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Abstract

Within this paper the impact of steady state pure D plasma on WCrY smart alloys at ion energies of 120 and 220 eV
is reported. For this purpose a comparison with simultaneously exposed pure W samples is drawn. Different analysis
techniques employed for pre- and post-plasma sample analysis hint at a significant depletion of Cr and enrichment of
W for lower ion energies. Preferential sputtering leads to enhanced volumetric loss at 220 eV. Analysis of redeposited
material indicated local redeposition of Cr. Modelling the ion irradiation with SDTrimSP is used to further interpret
experimental results. Depending on the sample temperature during plasma exposure and the magnitude of the ion
flux, diffusion of Cr towards the surface is a determining factor for erosion of smart alloys for higher ion energies.
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1. Smart Alloys

An essential part of future fusion reactors is the so-
called first wall, the wall directly facing the plasma and
therefore protecting structural parts of the vessel. Not
many materials are suitable to be used in fusion environ-
ment. The armour material has to withstand high heat
loads and moreover show only minor activation during
neutron irradiation. Tungsten (W), currently the pre-
ferred first wall material for next step fusion devices
such as DEMO, possesses many advantages. These in-
clude a very high melting point and low erosion yields
during ion irradiation. However, for the development of
W-based wall components some of the material’s draw-
backs have to be improved. Besides its inherent brit-
tleness, a further drawback of pure W consists in fast
oxidation when coming into contact with oxygen (O).
During accidental reactor conditions with additional air
ingress (Loss-Of-Coolant-Accident: LOCA) the cool-
ing system fails. W oxidises and forms radioactive
WOs. Due to nuclear decay heat wall temperatures rise
to above 1000 °C for several months [1]] leading to the
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mobilisation of radioactive material into the environ-
ment. In order to establish intrinsic reactor safety, W-
based smart alloys are currently being developed aim-
ing at preserving W-like behaviour during plasma op-
eration while suppressing oxidation in case of LOCA.
The most promising systems in terms of passivation be-
haviour feature chromium (Cr) as passive element as
well as yttrium (Y) [2]]. Y serves as active element fa-
cilitating Cr transport towards the alloy’s surface dur-
ing oxidation and adding to the stability of the oxide
scale. These alloying elements possess a lighter mass
compared to W and are therefore more easily sputtered
during plasma operation. Preferential sputtering leads
to depletion of Cr and Y and enrichment of W, leaving
a pure W surface facing the plasma.

Newly developed WCrY-systems demonstrated a sig-
nificant oxidation suppression of more than five orders
of magnitude in comparison to pure W [3]. In 2017
these systems have been exposed to plasma for the first
time [3]]. This paper reports in detail on the first plasma
exposure of WCrY smart alloys. Moreover experimen-
tal findings of a recently conducted second plasma ex-
periment at lower ion energies are covered and a com-
parison to simulation results obtained with SDTrimSP
([4]) are drawn.
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Figure 1: Plasma exposure of WCrY and W samples in PSI-2
2. Experimental Setup and Analytic Techniques

Samples used for the plasma experiments reported in
this paper were obtained by using Field-Assisted Sin-
tering Technology (FAST) [3] at Forschungszentrum
Jiilich (FZJ). The name convention is as follows: sam-
ples SA11 and SA12 were exposed during the first
plasma experiment (PE1) at an ion energy of 220 eV,
while samples SA21 to 23 were exposed during the sec-
ond experiment (PE2) at lower ion energies (120 eV).
For the sintering process of samples SA11 and SA12 an
uniaxial ramp of 200 °C/min, a maximum pressure of
50 MPa and a holding time of 1 min at a maximum tem-
perature of 1550 °C were used. FAST parameters for
samples SA21 to SA23 differ from SA11 and SA12ina
maximum temperature of 1460 °C after which no hold-
ing time was applied. Consequently, bulk WCrY sam-
ples with small WCr-grains and finely dispersed YO-
particles were obtained. Details of the sample produc-
tion and the resulting microstructure can be found in [3]].
Samples are cut from the smart alloy ingots by means of
wire erosion to fit the PSI-2 mask geometry. To be able
to hang the samples in the furnace for oxidation studies
after exposure, a hole is added to the sample geometry
(see figure 2b). The plasma-facing surface of W and
WCrY samples spans over 1 cm x 1 cm. In order to
remove residues from the wire erosion process and en-
sure the same surface properties, all samples were man-
ually ground. For this purpose different Silicon Carbide
grinding papers (SiC P) were used following a defined
sequence. The last paper used within this sequence de-
fines the surface roughness of the ground samples. Gen-
erally SiC P1200, with a SiC particle size of around
15 wm, is used as the last paper in this sequence. For
one W sample and one WCrY sample of PE2, P180
with a SiC particle size of about 82 um was used to ob-
tain a rougher surface and compare the performance of

