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Abstract

Graphite and advanced carbon fiber composites (CFC) are widely used inside the vacuum vessel of magnetic fusion devices. However, erosion
by chemical sputtering via hydrocarbon formation might limit their application as target material in future machines like ITER. The first system-
atic study of the chemical erosion of graphite and different CFCs (including a silicon-doped one) as a function of ion flux density in the range of
1.4 x 10*'=5 x 10 m™ s was performed in the plasma generator PSI-1. The results of three different analysis methods agree within about 40%.
No differences in the chemical erosion yields between hydrogen and deuterium exposures are found for the various materials. In contrast, the
erosion yields differ up to a factor of two for the different CFC-materials. In general, the chemical sputtering yields decrease with increasing ion

flux density raccording to ].-"0'(’ reaching levels below 1% at the highest fluxes. Scanning electron microscopy (SEM) and energy dispersive X-

ray analysis (EDX) show preferred erosion in the area between the carbon fibers.
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1. Introduction

Graphite and carbon-based materials are used as plasma
facing components in most of the existing magnetic fusion
experiments. To handle the high particle and power loads in
future devices like ITER, the development of three-
dimensional carbon-fiber composites (CFCs) with improved
thermo-mechanical properties seems a promising way.
However, the erosion of these materials by chemical sputter-
ing via the formation of volatile hydrocarbons is a crucial
issue. A saturation and subsequent decrease of chemical
erosion at high ion flux densities (above 10*' m? s™) is ex-
pected due to increasing recombination of hydrogen, but
there is only a scarce experimental data base at plasma pa-
rameters relevant for fusion [1, 2, 3].

The plasma generator PSI-1 was used for extensive series of
experiments in steady state plasmas to investigate the
chemical erosion in this high flux range during the last
years. First results were obtained without external control of
the target temperature [4]. As a next step the temperature
dependence of the chemical erosion yields was studied in
detail under controlled conditions [5]. Here, a continuation
of this work is presented putting emphasis on the flux de-
pendence of chemical erosion in hydrogen and deuterium
plasmas, extended by morphological investigations of the
surface modifications. An important aspect is the compari-
son of two different CFCs with each other and with a com-
mon fine grain graphite. Identical experimental conditions
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had to be established to get reliable absolute values of the
chemical erosion yields.

2. Experiments

A detailed description of the experimental set-up was given
in Ref. [5]. The same set of diagnostics was used for this
work with some improvements.

2.1. Plasma parameters

In the experiments under discussion the enhancement of the
ion flux density was performed by increasing the discharge
power. This by its own however, causes also a rise of both
the electron temperature and density. Controlling the neutral
gas pressure to stay at a constant level allows to keep the
temperature low and almost constant and only the density is
rising with increasing power input. The radial profiles of
electron density and temperature were routinely measured
by a reciprocating Langmuir probe in front of the target and
confirmed by measuring the ion saturation current onto the
target (replacing a molybdenum target instead of the CFCs).
These latter measurements were systematically performed,
thereby changing the target diameter, covering the mantle of
the cylindrical target and/or the back with ceramics or ex-
posing the downstream side only to the plasma.

The electron density n. was varied between (0.05 and
2.5) x 10" m?, the electron temperature 7T, was kept at
about 5-10 eV, in order to realize a particle impact energy
onto the samples of less than 30 eV, i.e. below or near the
threshold for physical sputtering [6]. Higher density values
are usually correlated with the higher temperatures. So the

jon flux density was varied in the range (0.1-5) x 102 m? s’
1

2.2. Samples and exposure conditions

CFC-samples of CONCEPT II (DUNLOP) and NS 31 (SEP)
— 10% silicon-doped — as well as fine grain graphite EK 98
(Ringsdorff~-Werke GmbH) — for comparison — were ex-
posed to hydrogen and deuterium plasmas after appropriate
cleaning and outgassing procedures.

