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This study presents results from PSI-2 deuterium plasma exposures of reduced-activation ferritic martensitic
steels with different tungsten content at a peak plasma flux of 9 - 10%° D/m?s and 420-920 K sample temperature.
Via optical emission spectroscopy the relative sputtering yield of Fe and Cr, and via an infrared camera the
evolution of surface morphology is studied in-situ in 2D. After the exposure, RBS, SEM and EDX reveal tungsten
enrichment and the formation of surface structures. Due to the independent measurement of surface morphology
and tungsten enrichment, it is possible to disentangle the impact of both effects on the erosion of Fe. As part of
this study, we investigate the effects of tungsten content, sample temperature and ion impact energy. The results
show a reduction of the sputtering yield, depending on the exposure conditions, up to a factor of 2 at 130 eV ion

impact energy and 720 K sample temperature.

1. Introduction

Reduced activation steels such as Eurofer are envisaged as a struc-
tural material for future nuclear fusion power plants [1]. Using such
steels also as plasma-facing material offers practical and economic
benefits over tungsten (W), at least in areas of less than 2 MW,/m?> power
loads [2]. The main drawback relates to the higher sputtering yields
compared to W [3], limiting the lifetime and plasma performance.
Recent result demonstrate that this disadvantage could be significantly
smaller than sputtering theory suggests, due to the formation of surface
nanostructures and an enrichment of heavy elements via preferential
sputtering. Observations show the enrichment of W on the steel surface
up to a few 10 % [4]. The thickness of these enriched layers is in the
range of a few nm [5]. In addition, a surface morphology similar to W
fuzz develops in a certain window of fluence and temperature [6].
Overall reductions of the sputtering yield by a factor of 10 can be
observed [4], a quantity highly relevant for assessing where the steels
could be employed in a fusion reactor.

The question arises which effect dominates the reduction of sput-
tering yield. Since the enriched layers are very thin [5], the quantifi-
cation of the tungsten surface enrichment requires diagnostics with a
high depth resolution. But even diagnostics like low energy ion
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scattering with a depth resolution of ~2 nm [7] do not show tungsten
enrichment above 20 %. This suggests that the tungsten enrichment
alone is insufficient for explaining a reduction of the sputtering yield by
a factor of 10 [4], since this would require an enrichment > 90 %.
Therefore, also the surface nanostructures must play an important role.
The impact of nano-structuring on the sputtering yield was studied
experimentally and theoretically. Latest SDTrimSP-3D calculations
allow to investigate the mechanisms behind the suppression of sput-
tering. Reductions up to 75 % of the smooth surface sputter yields were
calculated [8]. Also, experimental evidence for a strong impact of fuzz-
like structures on the sputtering yield exist [9].

In the present study, our goal is to investigate the influence of the
surface structures and the W surface enrichment at the same time. To
separate both effects, we apply different types of diagnostics during the
exposure (in-situ) and after the exposure (ex-situ). With Infrared (IR)
camera imaging, we are able to follow the evolution of surface
morphology in-situ [10]. At the same time, optical emission spectros-
copy (OES) measures the emission from Fe and Cr lines in the plasma,
which correlate to the erosion of Fe and Cr from the sample. With these
two diagnostics, the erosion and the development of the surface
morphology can be measured in-situ and time-resolved. This enables a
deeper insight into the processes and enables faster parameter studies.
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Additionally, the surface enrichment of tungsten is measured post-
mortem by EDX and RBS, and the surface structures are investigated
post-mortem with Scanning Electron Microscopy (SEM).

2. Experiments

Polished (R, < 20 nm) 100 x 80 x 5 mm? samples of the reduced-
activation steels Eurofer (Eurofer 97 ~ 0.5 at.% W), Hiperfer (Hiper-
Fer-Ta, ~2 at.% W + Ta) [11], and Crofer (fuel-cell steel Crofer 22H, ~1
at.% W) are prepared in the shape of the PSI-2 sample mask, see Fig. 1.
The samples cover the whole sample holder, so no other material is
exposed to the plasma beam, except for four M4 Mo-screws at the outer
edges. No pre-outgassing or annealing is conducted.