these samples to the smoother ones. The composition
of all exposed smart alloy samples is W-11.4wt%Cr-
0.6wt%Y. WCrY samples exposed simultaneously were
produced from the same powder batch. W samples ex-
posed alongside with the afore-mentioned WCrY sam-
ples were all cut from the same pure W piece by wire
erosion.

A variety of methods is employed for pre- and post-
plasma analysis: For assuring a clean sample surface
and investigating changes in the smart alloy’s depth-
resolved composition, Time-of-Flight Secondary Ion
Mass Spectroscopy (ToF-SIMS) was used, here the
specific setup is IonTof IV. The SIMS technique uses
two alternating ion beams for destructive surface anal-
ysis. The primary or sputtering ion beam consisted of
02* jons, while Bi3* was used for the analysis pre-
sented in this paper. The sputtered area amounts to
300 x 300 um?, while the size of the analysed area is
47 x 47 um?. To infer the local erosion during plasma
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Figure 2: a) comparison of FIB marker positions relative to the sur-
face before and after plasma for sample SA21, b) sample geometry
for smart alloys with centre and corner positions for FIB craters

exposure, a crater featuring an orthogonal cut relative to
the sample’s surface was created by aid of the Focussed-
Ion-Beam (FIB) technique. Equidistant markers are
generated onto that orthogonal cut (see figure[2a) so that
after plasma exposure the local erosion can be inferred
directly by comparing the distance from the surface to
the uppermost FIB marker. Within the same analysis
device, a combined SEM-FIB system Carl Zeiss Cross-
Beam XB540, images displaying the sample’s surface
and microstructure are taken using Scanning Electron
Microscopy (SEM). Global erosion or weight loss mea-
surements consist in weighing the samples before and
after plasma exposure with a Sartorius MSA225P mi-
crobalance with a resolution of 10 pg. With a stylus pro-
filer Dektak 6M several line scans across the sample’s
surface were conducted, aiming at assessing the surface
roughness before and after exposure. During each line
scan a tip with a radius of 2.5 pum is drawn across the
surface. Linear fitting and discrete fourier transforma-
tion are applied for separating defects from cutting or
the nonplanarity of the surface from the surface pro-



file before the arithmetic average height R, (see [6]) is
calculated. X-ray Photoelectron Spectroscopy (XPS) is
employed to obtain a higher resolution of the elemental
composition of the smart alloy’s surface composition.
For the current XPS-setup, which uses a Al K, X-ray
source at 14 kV, the depth from which radiation is still
emitted amounts to approximately 5 nm in W according
to the Lambert-Beer law.
At FZJ Nuclear Reaction Analysis (NRA) is available, a
u-NRA setup with a 4.5 MeV He ion beam was used to
detect deuterium (D) retention of the smart alloys. Anal-
ysis depth is about 8 um. Alongside with the NRA de-
tector, Rutherford Backscattering Spectrometry (RBS)
is used for analysis of the subsurface elemental sam-
ple composition. Plasma exposure of the smart alloy
samples takes place in the linear plasma device PSI-2
[7] at FZJ. Exposure parameters are based on estima-
tions for conditions at the DEMO first wall [8]]. Condi-
tions were chosen on the one hand to resemble condi-
tions of the first plasma exposure of W-Cr-titanium(T1)
smart alloys [9] and on the other hand to facilitate anal-
ysis. The W-Cr-Y smart alloy samples were exposed
alongside with pure W samples for direct comparison.
Up to eight samples can be placed simultaneously onto
the target holder. Samples are placed symmetrically at
the same radial position around the plasma z-axis, so
that plasma conditions at all the samples are compara-
ble. For both plasma experiments steady-state pure D
plasma was used. In PSI-2 plasmas the oxygen fraction
typically amounts to a few 0.1 %. Sputter thresholds for
D on W and Cr are according to [[10] around 230 eV
and 35 eV, respectively. For O on W the threshold is
with a value of 44 eV [10] considerably lower than for
D. As a consequence of the subjacent threshold for O
sputtering, the minute oxygen content is non-negligible
for the material’s erosion, especially if the ion energy is
below the threshold of the main plasma component.The
plasma temperature was 6 to 8 eV, further parameters
can be found in table [T} The mask containing the sam-
ples is mounted on top of a water-cooled target holder.
To warrant good thermal contact between the cooling
and the samples a thermal contact material is placed be-
tween the back of the samples and the sample holder.
For PEI a layered structure of graphite foil on top of a
small Cu spacer with again graphite foil at the rear side
of the Cu spacers was used for this purpose. As some
of the samples were slightly sticking to the formidable
graphite foil after exposure, it was decided to omit the
graphite foil layer adjacent to the samples’ backside for
PE2.