Fig. 1 (taken from Ref. [5]) shows the temperature depend-
ence of the erosion yields at an H'-ion flux density of
1.2x 102 m? s! for the two CFC-materials mentioned
above. Here the figure is included to illustrate the method of
the measurements at various flux densities. The curves with
the solid symbols were recorded with the mass spectrometer
(m/e=16, CH",) during temperature rise of the samples. The
non-calibrated curve with the triangles shows the CH-band
intensity during temperature rise of the sample; normalized
to the value of the mass spectrometer it exhibits a similar
evolution with temperature as the CH', signal. The corre-
sponding open symbols represent the values derived from
mass loss measurements after long term exposure at constant
temperature for both materials. The abscissa represents the
start-up of the exposure time, when the specimen is heated
up by the plasma. Starting the exposure at room temperature
one gets the maximum value during temperature rise for
each flux density and high signals during the long term ex-
posure, carried out at sample surface temperatures slightly

beyond the maximum for chemical sputtering. The erosion
yield values given in this paper are corrected with respect to
the measured values at constant sample temperature to the
maximum values according to Fig. 1.
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Fig. 1. Temperature dependence of the chemical erosion
yield at an H+-ion flux density of 1.2 x 1022 m-2 s-1.

2.3. Diagnostics

The sample exposure time was set to 120 min. This long
exposure time was necessary in particular to determine the
loss of mass. The temperature of the samples was actively
controlled using a gas cooled sample holder equipped with
an attached thermocouple. The surface temperature was
monitored by a pyrometer; its local distribution was meas-
ured using IR-thermography. It passed the maximum for
chemical sputtering (Fig. 1), reached 580-630°C about 15
min after the beginning of the exposure and was fixed at this
level by active cooling. During temperature rise and the
whole exposure time the axial dependence of the CH- (CD-)
band intensity at 431 nm and the HY}- (D7-) line were
measured with up to 8 channels in front of the sample (5-30
mm). The CH- (CD-) intensity appeared to be independent
of position and can thus be taken as a measure of the CH-

(CD-) density. The analysis then used the ratio j (CH) dA

/J- HT dA or f (CD) d}a/f ()] dA to compensate for
possible transmission changes. Furthermore, the CH,-
(C\D,-) formation was monitored by using a differentially
pumped gas analyzer. To reduce the background, the amount
of graphite exposed to the plasma was minimized — the neu-
tralizer plate was made of tungsten, apertures were covered
with tungsten foils, only the cathode heater is made of
graphite.

In addition to the in situ methods weight loss measurements
and scans with an optical profilometer over the etched crater
area were carried out to determine the eroded mass. Finally,
surface analysis methods (SIMS, AES, SEM and EDX) were
used to check for possible impurities deposited on the sam-
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ple surface and to detect morphological changes. The mor-
phology of the surface of the samples was investigated using
SEM (Hitachi-S4000) at a voltage of 2 and 20 kV. The
EDX-measurements were taken with EDAX DX-4, usually
at 5 and 20 kV.

2.4. Calibration

The in situ methods — optical diagnostic and mass spec-
trometry — were calibrated for each ion flux density with the
known fluxes of CHy (CD,), the main product of chemical
erosion [5]. These gases were blown into the discharge ei-
ther through a hole in a molybdenum target or through a
nozzle near the target under almost identical conditions as
for the graphite sample exposure. This is a direct calibration
because no assumptions concerning photon efficiencies and
fractions of hydrocarbons reaching the mass spectrometer
have to be taken into account. Fluxes exceeding 4 x 10" s™!
were achieved using mass flow controllers, lower fluxes
were realized using a small nozzle (diam. 10 f—"m) and vary-
ing the pressure in a reservoir (50-200 mbar). The calibra-
tion curves are approximately linear in the interesting range
of fluxes e.g. 4 x 10'® particles/s correspond to an erosion

yield of about 1% at an H-ion flux density of 1 x 10 m? s’
1

3. Results and discussion

The chemical erosion yields for two types of CFC-materials
(DUNLOP-CONCEPT 1I and silicon-doped SEP NS 31)
were determined in hydrogen and deuterium plasmas for ion
flux densities of (0.1-5) x 10”2 m? s, They are compared
with fine grain graphite EK 98, commonly used in existing
fusion experiments.