For the plasma exposures, the hot-cathode linear arc-plasma device
PSI-2 is used [12]. The PSI-2 base pressure is 8 + 3 * 10 mbar
(dominated by H»0) in all experiments. The impurity content leads to a
few 10'°/m? O and C atoms on all samples after exposure, but their
impact on the total erosion is neglected. The samples are exposed on the
axial manipulator. Individual sample temperatures are recorded with
the IR camera and a Type-K thermocouple on the sample backside. The
sample holder also features a heating element, which is used to influence
the sample temperature at constant plasma parameters. The plasma
column has the typical hollow profile of PSI-2 [12], with the maximum
plasma flux at a radius of 23 mm away from the plasma centre. In the
centre of the plasma column, the plasma flux reaches only 25 % of the
peak plasma flux. The selected plasma scenario with 50 A discharge
current provides a peak flux density of 9.0 + 1.0 - 102 D/m?s at an
electron temperature of about 8 eV. The profile of the plasma flux along
the plasma column radius is also shown as an overlay in Fig. 1. The
plasma parameters were measured with a single tip Langmuir probe. A
bias voltage can be applied to the sample holder, allowing to fix the ion
impact energy at a constant value, and in a range between ~ 50-230 eV.

As mentioned in the introduction, the IR camera is used to measure
the roughness of the sample in-situ during exposure. Most of the samples
are prepared with 1 mm holes in the surface at 6 positions along the
plasma radius (Fig. 1); only the Eurofer sample did not feature the holes
in the sample surface, therefore IR emissivity measurements are not
available for this sample. We assume that the IR emission from the holes
is equivalent to black body emission with an emissivity of 1. These
reference points can be used to calculate the emissivity of areas next to
the hole, by comparing the ratios of the IR intensity measured by the IR

Fig. 1. Image of the Crofer sample exposed at 920 K. The darkening indicates
the presence of surface nanostructures. The intensity of nano-structuring fol-
lows the plasma profile (overlayed graph of the plasma flux on the sample).
Also visible are the holes prepared prior to the exposure for the IR Camera
analysis labelled A - F.
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camera as discussed in [10]. When the surface nanostructures are
created and growing during plasma exposure, the measured emissivity
increases due to a connection between surface coverage, thickness, and
shape of the nanostructures to the IR emissivity. The IR emissivity has a
limited probing range for nanostructures and saturates once the surface
nano-structure thickness exceeds ~ 1 um.

The second in-situ diagnostic is the OES (2D Spectrometer). We use
an Acton spectrograph with 0.75 m focal length and a resolution of 0.05
nm. Connected to the spectrograph is an Andor Solis EM-CCD Camera
with a resolution of 1600x400 pixels. The view of the spectrometer is
oriented perpendicular to the plasma column, and 5 mm in front of the
sample. With this setup, we obtain a 2D image from each measurement
of the spectrometer: Along the x-axis (1600 pixels) of the image, the
spectrum is recorded with a bandwidth of around 25 nm. Along the y-
axis, we acquire a spatial resolution of the full radial profile of the
plasma column. However, the measured line intensities are integrated
along the line-of-sight. To get an insight into the local intensities,
especially in the centre of the plasma column, where the emission in-
tensities are low, we apply a quick numerical Inverse Abel Trans-
formation (Matrix Method) [13] with a high number of data points
(equal to the number of pixels) to reduce the numerical error. During the
plasma exposures, the spectrum is recorded between 408 and 433 nm,
where a few bright iron and chromium lines (Fe 1 423 nm, Ch 1425/427/
429 nm) are visible, as well as the Balmer series line D5 at 410 nm. The
intensity of this Balmer line is used to correct for any changes in the
transmission of the vacuum window. The transmission could reduce
dynamically during the experiments due to coating of the windows with
the eroded particles, therefore this effect needs to be considered. Re-
ductions of the IR window transmission are not relevant, since the
emissivities derive from a ratio of two IR measurement values, resulting
in a cancellation of changes of the transmission.