For one sample in PE2, W24, Magnetron-Sputtering
was used to coat half of the pure W sample with a

ion energy ion flux ion fluence sample

[eV] [ions/cm?s] | [ions/cm?] | temperature [°C]
PEI 220 5.5%10"7 1 %102 620-650
PE2 120 2.7 %107 1% 10?2 620-700

Table 1: Experimental plasma parameters in PSI-2

WCrY layer of about 4 um thickness. The composition
of this layer is about W-10wt%Cr-1wt%Y. Due to hav-
ing a pure W layer directly by the side of a WCrY layer,
it is possible to study Cr sputtering and redeposition in
more detail. Possible Cr redeposition can be detected
on the previously clean W surface. For this purpose
several Energy-dispersive X-ray Spectroscopy (EDX)
spectra were acquired with the combined SEM-FIB
system before and after plasma exposure. These spectra
allow to identify present elements on a material’s
surface.

Once the plasma is started, the manipulator with the
sample holder at it’s extreme end is placed in the
axially symmetric cylindrical plasma of PSI-2. During
exposure plasma parameters such as temperature or ion
flux are monitored by means of a retractable Langmuir
Probe. The bias voltage is applied between sample
holder and machine ground, the ion energy results from
the difference of bias voltage and plasma potential.
For measuring the sample temperature a thermocouple
within the target holder is used. Additionally for
PE2, an infrared-camera was employed to monitor the
temperature of each sample individually. Moreover,
several spectroscopy measurements aiming at detect-
ing Cr and W line radiation were conducted during PE2.

3. Experimental Results and Interpretation

3.1. PEI]

weight loss | Ry nm) | Ra [nm] de [pum] de [um]
[ngl before after measured calculated

Wil 1200+ 10 | 41+6 47+6
Wi12 1093 +10 | 28+4 33+5
SAI1l 1223 £10 | 30+4 34+7
SAllc | 1223+10 | 30+4 34+7
SAI12 1287 £10 | 24 +5 25+4

0.46 £0.11 | 0.62 +0.10
0.44 +£0.22 | 0.56 +0.10
0.84 £0.17 | 0.77 £ 0.13
090 +0.21 | 0.77 £0.13
0.87+£0.22 | 0.80+0.13

Table 2: Weight loss and roughness before and after plasma in PE1

Comparing the weight loss of pure W and smart alloy
WCrY samples it was found that all samples lost around
1100 to 1300 pg of their initial mass during plasma ex-
posure. In contrast to this, the volumetric loss is nearly
a factor two greater for the smart alloys compared to W.
The lighter alloying elements are sputtered more easily



