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Abstract

WCrY Smart Alloys are developed as first wall material of future fusion devices such as DEMO. They aim at
behaving like pure W during plasma operation due to depletion of the alloying elements Cr and Y. The Cr concentration
gradients induced by preferential plasma sputtering cause Cr-diffusion. The exposure of WCrY and W samples to pure
D plasma, with a plasma ion energy of 220eV, is simulated using the dynamic version of SDTrimSP. Cr-diffusion
is included into the model. Simulation results are compared with experimental results. At sample temperatures of
more than 600 °C and sputtering by D plus residual oxygen in the plasma ion flux, the Cr-transport to the surface
leads to enhanced erosion for WCrY samples. A diffusion coefficient for Cr in WCrY of the order of 1 - 10717 m?/s is
determined. The suitability of WCrY as first wall armour and the influence of further effects, considering especially
Cr-diffusion, is discussed.

Keywords: smart alloys, plasma-wall-interaction, plasma ion irradiation, preferential sputtering, DEMO, modelling,
diffusion, SDTrimSP

1. Introduction W, having been activated by neutron irradiation during
20 plasma operation, then forms radioactive WOs3. Subli-
Plasma-facing components (PFCs) of future fusion mation of WOj3 leads to its mobilisation and thus the
devices have to fulfill various requirements, which are possible release of radioactive material out of the vac-
described for example in [20]. Tungsten (W) is cur- uum vessel. This has to be prevented to build safe fu-
rently the preferred first wall material for the demonstra- sion reactors.
tion power plant DEMO. This material possesses vari- »s Smart WCrY alloys aim at suppressing the oxidation
ous advantageous properties such as a very high melting of W during LOCA. These alloys contain, besides W,
point of more than 3300 °C and low erosion yields [3]]. mainly chromium (Cr) and also small amounts of yt-
Yet, there are also some drawbacks regarding the usage trium (Y). Their smartness consists in their ability to
of pure W: besides its inherent brittleness at room tem- adapt to two kind of reactor scenarios: on the one hand,
perature, W oxidises rapidly at temperatures of above s the lighter alloying elements Cr and Y are depleted to-
700 °C, above 900 °C sublimation of the oxide becomes wards the surface due to preferential sputtering during
significant [19]]. This makes pure W a potential safety regular plasma operation. This leaves the plasma fac-
hazard if a Loss-Of-Coolant-Accident (LOCA) with ad- ing a pure W surface. In that way the material benefits
ditional air ingress occurs. In that case the cooling sys- from the low erosion yields of W. On the other hand,
tem fails and the wall temperatures rise from 1000°C s in case of LOCA with oxygen-containing atmosphere,
to 1200 °C for a few days to several months, depending the alloying elements diffuse towards the alloy’s sur-
on the blanket design, due to nuclear decay heat [22]. face. A protective CrpO3 scale forms and hence the

formation of WO3 is suppressed. The optimum com-
position for WCrY thin film systems was found to be
0 W-11.4 wt%Cr-0.6 wt%Y, these are described in detail
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in [36]] and [21]. They demonstrated a significant oxida-
tion suppression so that it was decided to produce bulk
WCrY samples with the same composition. Bulk WCrY
samples with the optimum composition achieved an ox-
idation suppression of more than three orders of mag-
nitude in comparison to pure W samples of the same
geometry. The oxidation rate was measured as gradient
of mass change per area during oxidation in dry air at
1000 °C [29].