In this study, 4 samples have been exposed to PSI-2. The detailed
exposure conditions can be found in the first 4 rows of Table 1 and are
not repeated here. After the plasma exposure, the surface structure is
studied with Scanning Electron Microscope (SEM) (Zeiss Crossbeam
540) equipped with a focused ion beam (FIB) [14]. SEM images are
taken of the surface, and the FIB cuts allow to estimate the depth of the
nanostructures on the surface. In addition, tungsten enrichment on the
surface is studied with energy dispersive X-ray spectroscopy (EDX) at an
acceleration voltage of 3 kV. The low electron energy is selected to
assure that the surface sensitivity is limited to a depth of about 50 nm.
The surface composition is also analysed via 2.98 MeV *He ion-beam
analysis in the Micro Nuclear Reaction Analysis (UNRA) station [15].
A 280 um thick Si-detector with a resolution of 15 keV FWHM is used for
Rutherford-backscattering spectrometry (RBS) and determination of the
Particles*Sr value to an accuracy of + 5 %. The analysis achieves a
surface depth resolution of 21 nm. The spectra are analysed via SInNRA
7.03 [15].

3. Results

In the following paragraphs, the results of the Hiperfer samples
(constant exposure at 920 K sample temperature and 230 eV incident ion
energy) are exemplary shown in detail. Comparisons with the results of
other sample types and exposure conditions are given at the end of this
section.

In Fig. 2, the emission of the Fe I line at 423 nm is shown at the
positions A to F over time for the Hiperfer sample. It must be noted that
the measured intensities cannot be directly compared between the
different measurement locations, because the plasma parameters are
also varying. Since the intensity of the emission from the eroded iron in
the plasma depends non-linearly on the plasma parameters such as
electron temperature and density, a direct comparison of the intensities
is not possible. Nonetheless, we can still compare the development of the
intensities over time for the individual locations. Here we see that for all
locations except A (center of the plasma) and F (outside the plasma), the
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Table 1
Exposure conditions and key results of all experiments.
Sample type Eurofer Eurofer Eurofer Eurofer Crofer Crofer Hiperfer
Experiment no. 1 1 1 1 2 3 4
Sample temperature 420 420 420 600 720 920 920
Ion impact energy 60 80 130 130 130 230 230
Relative erosion reduction (high flux) 0% 0% 7 % 13 % 50 % 20 % 31 %
Relative erosion reduction (low flux) 0% 0% 0% 8 % 25 % 12 % 0%
Erosion equilibrium fluence (high flux) - - 7 -10% D/m? 1.3 - 10%* D/m? 8.6 - 10** D/m? 1.2 - 10% D/m? 1.0 - 10% D/m?

Erosion equilibrium fluence (low flux) - - -
Surface structure equilibrium fluence (high flux) - - -
Surface structure equilibrium fluence (low flux) — - -
Tungsten surface concentration (high flux, RBS) - - -
Tungsten surface concentration (low flux, RBS) - - -
Tungsten surface concentration (high flux, EDX) - - -
Tungsten surface concentration (low flux, EDX) - - -

1.0 - 10%* D/m? 6.5 - 10 D/m? 1.0 - 10 D/m?
- 5.0 - 102 D/m? 4.7 - 10* D/m?
- 1.5 - 10** D/m? 1.8 - 10** D/m?

2.3 -10% D/m?
1.2 - 10** D/m?

- - 7 at.% 15 at.%
- - 3 at.% 10 at.%
- - 17 at.% 32 at%
- - 7 at.% 16 at.%

40 — A (-0.00 int./min)
— B (-0.01 int./min)
354 — C (-0.03 int./min)

— D (-0.07 int./min)
— E (-0.09 int./min)
— F (-0.00 int./min)
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Fig. 2. Local intensity of the Fel 423 nm line emission 5 mm in front of the
sample surface at positions A (center of the plasma column) to F (outside of the
plasma column) over time for Hiperfer sample (experiment no. 4). Data are
normalized to the D5 line emission intensity. A linear fit is added with the slope
indicated in the legend to identify if there is a decrease over time.

intensity is decreasing over time, which means that the erosion of Fe is
reducing. In positions D and E with the highest plasma fluence, the Fe I
line intensity reaches an equilibrium after ~ 180 min of exposure. This
corresponds to a plasma fluence of 1 - 102° D/m?.