than the heavy element W and contribute (due to their
lighter mass) to the higher volumetric loss at nearly the
same weight loss as pure W. Weight and volumetric loss
(FIB-measured eroded layer thickness de), as well as
roughness R, values are displayed in table 2] Addition-
ally, the calculated eroded layer thickness d, based on
the global weight loss, is shown and agrees within error
bars with measured values. As a conclusion one can say
that the plasma erosion of the samples is homogeneous
across the samples’ surface. This is supported by the
fact that the FIB measurements at the centre (SA11) and
at one corner (SAllc) of SA11 are consistent. Rough-
ness of the samples is predominantly determined by the
grinding paper used in the last step of the sample prepa-
ration procedure. Hence the surface roughness amounts
to approximately 30 nm for all samples. After plasma
exposure all samples showed a slight increase in surface
roughness. Due to erosion and redeposition of sput-
tered material the surface is gradually roughened, still
at the relatively low ion energy of 220 eV no major de-
struction of the surface is to be expected. In figure [3]
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Figure 3: SIMS-analysis for W, Cr and Y in PEI

the relative change of elemental composition of SAI1
along its depth is shown. The intensities of the W-, Cr-
and Y-signals are normalised to be one at the deepest
data point of the SIMS analysis. Here we assume that
the initial elemental properties of the bulk material is
reached, thus the relative change of elemental compo-
sition towards the surface (depth = 0 nm) is displayed.
All three signals show a constant behaviour in the first
graph, i.e. before plasma exposure. Y shows an increase
starting from about 20 to 30 nm below the surface. This
behaviour can be attributed to the accumulation of YO-
particles in the subsurface layer (see figure [d]a)), which
is damaged by manual grinding and agrees well with

Figure 4: SEM picture of upper edge of FIB cut for SA11 before (a)
and after plasma exposure (b)

the particle size of the yttria. In figure 4] b) the small
black holes on the plasma-exposed surface correspond
to locations of sputtered YO-particles. For the post-
plasma SIMS analysis of SA11 the Y-signal diminishes
closer to the surface whereas W- and Cr-signals do not
show significant deviation from the pre-plasma elemen-
tal composition. From this comparison a clear depletion
of both alloying elements accompanied by an enrich-
ment of W towards the surface is not distinguishable.
To look more closely at
the plasma impact onto the
surface composition, XPS-
analysis was performed
on an unexposed piece of
SAll, as well as on the
plasma-exposed SA12. In
Table 3: Percental fraction [%] table |3| one can see that for
of elements detected by XPS,
e: exposed, ec: exposed and the nop—exposed SamP]e’
cleaned by Argon ions. Error by €VEN without Ar-cleaning,
manual peak-fitting is of theor- Cr and Y are, besides W,
der of 10 % of obtained results. clearly present. When doing
the same analysis on the
plasma-exposed sample SA21, one cannot find any
Cr or Y without Ar-treatment. Even after Ar-cleaning
and hence removal of the the very top surface layer no
Y is visible. These findings support the Y depletion
towards the surface but also hint at the existence of a
thin near-surface layer of approximately 3 nm thickness
where W is enriched and Cr depleted. Amplification
of the Y-signal for XPS of SA11 compared to sample
composition from production parameters (see section
[2) can be ascribed to a more intensive contribution of
elements at the very surface of the XPS-analysed layer.
NRA results for D retention in WCrY are within ex-
pectations for the relatively high sample temperatures
of around 650 °C. An amount of about (1.0 +0.1) - 1014
at/cm® was measured for the first 3 pm below the
surface and (2.0 £ 0.2) - 10" at/cm? below 3 wm
up to a depth of 8 um. These detected values agree
with available data from similar experiments for W
[11]. For determining the plasma impact on the smart
alloy’s oxidation behaviour, oxidation of a plasma-

oW | %Cr | %Y

SAILl 79 17
SA2le 100 0
SA2lec 88 12 0

[=3




exposed sample has been performed and compared to
a non-exposed sample. Results are presented in [3].
Oxidation performance of the two above-mentioned
samples deviates slightly, yet this may be a result
of plasma impact as well as of marginally different
geometries. As surface roughness is a detrimental
factor for the oxidation performance and not all edges
of the plasma-exposed samples are ground due to the
geometry, the second possibility is more likely.