The following figures display distinct features of the overall
behavior. Fig. 2 shows experimental data for CFC
CONCEPT II. The points marked with solid symbols repre-
sent exposures in hydrogen plasmas whereas the open sym-
bols are those for deuterium. Within the error bars of the
three different methods of analysis there is no difference
between the erosion yields in hydrogen and deuterium.
Therefore, in what follows we will not distinguish between
exposures in hydrogen and deuterium.
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Fig. 2. Dependence of the chemical erosion yield on the
incident ion flux density for DUNLOP CONCEPT II. Solid
symbols show exposures in hydrogen, open symbols repre-
sent deuterium discharges.

The scattering of the individual methods around the average
value for the erosion yield is shown for CFC NS 31 in Fig.
3. Within 40% of the average value more than 90% of all
single measurements are found. The decrease of the erosion
yield with incoming ion flux density is fitted by a power law
of Yol ™0°.
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Fig. 3. The chemical erosion yield as a function of the inci-
dent ion flux density for SEP NS 31. Open symbols repre-
sent average values calculated from the three experimental
methods (solid symbols).

The differences in the erosion yields for the investigated
specimen are shown in Fig. 4. The decrease with increasing
ion flux density is the same for all materials indicating the
same underlying physical effect. The erosion values for the
silicon-doped CFC NS 31 are generally lower than for
CONCEPT II and reach values below 1% at the highest flux
densities investigated. The values for EK 98 are almost iden-
tical with NS 31 and therefore difficult to distinguish in the
figure. The data at 3 x 10 m™? s show an unusual large
deviation from the overall trend for both CFC-materials.
These were the first in a series of experiments and are possi-
bly erroneous due to plasma impurities or poor sample con-
ditioning. Therefore three additional measurements were
carried out to proof these data, resulting in the data points at
1.4, 3.6 and 6.2 x 10*! m™ 5™, that fit the overall trend very
well.

EDX-spectra and SEM micrographs were taken in a marked
area of every sample before and after exposing the samples
to plasma. Particles from materials different than C (and Si
in the Si-doped sample) substantiated on the surface before
plasma exposure disappeared after plasma exposure; then
the EDX-spectra only showed C (and Si). The detection
limit of the EDX-method amounts to 1% of the total measur-
ing volume. Any possible a-C:H-layers on the surface are
not resolved by SEM.

Fig. 5(a) shows the surface of a CFC-sample (CONCEPT II)
before exposure to the plasma. The C-matrix consists of
layers and the cut of the C-fiber is shaped like a star. After
exposure to the plasma (Fig. 5(b)) the erosion of the C-
matrix is clearly seen; a typical structure resulting from
chemical etching is established: The fibers are etched to
different conical shapes possibly attributed to various initial
surface conditions. There is a preferential erosion of the
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amorphous C-matrix and of the transition region between
matrix and fiber.
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Fig. 4. Chemical erosion yield vs. incident ion flux density

for three different materials.

(b) after exposure.

In Fig. 6 the etched surface of a graphite fiber (NS 31) after
exposure is shown. This micrograph exhibits the typical
structure of graphite. Here the erosion took place on lattice
defects, whereas zones with perfect lattice structure were
less affected. A similar pattern of chemical erosion is seen at
the fibers of CONCEPT II and on the EK 98 sample.

Due to the silicon between the fibers the morphology of the
Si-doped material is different before and especially after
exposure to the plasma. There is also a preferential erosion
of the amorphous C-matrix, within the matrix/fiber transi-
tion zone and on areas of lattice defects of the graphite.

However, since Si and SiC are sputtered physically only, we
observe an enrichment of silicon on the surface after expo-
sure. A further reason for the formation of Si-enriched layers
may be caused by the heating of the samples [7].

Fig. 6. SEM image of a graphite fiber (NS 31) after expo-
sure.