Fig. 3 shows the results of the Cr I line at 425 nm for the same
experiment. The same reduction over time as for the Fe I emission line
can be observed, but the onset of the intensity reduction is delayed (after
20 min of exposure time compared to 5 min for Fe). Since the sputtering
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Fig. 3. Local intensity of the Crl 425 nm line emission 5 mm in front of the
sample surface at positions A (center of the plasma column) to F (outside of the
plasma column) over time for Hiperfer sample (experiment no. 4). Data are
normalized to the D line emission intensity. A linear fit is added with the slope
indicated in the legend to identify if there is a decrease over time.

yields for D on Fe and on Cr are similar [16], we assume that the dif-
ference is related to the segregation of Cr to the surface caused by the
high temperature of the sample [17]. Before the plasma exposure starts,
the sample is pre-heated with the heating element of the PSI-2 sample
manipulator. This could provide enough time at elevated temperatures
for Cr to segregate to the surface. This Cr “reservoir” keeps the Cr erosion
at a high level for the first 20 min of the exposure. After 20 min, the
reservoir is depleted and the influence of the tungsten surface enrich-
ment (reducing Cr erosion over time) is dominating. The linear fits
added to the measurements show that there is a decrease over time for
all measurement positions, also positions A and F, which do not show a
decrease over time for the Fe I line (Fig. 2). From this we conclude that
there is also a reduction of the Fe erosion in these locations, but the
intensities of the Fe I line ion positions A and F are too weak to identify
this with the current setup. There is also a shift of the intensities visible
around minute 125, which is attributed to a small misalignment in the
optical path.

Fig. 4 shows the emissivity of the Hiperfer sample surface during the
same experiment. All points start at an emissivity of around 0.5 at the
beginning of the plasma exposure. The increase of the emissivity during
the plasma exposure is fastest in position E, the position where the
highest plasma flux / fluence is present. Calculating the corresponding
plasma fluence after which the emissivity reaches an equilibrium by
considering the different plasma fluxes at each location shows that the
saturation of the emissivity takes place at a fluence of 2.3 + 0.2 - 1024 D/
m?in positions E and 1.2 + 0.3 - 102* D/m? in position A. A saturation of
the emissivity equals to the nano-structure thickness exceeding the
sensitive range of the IR measurement. When the saturation is reached,
small variations in the emissivity are noticeable when comparing the

IR emissivity
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Fig. 4. Emissivity of the sample surface at positions A (center of the plasma
column) to F (outside of the plasma column) over time for Hiperfer sample
(experiment no. 4). The values feature a statistical uncertainty of 3% related to
camera counting statistics and the uncertainty of the IR reference hole.
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different locations, but most of them stay below the theoretical
maximum of 1. The emissivity measured in position B exceeds the
theoretical maximum, but this value is still within the measurement
error. The saturation of the emissivity at 0.85 in position F could be
caused by less pronounced surface nanostructures in this position.
However, the SEM images (Fig. 5) show that the nanostructures in this
position are comparable to the nanostructures in the other positions.
Therefore, there is currently no explanation for this result. In the other
experiments with the Crofer samples, the emissivity reached 1.0 also in
position F.

There are also some intermediate variations in the slope visible in the
emissivity time traces, despite constant exposure conditions. For
example, for position E at t = 50 min, the emissivity increases again after
it seemed to be saturated at t = 40 min. This could be caused by changes
in the shape of the nanostructure. Temperature effects could also play a
role, since a higher emissivity will affect the surface temperature, and
the sample temperature is regulated only by measurement of the back-
side temperature sensor.