3.2. PE2

As a consequence of the direct contact under high
pressure and high temperatures of the Cu blocks and
the W/WCrY samples, all but two samples could not be
disconnected from the Cu anymore, which is why mea-
suring the weight loss due to plasma erosion was not
possible.

weight loss | R, [nm] | R, [nm] de [mm]

[ugl before after measured
w21 na 532+60 | 584 +36 | 0.17 +0.05
w22 na 26 £2 30+2 | 0.18 £0.05
w23 na 32+3 28+3 0.21 £ 0.05
W24 na 28 +4 28+2 0.18 + 0.06
SA21 na 43 +7 6119 | 0.23+0.05
SA22 na 32+5 32+5 0.21 £ 0.05
SA23 na 306 +33 | 319+ 15 | 0.21 +0.05

Table 4: Local erosion and surface roughness in PE2

For PE2 depletion of Y and Cr is clearly visible in the
SIMS-profiles (see figure [5). At the same time the W
signal increases considerably towards the surface. As
an ion energy of 120 eV is clearly below the sputter
threshold for D ions on W, W is enriched at the sur-
face. This finding is reflected in the local erosion values
obtained from FIB, displayed in table @] Although for
the WCrY samples de is slightly higher, a nearly iden-
tical volumetric loss is indicative of W enrichment to-
wards the surface for the smart alloys. Initially, when
plasma operation starts, the alloying elements are de-
pleted while W remains on the surface. As this heavy
element now determines superiorly the erosion yield,
the WCrY yield becomes comparable to that of pure W.
Sputtering during these experiments is believed to origi-
nate mainly from small amounts of O ions in the plasma
(see section ). The EDX-spectra on the WCrY-coated
and uncoated W sample (see figure [6)) are indicative of
Cr-redeposition next to the coating edge. At the same
time, Cr-content on the surface of the WCrY-coating
decreased during plasma operation (see spectrum 1).
Hence sputtered Cr was only observed to redeposit lo-
cally rather than globally. For spectroscopy measure-
ments during plasma operation neither W- nor Cr-line
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Figure 5: SIMS-analysis for W, Cr and Y in PE2

radiation was visible in the spectra. Too few particles
of both W and Cr were sputtered so that signals were
below the detection limit.

The surface roughness evolution of samples exposed
in PE2 is similar to the one in PEl. According to
Dektak-measured values in table 4] R, is marginally in-
cremented, also for rougher samples. From figure (/| a)
no distinct agglomeration of YO-particles in the sub-
surface layer is observed, which explains the less pro-
nounced increase of the Y-signal in figure [5] compared
to figure 3] Besides, in figure [7] b) one can see not
only small black holes owing to sputtered YO-particles
but also enlarged crater-like holes presumably resulting
from Cr depletion. Grain size of SA22 is reduced as
against SA11. Generally the grain size of all samples
reported varies as a consequence of the ongoing optimi-
sation of bulk sample production. Still the characteris-
tic microstructure of WCr-grains with finely distributed
YO-particles is preserved.

Similar to D retention for PE1, values obtained for
samples exposed in PE2 are within estimates. In the
first 3 wum below the surface D retention of W is about
(0.40 = 0.04) - 10'% at/cm?, while for WCrY a value of
(1.1+£0.1) - 1014 at/cm2 was obtained. For the layer be-
low 3 um and up to a depth of 8 wm the measured W
and WCrY values are (0.39 + 0.04) - 10'* at/cm? and
2.6 £0.3)- 1014 at/cmz, respectively. Hence the reten-
tion values for WCrY are less than an order of magni-
tude increased compared to pure W. RBS provides an-
other means for determining the depletion of alloying
elements and the enrichment of W below the surface.
With a resolution of 50 nm the surface layer Cr con-
tent as quantified by RBS is about 26 at%, compared to
30 at% in the bulk for the plasma-exposed WCrY sam-
ple. For a non-exposed sample both values amount to
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Figure 6: EDX spectra on coated W24 sample a) before and b) af-
ter plasma. Left side of sample with spectrum 1: deposited WCrY,
c): EDX spectra 1-4: surface composition of W and Cr in wt%, not
displayed O- and C-content add up to 100 wt%

Figure 7: SEM picture of upper edge of FIB cut for SA22 before (a)
and after plasma exposure (b)

30 at%. As regarding to the SIMS profiles (see figure
[3) the depletion of Cr extends to a depth of about 35
to 40 nm, the value obtained by RBS is just an average
of the Cr content of a layer slightly thicker than the de-
pletion zone. However, one has to keep in mind that
the roughness of the non-polished but ground samples
might introduce some uncertainties in SIMS analysis.
Nevertheless, analysis by RBS once again confirms de-
pletion of Cr for smart alloys exposed in PE2. Experi-
ments on oxidation performance for samples of PE2 will
be conducted in the near future.

