ELSEVIER

Available online at www.sciencedirect.com

sc.ENCE@D.RECT®

Journal of Nuclear Materials 329-333 (2004) 771-774

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Effects of carbon impurity in fusion plasmas on erosion of
RAF first wall

Y. Ueda *, T. Funabiki, T. Shimada, R. Kawakami !, M. Nishikawa

Department of Electronic, Information Systems, and Energy Engineering, Graduate School of Engineering, Osaka University,
2-1 Yamadaoka, Suita, Osaka 565-0871, Japan

Abstract

Sputtering erosion of RAF (reduced-activation ferritic/martensitic steel) was studied under hydrogen and carbon
mixed ion beam irradiation. Ion beam energy, flux, and fluence were 1 keV H{ (dominant species), ~1.5x 10® H/m?s
and ~5x 10** H/m?, respectively. Erosion yields of RAF irradiated by the mixed ion beams are found to be temperature
dependent. For carbon concentration in the beam of 0.84% (1.3%), an effective erosion yield at 453 K is lower than that
at 773 K by 18% (34%). For 0.8% C in the beam, the surface carbon composition at 453 K is about 20%, while at 773 K
it is very low (~3%), which suggests swift carbon diffusion into the bulk. This experimental surface carbon concen-
tration agrees with simulation results by the EDDY code. The change in the effective erosion yield with temperature is

consistent with the change in surface carbon concentration.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Reduced-activation ferritic/martensitic steel (RAF) is
one of the strongest candidates for structural materials
of blankets for DEMO reactors [1]. Its sputtering ero-
sion, however, could be an important issue for the use of
RAF as a plasma-facing wall material. Although putting
an armor material such as tungsten on the first wall can
reduce sputtering yield significantly, the use of tungsten
would increase radioactive dust and complicate fabri-
cation processes of the blankets. Therefore, the use of
RAF as a plasma-facing wall still remains as an attrac-
tive option. Estimation of erosion rates of RAF wall,
however, is not easy when impurity ions are included in
the plasma. Effective sputtering yield increases with
volatile impurity ions (eg. inert gas) in the DT plasma,
while non-volatile impurity ions such as carbon ions
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remain in the material after implantation and reduce
erosion of base materials. These implanted carbon
atoms diffuse at elevated temperatures, which makes
erosion processes more complicated. Therefore, the
behavior of carbon ions in RAF and its effect on sput-
tering erosion needs to be studied for reliable blanket
design. However, no useful experimental results nor
reliable simulation has yet been reported.

In this study, RAF (F82H) samples were irradiated
with a high flux (>10® m=2s7!') hydrogen ion beam
with small amounts of carbon ions (0.8-1.3%) to ob-
tain erosion yield of RAF under simultanecous bom-
bardment of hydrogen and carbon. Erosion rates were
estimated by weight loss and erosion depth. In addi-
tion, dynamic simulation by the EDDY code [2] was
also done.

2. Experimental

In this study, an ion beam irradiation device Hi-
FIT was employed for hydrogen and carbon mixed
ion beam irradiation. Although the details of this
ion source were described elsewhere [3.,4], a brief
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description is given here. In the HiFIT, an ECR ion
source powered by 2.45 GHz microwave (5 kW at
maximum) equipped with spherical electrodes was
used. These spherical electrodes (effective diameter was
150 mm) geometrically focused the broad ion beams
onto the samples to obtain a high-flux beam. In the
experiments, hydrogen ion beams consisting of mainly
Hj as well as Hj and H' were used with energy of 1
keV. Energies per an atom for these species are 333,
500, and 1 keV, respectively. Atom species ratio (333
eV H:500 eV H:1 keV H) is about ~0.7:~0.2:~0.1.
Irradiation flux and fluence were ~1.5x10%* H/m?s
and ~5x10* H/m?, respectively.

Carbon impurity in hydrogen ion beams was added
by putting carbon plates in the ion source chamber.
Carbon impurity concentration was changed from
~0.1% to ~1.3%, depending on the size of carbon plates
in the ion source. Oxygen impurity in the ion beam of
about 0.05% was always present. The other impurity
concentrations are less than the detection limit
(~0.01%). Carbon impurity ions in the beam appeared
as hydrocarbon molecular ions such as CH and C,H}.
Carbon concentration in the ion beams was measured by
a magnetic deflection mass analyzer. Details of estima-
tion of impurity concentrations in ion beams were de-
scribed in Ref. [5].