Comparing both in-situ measurements, we see that the erosion de-
creases with increasing surface roughness, but there is no direct relation
between the measured reduction of the erosion via OES (which reaches
an equilibrium only after a fluence of 1 - 10% D/m? in position E) and
the measured surface nanostructure development (equilibrium at a flu-
ence of 2.3 & 0.2 - 102* D/m? in position E). This indicates that the W
surface enrichment plays an important role, and that it is still increasing
after the surface nanostructures have reached an equilibrium. The RBS
results after the exposure show a tungsten enrichment of up to 15 at.% in
position E, decreasing in correlation with the plasma flux profile to 10
at.% in position A. At the same positions, the EDX results show an even
higher tungsten enrichment of 32 at.% in position E and 16 at.% in
position A. However, the EDX results might be influenced by the
nanostructures on the sample surface. This could lead to an over-
estimation of the tungsten enrichment because electron reflection in the
nanostructure causes additional excitation of X-rays [14]. For compar-
ison, the tungsten surface enrichment of the Crofer sample exposed
under the same conditions as the Hiperfer sample reaches only values of
7 at.% (pos. E) and 3 at.% (pos. A) (measured with RBS), or 17 at.% (pos.
E) and 7 at.% (pos. A) (measured with EDX), respectively.

Figs. 5 and 6 show the results of the post-mortem SEM analysis. For
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the Hiperfer sample (Fig. 5), the nanostructures look similar in all po-
sitions, but the density and the depth of the structures are varying. As
expected, we see the most dense and deep (around 1.5 pm) structures in
position E at the peak plasma flux / fluence. This is confirmed by the
appearance of the sample to the naked eye (Fig. 1) where a clear black
ring can be seen only around position E. For comparison, SEM pictures
from the Crofer sample at the same locations are shown (Fig. 6). This
sample was exposed to the plasma under the same conditions as the
Hiperfer sample. Again, the most pronounced surface structures can be
observed in position E. But in general, the depth and density of the
nanostructures on the Crofer sample are smaller than on the Hiperfer
sample.

Finally, we summarize the results of all experiments in Table 1. The
table shows the exposure parameters in the first 4 rows. The relative
erosion reduction shows how much of a reduction in the Fe erosion is
detected from the OES results. If no reduction is detected over time, the
value is 0 %. The values are given for the high flux area (Position E) and
the low flux area (position A) of the sample. For the same positions, also
the fluence at which the measured erosion and IR emissivity does not
change anymore (“Erosion equilibrium fluence” and “Surface structure
equilibrium fluence™), and the tungsten surface concentration measured
by RBS and EDX are shown in the last 8 rows.

For experiment no.1 with the Eurofer sample, no holes in the sample
surface were prepared before the exposure. Therefore, there is no
emissivity data available for the Eurofer sample. Also, the post-mortem
diagnostic results are not available for the samples of experiments no. 1
and 2. Here, the sample temperature and ion impact energy were
changed during the plasma exposure. This was done to investigate the
influence of these parameters with the in-situ diagnostics during the
experiment. But because of that, the influence of all different exposure
conditions is “integrated” on the sample, and the post-mortem di-
agnostics would not give relevant results. The results for the different
exposure conditions of experiment no.1 are also given in Table 1. For
experiment no.2, only the first set of exposure conditions at 720 K
sample temperature is given in the table, because the following exposure
at 920 K sample temperature could not be completed. Instead, we
repeated these conditions with experiment no.3 and a new Crofer
sample. We can conclude from experiment no.1 that a minimum ion
impact energy between 80 and 130 eV is required in order to detect a

Fig. 5. Post-Mortem SEM images of Hiperfer sample (experiment no. 4) at positions A to F (with FIB cut in the bottom part of the single pictures for estimation of
nanostructure depth). The figures demonstrate differences in height and density of the fuzz.
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Fig. 6. Post-Mortem SEM images of Crofer sample (experiment no. 3) at positions A to F (with FIB cut in the bottom part of the single pictures for estimation of
nanostructure depth). The figures demonstrate differences in height and density of the fuzz.