4. Modelling of Ion Irradiation

The Monte-Carlo Code SDTrimSP makes use of
the Binary-Collision-Approximation (BCA) to simulate
ion irradiation of amorphous targets. The underlying
physics are described in [4]. For simulating the plasma
impact on the WCrY smart alloys the dynamic version

of SDTrimSP was used. Herein a one-dimensional tar-
get made up of dynamically thickening or shrinking lay-
ers is employed. The initial target composition corre-
sponds to 67.9at%W-31.1at%Cr-1at%Y. The ion pro-
jectiles subsequently shot into the target create recoils
and eventually sputtering of subsurface atomic layers if
the surface binding energy is overcome.

Concentration gradients within a material lead to diffu-
sion of elements to counteract the build-up of gradients.
This diffusion increases exponentially with respect to
temperature but is also dependent on other factors such
as the microstructure of the investigated material. The
thermal diffusion between adjacent target layers can be
included in the model since SDTrimSP 5.07 [12] and
was used here for diffusion of Cr in the WCrY-system.
For comparing the experimental and modelling results
experimental local erosion is taken to be around 450 nm
for pure W and 850 nm for WCrY.

4.1. Results (PEI)

In figure [8| the target composition of WCrY after
plasma exposure without and including diffusion of Cr
in WCrY is shown. If diffusion is excluded, composi-
tion changes are localised within the first few nm be-
neath the surface (figure [8| a)). At the first subsurface
atomic layer Cr and Y are depleted, while W is en-
riched. Cr content peaks below this layer as Cr atoms
are pushed inside by incoming ions, the local Cr ag-
glomeration leads to a decrease in the W concentration.
The behaviour of Y is similar to that of Cr, however, as
the Y content within the material is only minor its ef-
fects are not extensively discussed. Assuming a plasma
composition of 99.77 % D and 0.23 % O, a surface re-
cession of 45 nm is obtained for pure W after a fluence
of 1% 102 ions/cmz, which corresponds to 1/10 of the
total accumulated experimental fluence. W erosion was
used for setting the O concentration of the plasma in the
simulations. Applying the same conditions and not al-
lowing for Cr diffusion, a surface recession of 56 nm is
obtained for WCrY. Determining a mean diffusion coef-
ficient to match modelled surface recession with exper-
imental results yields a value of Dy, = 5 % 10718 m%/s.
This coefficient comprises and does not distinguish be-
tween the effects of thermal diffusion and diffusion due
to plasma induced concentration gradients. It is only
valid for the temperature at which the experiment was
conducted. Using this diffusion coefficent the simula-
tion yields a surface recession of 85 nm for WCrY, again
at a fluence of 1 * 10%! jons/cm?. The corresponding
depth-resolved target composition is displayed in figure
[ b). Despite evidencing a sudden inrease at the sur-
face boundary the Y concentration is constant along the
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Figure 8: Simulated WCrY depth-resolved target composition after a
fluence of 1 10%! D ions/cm? without (a) and including diffusion (b)

depth. This peak is a consequence of the creation and
movement of recoils near the surface (cf. [13]). The
Y increase results in a decrease in the W-signal. Apart
from this the W-signal is monotonically increasing to-
wards the surface while Cr decreases, a behaviour re-
flecting the enrichment of W and depletion of Cr. When
allowing for Cr diffusion within the WCrY material, Cr
is constantly resupplied towards the surface. This re-
sults in the monotonic behaviour of W and Cr signals in
figure [§] b) compared to [§]a). As diffusion counteracts
the formation of concentration gradients no Cr peak is
observed.