RAF used in the experiments is F82H steel, which
contains 7.65 wt% Cr, 2 wt% W, and Mo, Mn, V, Ta,
Ti, Si and C below 1 wt% in sum total, and Fe for the
balance [6]. Sample materials were the same as those
used for compatibility studies of F82H with tokamak
plasma in JET-2M [7,8]. Heat treatment at 623 K for
10 h in vacuum was done before ion beam irradiation
to desorb contained gas. Sample size was 10x20x1
mm?® with surfaces polished to a mirror finish, with
roughness of an order of 10 nm. The ion irradiation
area was defined by a 5 mm diameter aperture in front
of the samples. Samples were heated up to 773 K with
an IR-heater and the sample temperature was mea-
sured using a thermocouple embedded in the copper
holder, which was attached to the irradiation samples.
In the case of about 470 K, samples were heated by the
ion beam itself and no active heating by the IR-heater
was done.

Erosion rate estimated by weight loss during ion
beam irradiation. Weight loss was measured by a
microbalance (Metler, MX5) with readability of 1 pg.
Surface profile was measured by a surface profilometer
(SNF, DekTak3) with a stylus radius of 12.5 pum. Depth
profiles of atomic composition in irradiated RAF was
measured by XPS (X-ray induced photoelectron spec-
troscopy). After the irradiation of samples, they were
exposed to air when delivering them to the XPS device.
Therefore, impurity atoms such as oxygen and carbon
were adsorbed on the top surface before XPS measure-
ments.

3. Results of RAF erosion

Fig. 1 shows a surface profile of an ion irradiated
RAF sample measured by the surface profilometer. In
this case, a hydrogen ion beam with 0.8% carbon was
used. The irradiated surface became rough with rough-
ness of about 100 nm. A surface profile of the eroded
area, shown in Fig. 1, was downward convex. This
profile was caused by the ion flux distribution and the
surface deformation of the irradiated samples. lon flux
distribution was the main cause, but in some cases sur-
face deformation was too large to remove its effect on
depth estimation. To calculate averaged depth of irra-
diated area, 11 line profiles separated by 0.5 mm each
were measured by the surface profilometer across the
eroded area of the samples (5 mm in diameter). This
measurement gave a detailed 3D pictures of eroded
areas, which was useful to estimate averaged depth.
Under similar irradiation conditions, tungsten showed
blistering [9]. RAF samples, however, did not show
blistering probably due to the small grains and/or low
hydrogen trapping energy at grain boundaries.

Erosion evaluated from two measurements, weight
loss and erosion depth, is shown in Fig. 2. In Fig. 2(a),
an effective sputtering yield was deduced from weight
loss and incident fluence, under the assumption that
samples consisted of only Fe. This assumption is
acceptable because the major alloying element in RAF,
Cr, has similar atomic number and surface binding en-
ergy to Fe, leading to a similar sputtering yield. It is
noted that three hydrogen species (333 eV H, 500 eV H
and 1 keV H) have similar sputtering yields for Fe. It is
found that effective sputtering yields were increased with
sample temperature for both 1.3% C and 0.8% C. The
increment in the effective sputtering yield when the
temperature was increased from about 470 to 770 K for
1.3% C was about 6.6x 1073, which corresponded to
about 34% of the yield at 770 K. On the other hand, the
increment was about 18% for 0.8% C, smaller than that
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Fig. 1. Surface profile of irradiated RAF sample.
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Fig. 2. Effective erosion yield as a function of temperature for
the carbon concentrations in the ion beams of 0.8% and 1.3%.

for 1.3% C, though the yield was similar at about 470 K.
This difference is attributed to the difference in carbon
concentration on the sample surface during mixed ion
irradiation. This will be discussed in Section 4.

4. Discussions of carbon behavior and erosion yield

The temperature dependence of erosion yield by
mixed ion beam irradiation has a close relation to the
behavior of implanted carbon atoms in RAF. Fig. 3
shows depth profile of atomic composition measured by
XPS. Etching was done by a 2.9 keV Ar beam. Etching
time of 300 s corresponds to about 20 nm. In both Fig.
3(a) and (b), at the top surface (etching time of 0 and
10 s) high concentrations of oxygen and carbon were
observed. Since they were adsorbed due to exposure to
the air, these data points are neglected in the following
discussion. For 773 K, carbon concentration in the
material is uniformly very low (about 3%), see Fig. 3(a).
On the other hand, for 453 K, carbon concentration of
about 20% was observed near the top surface and de-
creased with depth to about 15 nm, see Fig. 3(b).