reduction of the Eurofer erosion. This minimum energy is directly
related to the sputtering yields of D on Fe [16]. Below 80 eV, the ion
impact energy is too low for significant erosion of Fe. The erosion
reduction is also enhanced by the increase of the sample temperature
from 420 K to 600 K. For the temperature range investigated with the
two Crofer samples (720 K — 920 K) the opposite is observed: The erosion
reduction effect reduces with an increase of the sample temperature
from 720 K to 920 K. This suggests that there is an optimal temperature
for the erosion reduction, likely between 600 K and 720 K. Regarding the
tungsten surface enrichment, this optimal temperature range is also
related to the balance of W surface segregation and diffusion. In previous
studies, it was shown that there exists a temperature range with
maximum tungsten segregation between 900 K and 1040 K for Eurofer
[18]. Atlower and higher temperatures, the segregation is suppressed by
diffusion. The temperature range found in [18] is higher than the
optimal temperature range found in the present work, but this can be
explained by the additional influence of the surface nanostructures, and
also by differences in the material composition between Eurofer, Crofer
and Hiperfer.

The last experiment no. 4 with the Hiperfer sample and the same
exposure conditions as in experiment no.3 also shows an enhancement
of the erosion reduction effect with Hiperfer compared to Crofer. The
lower fluence required for the surface structure to develop, and the
higher tungsten enrichment in the surface, are backing this result. As
previously mentioned, there is no reduction of the erosion in the area of
lower flux (center of the plasma column) detected in experiment no.4
(Hiperfer). This is due to a low intensity of the measured Fe I line in-
tensity in the center of the plasma column. The same is true for the first 3
cases of experiment no.1. But in the last case of experiment no.1, and in
both experiments with Crofer, the intensity of the Fe I line is high
enough to detect a reduction over time. This indicates (especially for
experiment no.3 with the same exposure conditions as experiment no.4)
that the absolute values of the erosion for Hiperfer are lower than for
Crofer.

4. Conclusions

The 2D in-situ analysis of reduced-activation ferritic martensitic
steels exposed to plasma in the linear plasma generator PSI-2

successfully demonstrated significant changes in the plasma response
and sputtering rates of the investigated steels. The presented combina-
tion of OES, IR camera and post-mortem surface analysis represents a
powerful method to investigate the impact of surface nanostructure
evolution and W surface enrichment on the suppression of the erosion,
and also the influence of various exposure parameters, most importantly
sample temperature, ion impact energy and material composition.

With our first set of experiments, we can already demonstrate rele-
vant relations between the different investigated parameters. The
strongest suppression of the erosion by 50 % is found with Crofer at 720
K sample temperature. The suppression factors of > 100 seen in an
earlier study [19] could not be confirmed here. As the sample temper-
ature was increased to 920 K, we saw a reduction of the erosion sup-
pression to only 20 %. At the same time, the in-situ observation of the
surface structures did not reveal relevant differences between the 2
sample temperatures. From this, it can be concluded that a reduction of
the tungsten enrichment in the surface, due to stronger W diffusion at
higher temperatures [7], causes the reduction in the suppression of the
Fe erosion. On the other hand, our experiments at lower temperatures
show that the erosion suppression is increased if the sample temperature
is increased from 420 K to 600 K. Therefore, an optimum for the sample
temperature exists where the suppression of the erosion is at its
maximum.

With the results from the Hiperfer sample, we can also conclude that
the suppression factor increases with the initial tungsten content of the
steel. The Hiperfer sample shows a suppression of the erosion during
plasma exposure of 31 % (compared to 20 % for CroFer at the same
exposure conditions). The results of the surface structure development
and the tungsten surface enrichment also show an enhancement of these
effects for Hiperfer compared to Crofer.

For the ion impact energies, our results from the Eurofer exposure
show that there is a minimum energy between 80 and 130 eV, below that
a suppression of the erosion is not detectable, related to the sputtering
threshold of D on Fe.

In the future, additional parameter studies and post-mortem analyses
need to be performed, to fill the gaps in our current set of experiments
and give a clearer insight on the influence of the investigated parame-
ters. Additionally, an accompanying study using sputtering models,
which include surface nanostructure aspects and tungsten surface
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enrichment, is ongoing to support the findings and the interpretation of
our experiments.
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