5. Comparison of Model with Experiment (PE1)
and Discussion

From comparing weight and volumetric loss of the
smart alloy samples, it becomes clear that the integra-
tion of diffusion is necessary: By dividing the mass loss
by the volumetric loss of a WCrY sample, one obtains
the theoretical density of the average amount of eroded
WCrY during plasma exposure. For PEI this calcula-
tion yields:

Pe = Migss/Vioss & 1200 ug/(850 nm - 1 sz)

~ 14.1 g/em’

As pe is smaller than the initial theoretical density
of the smart alloy of 15.9 g/cm?, lighter elements were
eroded proportionally more during plasma exposure.
An ion energy of 220 eV is about the threshold for phys-
ical sputtering of W by D ions. Additionally, the exis-
tence of Cr atoms in the vicinity of W atoms beneath
the surface leads to enhanced W sputtering. According
to BCA the maximum elastic energy transfer between
two colliding atoms 1 and 2 is

y = 4mymy/(m; + my)?

vyp,w = 0.06, ycrw =~ 0.69

With an intermediate Cr-W collision instead of the di-
rect energy transfer from D to W the energy trans-
fer factor v is increased. Thus in the vicinity of Cr
atoms W sputtering is augmented. This is another fac-
tor contributing to not pronounced enrichment of W in
PE1. Besides sputtering by D, the oxygen content of a
few 0.1 % for both conducted plasma experiments con-
tributes substantially to the material’s erosion. Regard-
ing sputtering by D, different from PE1, in PE2 the D
ion energy was well below the threshold for W. At the
same time a D ion energy of 120 eV lies above the sput-
ter threshold for D on Cr, which gives rise to a distinc-
tive W enrichment accompanied by Cr depletion as de-
tected by SIMS-analysis (see figure [5). Furthermore,
this results in a reduced volume loss of WCrY, which
is also very similar to that of W (table d)). The erosion
yield was reduced by W enrichment as the sputter yield
of pure W is much lower compared to the sputter yield
of pure Cr. With mainly W at the surface the overall
sputter yield of the alloy is reduced. Another possible
reason for less diffusion of Cr in PE2 is the halved ion
flux and the resulting decreased rate at which Cr con-
centration gradients are induced by the plasma.

For reproducing the exact experimental surface com-
position using SDTrimSP simulations, an extension of
the one-dimensional model is required. Generally, ex-
periments and simulations illustrate that the plasma in-
duces changes predominantly in the subsurface target
area. However, due to the formation of concentration
gradients and diffusion these changes can also affect the
samples’ bulk material composition.

6. Summary and Outlook

This paper reports in detail on the results of the first
two plasma exposure experiments (PE1 and PE2) of
WCrY smart alloys. Careful sample preparation and
pre- and postanalysis is used to investigate the impact of
steady-state pure D plasma onto the WCrY and simul-
taneously exposed W samples. For PEl experimental
and modelling results suggest that Cr diffusion towards
the surface is the determining factor for erosion of smart
alloys and the reason for a non-significant depletion of
Cr and enrichment of W. In contrast to this, at lower ion
energies and flux in PE2 preferential sputtering result-
ing in significant depletion of Cr and Y plus an enrich-
ment of W is clearly visible. As ion energies of around
100 eV are expected for DEMO operation [8]], this re-
sult and the comparable volume loss of W and WCrY
are promising for the application of WCrY smart alloys
as first wall material. In PE2 no Cr line radiation orig-
inating from the target and expanding into the plasma



could be detected, EDX spectra on W4 indicate local
redeposition of sputtered Cr. For PE2 oxidation of a
plasma-exposed sample still needs to be performed, ad-
ditionally, SDTrimSP simulations will help interpreting
experimental results. We plan to publish a dedicated
paper on the inclusion of diffusion into SDTrimSP sim-
ulations and comparison with experimental results. The
influence of surface topology will be examined in more
detail by employing two-dimensional SDTrimSP simu-
lations. As the sputter yield and the induced Cr diffusion
may well depend on the ion flux, experiments at higher
fluxes and fluences for a more conservative lifetime es-
timation of the alloys are planned at PSI-2 and other
linear plasma devices. Meanwhile the optimisation of
bulk sample production at FZJ is ongoing.
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