains. In the case of the hydrocarbon molecules,
these dissociate to carbon and hydrogen atoms on grain
surfaces and the carbon atoms penetrate and diffuse in the
grains. Carbon atoms less than ∼10−4% (solubility of car-
bon atoms in tungsten lattice at 700 K) solve in grains. The
others exceeded the solubility chemically bind to tungsten
atoms, forming W2C. The W2C is formed within 70 nm
from grain boundaries. To confirm the migration mech-
anisms of the incident carbon, mapping analysis of car-
bon atoms on the cross-section of the tungsten coating is
planned.

Carbon migration through grain boundaries would be
enhanced, in particular, in tungsten coating materials. Sim-
ilar carbon migration mechanisms were reported by Yeh et
al. for tungsten thin films produced by magnetron sputter-
ing [27]. They proposed that the carbon atoms penetrated
from diamond substrates to the tungsten coating layers mi-
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Fig. 11 Possible migration mechanisms of the incident carbon
ions in the tungsten coating exposed to JT-60U divertor
plasmas. (a) Irradiation of carbon atoms and molecules
in the tungsten coating. (b) Migration of carbon along
grain boundaries and pores and deposition on the sur-
face of grain boundaries. (c) Penetration and diffu-
sion of carbon atoms in tungsten grains, and chemically
binding with tungsten atom and forming W2C.

grate through grain boundaries and interstitials, and car-
bide formation (WC and W2C) grows from the surface of
grain boundaries to inside of the grains. In contrast, pref-
erential migration through grain boundaries is not clearly
observed in hot rolled polycrystalline tungsten plates irra-
diated with carbon and hydrogen ions [28].

One of the possible reasons for the difference of car-
bon migration between the tungsten coating layer and
polycrystalline tungsten plates would be difference of
grain-boundary width. The grain-boundary width in the
tungsten plates should be narrower than that in the tungsten
coating layer since the tungsten plates are hot rolled after
sintering of tungsten powder. To prevent the carbon mi-
gration through grain boundaries in tungsten coating layer,
decrease of the grain-boundary width by some methods
such as hot isostatic pressing (HIP) will be effective. This
method presses materials isotropically at elevated temper-
ature (a few hundreds of ◦C) by an isostatic high pressure
gas (a few tens of MPa), and is widely used to reduce the
porosity and increase the density of materials.

Suppression of the carbon migration through grain
boundaries should be effective to reduce tritium retention
in the tungsten coating layer. Tritium retention in the tung-
sten coating layer increases with the concentration of car-
bon atoms. This is confirmed by similar depth profiles of
deuterium and carbon atoms in the tungsten coating mea-
sured by secondary ion mass spectroscope (SIMS) [11,12].
This indicates that the injected deuterium atoms are pre-
dominantly trapped by carbon atoms accumulated in the
tungsten coating layer. Therefore, suppression of carbon
migration through grain boundaries should lead to decrease
of tritium retention in tungsten coating layer.

6. Conclusion
It is found that a concentration of more than 1% of

carbon atoms chemically unbound to tungsten atoms, i.e.
graphitic carbon, amorphous carbon and/or C-D bound
carbon, were retained along the grain boundaries and de-
fects in the tungsten coating layer on the JT-60U outer di-
vertor plates. Concentrations of these carbon atoms ex-
ceeded the solubility of carbon atoms in tungsten lattice
(∼10−4%). A concentration of carbon atoms chemically
bound to tungsten atoms, i.e. W2C, over tungsten atoms
was evaluated to be 20%. The injected carbon atoms were
migrated over the depth at a much higher speed expected
from the carbon diffusion coefficient in tungsten lattice.
From these findings, carbon migration mechanisms are
suggested as follows. The incident carbon atoms and hy-
drocarbon molecules migrate along grain boundaries and
defects such as pores over the depth which is evaluated
by the carbon diffusion coefficient in tungsten lattice. The
carbon atoms trapped on grain surfaces penetrate in grains
and diffuse in the grains. The hydrocarbon molecules
trapped on grain surfaces would dissociate at grain surfaces
and the dissociated carbon atoms penetrate and diffuse in
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grains. The carbon atoms exceeded the solubility of car-
bon atoms in tungsten lattice chemically bind to tungsten
atoms, forming W2C.

From the results of the present work, simultaneous in-
jection of carbon and tritium ions in a tungsten coating
layers in a future DT fusion device leads to increase tri-
tium retention in the tungsten coating layer due to migra-
tion of carbon atoms through grain boundaries. Migration
of carbon atoms through grain boundaries need to be pre-
vented to reduce tritium retention in tungsten coating layer.
This will be achieved by density increase between grains
by means of HIP. In order to investigate the crystalline
structure of the tungsten coating layer and detailed carbon
migration mechanisms, cross-sectional observations with
field emission scanning electron microscope (FE-SEM)
and transmission electron microscope (TEM) are now to
be prepared.
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