Given a convincing oxidation performance, the plasma
performance of the WCrY smart alloys has to be eval-
uvated. The alloys are developed for the first wall of
DEMO. To choose relevant experimental conditions at
first possible plasma conditions for the DEMO first wall
are investigated: In [10] it is stated that a pulsed base-
line DEMO reactor concept is prioritised with the pos-
sibility to be upgraded to a long-pulse or steady-state
machine. The European DEMO design described in
[38]] assumes a peak heat flux of maximum 1 MW m2
for the first wall. The first wall surface temperature
during regular operation is restricted by the tempera-
ture limit of the considered structural material. The
reduced activation ferritic martensitic steel EUROFER-
97 [37]] with a temperature limit of 550 °C [37]] is one
option considered for the European DEMO. The ther-
mal conductivity of W is about 1-10>Wm 'K~ and
tends to decrease under fusion-relevant radiation condi-
tions [4]. [2]] found a value of about 5 - 10! Wm1K!
at temperatures between 500 °C and 700 °C for bulk
WCrY samples with compositions similar to the one
of the samples used for this work, which means a de-
crease in the thermal conductivity by a factor of two
in comparison to pure W. Considering a 3 mm thick W
or WCrY armour layer, first wall temperatures should
not largely exceed 600°C. Besides heat loads, par-
ticle loads of different origin strike the wall and can
cause sputtering: plasma ions may be accelerated to en-
ergies exceeding the sputter thresholds, additional ero-
sion is caused by charge exchange (CX) neutrals. In
future fusion devices the erosion due to energetic neu-
trals is assumed to be of the same order of magnitude
as for ions [27]. In some DEMO wall areas their con-
tribution even dominates [34]]. The thermal ions and
other particles have a continuous energy distribution.
Some particle energies lie above the sputter threshold,
while the average stays below it. Temperatures in the
DEMO Scrape-Oft-Layer (SOL) are expected to be be-
low 100eV according to [37]], whereas [14]] expects
more than 100eV. The design question whether high
heat flux limiters will be installed still remains open
for DEMO [37]. When this limited configuration is
used, e.g. during ramp-up or ramp-down of the plasma,
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the plasma gets closer to the wall and ion energies are el-
evated. Extrinsic impurity seeding can be used to reduce
heat fluxes on PFCs. Concentrations of less than 1 % of
argon (Ar) and xenon (Xe) or nitrogen (Ni) are foreseen
for DEMO [16]]. Moreover helium (He) produced by the
deuterium-tritium (DT) reaction will always be present
in the plasma. The heavy impurity species sputter W
more effectively than the light hydrogen fuel ions.

In [30] it is stated that diffusion of Cr towards the sur-
face is a determining factor for the erosion of WCrY
at higher ion energies. Similarly, studies on W bom-
barded by energetic carbon (C) impurity ions presented
in [31] underline the importance of thermally activated
processes such as diffusion and segregation for the ero-
sion of mixed materials. Therefore, in this publication
we focus on modelling the plasma impact onto the al-
loy’s surface composition including thermal diffusion.
The effects of D ion irradiation, oxygen plasma content
and Cr-diffusion are examined. Results obtained with
the Monte-Carlo code SDTrimSP [24] are compared to
experimental results.

2. Experimental

2.1. Plasma exposure

2.1.1. Description

The exposure to steady-state plasma took place in the
linear plasma device PSI-2 [18]]. In PSI-2 sputtering of
a material is induced by bombardment with energetic
ions. In contrast to the thermal particle energy distribu-
tion in DEMO, the ions during plasma exposure in PSI-
2 are close to mono-energetic as determined by the ap-
plied bias voltage. Hence a DEMO-relevant ion energy
has to be chosen for experiments. The PSI-2 plasma
source was operated with pure D as working gas. How-
ever, a minute residual oxygen amount is present on
Quadrupole Mass Spectrometry (QMS) data recorded in
the PSI-2 vacuum vessel. The line radiation of the impu-
rity oxygen was too weak to be detected with emission
spectroscopy measurements, similar to the spectroscopy
measurements described in [5] for an oxygen content of
0.2 % in PISCES-B. We therefore assume the oxygen
impurity content to be of similar order as presented in
[S]. In pure D plasma, no W sputtering is expected for
ion energies of around 100 eV, as the sputter threshold
for D on W is around 200eV. For instance in [7] an
experimental value of 178 eV as well as a fitted value
of 201 eV are given. The W sputter threshold for resid-
ual oxygen in the plasma is considerably lower, in [7]
the calculated threshold is 42eV . To have W erosion
caused by D sputtering and not only residual O, an ion
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energy of 220 eV was chosen. The threshold for T on W
is around 130eV according to [7] and thus significantly
lower in a D+T plasma than for pure D. As wall tem-
peratures for the DEMO first wall should not be much
higher than 600 °C (see chapter , the sample tempera-
ture during the PSI-2 experiments should also be in this
range. The temperature of all sample surfaces is moni-
tored during the exposure using an infra-red camera.
For the experiment two WCrY samples, called WCrY1
and WCrY2, and two W samples manufactured accord-
ing to ITER specification , W1 and W2, were ex-
posed simultaneously on the same target holder. WCrY
samples had the optimum composition (see chapter [I)
and were manufactured according to the procedure de-
scribed in [30]]. The four WCrY and W samples were all
prepared in the same manner: after wire erosion cutting
they were manually ground using silicon-carbide (SiC)
paper. After grinding, the surface roughness R, of the
samples is about 30 nm. The samples were installed on
a multi-target holder to expose them simultaneously to
the plasma in PSI-2. To match the PSI-2 hollow plasma
profile (see [18]) and ensure the same plasma condi-
tions on all samples, they were placed in a circle at the
same radial distance from the centre of the plasma col-
umn. The plasma flux hits the target at normal incidence
and leads to heating of the samples to around 620 °C
to 650 °C. The plasma is, besides the afore-mentioned
residual oxygen, composed of singly ionised D+ ions.
With an ion flux of 5.5 - 102! ions/(m2 s) a total accumu-
lated fluence of about 1 - 102° ions/m2 in about 5 h was
reached. More experimental details are given in [30].
Two measurements are performed to evaluate the sam-
ples erosion: mass loss Am and surface recession de.
The mass loss Am is obtained by weighing the sam-
ples before and after plasma exposure with a Sartorius
MSA?225P microbalance with a resolution of 10 ug. The
surface recession d. is obtained with the help of the
Scanning Electron Microscope - Focussed Ion Beam
(SEM-FIB) system (Carl Zeiss CrossBeam XB540):
prior to plasma an orthogonal cut in the middle of a
sample relative to the surface is created. For one sam-
ple an additional cut was done at the sample corner
(WCrY2c). Equidistant markers are then generated on
the orthogonal surface cut. The distance from the sur-
face to the uppermost FIB marker is measured before
and after plasma exposure. The distance from the re-
ceded surface to the uppermost FIB marker after plasma
exposure is the surface recession de. In figure[T]the com-
parison of the distance between surface and uppermost
FIB marker before and after plasma is shown and the
surface recession d, is indicated.