The steep decrease of the erosion yield is in good agreement
with experiments at TEXTOR [2, 8] and ASDEX-Upgrade
[9]. The differences in the absolute values can be explained
by the lower surface temperature at ASDEX-Upgrade. The
measurements at TEXTOR give only the flux ratio P
(CD;;)/‘F(D) rather than erosion yields. According to the
model developed by Kiippers and co-workers [10] and the
analytic description of the flux dependence of chemical
erosion by Roth and Garcia-Rosales [11, 12] chemical ero-
sion of graphite by hydrogen isotopes results from two proc-
esses: the thermal release of hydrocarbons (Yiemn) and a
kinetic ejection of weakly bound hydrocarbons on the sur-
face due to collisional energy transfer (Yy,s). The formula by
Roth and Garcia-Rosales [11, 12] predicts a remarkable
decrease of the erosion yield just for the range of ion flux
densities investigated here. Nevertheless the theoretical
slope is still too small compared to our experimental results
(Fig. 7). According to the model Yierm and Y,r give almost
equal contributions to the total erosion yield. A significant
contribution of Yy, however, would result in a dependence
of erosion on the mass of the incident particles. The lacking
isotope effect in our measurements is therefore also in dis-
agreement with the model.

The differences in the erosion yields may be explained as
follows: Preferential erosion is observed at crystal imperfec-
tions or amorphous areas in the CFCs. This generally leads
to higher erosion rates of the composites compared to crys-
talline graphite. The Si-doping partly compensates this ef-
fect, so that the erosion rate of the silicon-doped CFC NS 31
is similar to that of EK 98. To reduce the erosion yield of
doped CFCs below the values of graphite it seems necessary
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to improve the process of graphitization of the CFC-matrix
during manufacturing.
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Fig. 7. Total erosion yield vs. ion flux density. Comparison

of experimental data with the analytical expression given by
Roth and Garcia-Rosales [11, 12].

Possible sources of errors in the determination of the erosion
yields are the impact contributions of neutral atoms and
molecular ions. Furthermore impurity sputtering as well as
redeposition of eroded material must be taken into consid-
eration. The latter effect is particularly critical in the case of
high n. and T, when the eroded material is ionized near to
the sample. The difference between total and net erosion
would cause the erosion rates determined by the loss of
weight method to be systematically smaller than those de-
termined by the other methods. This, however, is not found
in our data. Estimations show that for our conditions
(plasma parameters, geometry) about 4% of the eroded ma-
terial will return to the target [13]. Similarly, physical sput-
tering would cause the loss of weight measurements to show
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significantly higher erosion yields than the in situ methods,
since the latter do not detect the sputtered carbon. The influ-
ence of plasma impurities, especially oxygen, on the erosion
rates was already discussed in [5]; it is discarded because of
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and hence decrease the effective erosion yield. As far as the
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tendencies would be unaffected. The amount of neutral at-
oms was estimated to ==20% of the electron density [5], but
further investigations will have to be performed to clear this
issue.

4. Summary

The chemical erosion yields for two types of CFC-materials
(DUNLOP-CONCEPT 1I and silicon-doped SEP-NS 31)
were determined in dependence on the ion flux density in
the range (0.1-5) x 102 m™ s for the temperature of maxi-
mum chemical erosion.

No differences in the chemical erosion yields between hy-
drogen and deuterium exposures are found for the various
materials. In contrast, the erosion yields differ up to a factor
of two for the different CFC-materials, being lower for the
silicon-doped material. In general, the chemical sputtering
yields decrease with increasing ion flux density proportional
to 106 reaching levels below 1% at the highest fluxes.
Scanning electron microscopy (SEM) and energy dispersive
X-ray analysis (EDX) suggest preferential erosion in the
space between the carbon fibers where the crystal structure
is most imperfect.

Further investigations are planned to study a possible de-
pendence on ion fluence and to extend the flux region to
values below 10%' m™ s and above 5 x 10? m?s™.
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