The difference in depth profiles at different tempera-
tures could be attributed to carbon diffusion in RAF.
Since there are no data yet on carbon diffusion in RAF,
the carbon diffusion coefficient in Fe, 3.94 x 1077 x
exp(—0.831[eV]/kT) (m~2s7") [10], is used in this dis-
cussion. In this diffusion coefficient, activation energy of
C diffusion in Fe (0.831 eV) is low enough for C atoms
to diffuse swiftly at the temperature of 773 K. Detailed
carbon diffusion behavior in Fe was calculated by the
EDDY code [2], which includes collision cascade pro-
cesses, material compositional changes, and carbon
impurity diffusion in RAF.

Calculated depth profiles of carbon atoms are shown
in Fig. 4 for carbon concentration of 0.84% in the beam.
In the case of no-diffusion (zero temperature limit),
implanted carbon atoms stay near the surface. The
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Fig. 3. Depth profiles of atomic composition measured by XPS
for 773 K (a) and 453 K (b). Carbon concentration in the beam
is 0.8%.
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Fig. 4. Depth profile of implanted carbon atoms in Fe with
temperature as a parameter calculated by the EDDY code. An
insert shows detailed carbon depth profile for the case of no-
diffusion (zero temperature limit).
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surface concentration of C is about 0.2 and the carbon
distribution extends to the depth of about 20 nm, see
Fig. 4. This simulation result is in good agreement with
the experimental results at the sample temperature of
453 K. This means that implanted carbon atoms did not
diffuse into the bulk at the temperature of 453 K in the
experiment. In the simulation, however, carbon atoms
diffuse deep into the bulk even at the temperature of 400
K, see Fig. 4. This discrepancy may be attributed to the
inappropriate diffusion coefficient used here (the diffu-
sion coefficient of C in Fe or RAF may be different). In
addition, chemical sputtering of carbon becomes a
dominant erosion process for graphite at 773 K [I11].
This same chemical erosion process could also reduce
carbon concentration near the surface of RAF.

At low temperatures, carbon atoms did not diffuse
deep into the bulk but stayed at the top surface to
protect RAF from sputtering erosion. The experimental
surface carbon composition was about 20% for 453 K
and 0.8% C in the beam, see Fig. 3. The erosion yield
was reduced by about 20%, compared to the case with
no carbon atoms on the surface, which corresponded to
the results for 773 K and 0.8% C in the beam. As was
mentioned in Section 3, the experimental effective ero-
sion yield for 453 K and 0.8% C was lower than that for
773 K and 0.8% C by 18%. This experimental result
agrees well with the reduction rate of the erosion yield
estimated above.

The reduction rate of the effective erosion yield for
1.3% C also agrees well with carbon atom composition
at the surface. Fig. 5 shows calculated carbon concen-
tration at RAF surfaces by the EDDY code in the no-
diffusion case as a function of carbon concentration in
the ion beams. Surface carbon concentration increased
with carbon concentration in ion beams and reached a
maximum value of 1 at 2.0% C, over which carbon
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Fig. 5. Surface carbon concentration on Fe as a function of
carbon concentration in ion beams calculated by the EDDY
code.

atoms accumulated on RAF surfaces. From Fig. 5, the
surface carbon concentration for 1.3% C is about 40%,
which also roughly agrees with the reduction rate of
the effective erosion yield for 1.3% C case (34%, see
Section 3).

5. Conclusion

The erosion depth of RAF irradiated by hydrogen
and carbon mixed ion beams (mainly 1 keV H7) is found
to be temperature dependent. In the case that carbon
concentration in the hydrogen beam is 0.84% (1.3%), the
effective erosion yield at 453 K is lower than that at 773
K by 18% (34%). Temperature dependent erosion is
caused by carbon diffusion into the bulk. Namely, im-
planted carbon atoms stay near the top surface and
protect the RAF from sputtering erosion in the low
temperature case (453 K), while implanted carbon atoms
diffuse into the bulk and is not available for reduction of
sputtering erosion in the high temperature case (773 K).
The change in the effective erosion yield with tempera-
ture is consistent with the change in surface carbon
concentration.
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