200 nm_ ¢¢

Figure 1: Comparison of the distance between surface and uppermost
FIB marker before (left side) and after plasma (right side). The sur-
face recession d, is the difference between these two distances.

2.1.2. Results

experimental erosion results
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Figure 2: Comparison of mass loss Am and surface recession d. for
pure W and WCrY samples. WCrY2c is a measurement taken at the
corner of WCrY2. All other measurements were done in the respec-
tive sample centre.

Results for the samples’ net erosion by weight loss
Am and the surface recession d. are displayed in figure
[} Several values for d. are measured and the average is
taken, which explains the increased measurement uncer-
tainty. All analysis processes are explained in detail in
[30]. The mass loss Am is very similar for all samples,
around 1.1 mg for W and 1.2 mg for WCrY, whereas the
surface recession de is nearly doubled for the WCrY
with around 850 nm compared to the W samples with
around 450 nm. This result indicates faster sputtering of
WCrY. The alike values for d. at the centre and corner
of WCrY2 (WCrY2 and WCrY2c in figure 2] respec-
tively) support the assumption that erosion is roughly
homogeneous across the sample surface. We therefore
define pe, the density of the sputtered material, to be the
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quotient of mass and volume loss:
pe = Am/AV = Am/(d; - A)

~ 1200 ug/(850 nm - 1 sz) ~ 14.1 g/cm3

With an initial alloy composition of
W-11.4 wt%Cr-0.6 wt%Y, which is equal to 67.9
at%W-31.1 at%Cr-1 at%YE], the initial theoretical
density of the smart alloy is p;o = 15.9gcm™.
Measurements according to the Archimedes principle
confirmed an initial density of more than 98 %. Thus
the minimum initial density p; of the two smart alloy
samples WCrY1 and WCrY2 is 15.9gcm™ - 0.98
= 15.6gcm™>. If the material is sputtered without
significant mixing of material, the density of the
eroded material pe must approximately equal the initial
material density p;. Since the value of p is smaller
than p;, one can conclude that lighter elements were
eroded proportionally more during plasma exposure.

2.2. Surface composition after vacuum heating

2.2.1. Experiment

The X-ray Photoelectron Spectroscopy (XPS)-device
allows to heat samples to high temperatures under
ultra-high-vacuum (UHV) conditions at a pressure of
1-10"8 mbar to 1- 10 mbar. Moreover, the surface
sensitive XPS analysis method can be used to monitor
changes at the sample surface. The used XPS device
is a PREVAC XPS setup equipped with an aluminium
(Al) Ky X-ray source at an energy of 1.4867keV.
Whereas the sputtered area amounts to Smm X 5 mm,
the analysis spot measures 1.6 mm X 5 mm. Assuming
an exponential decay of the emission intensity within
the sampled material, a sampling depth of z = 3\
(the depth from which 95% of the photoemission
intensity is still detected for emission normal to the
target surface) is estimated to be z = Snm in W, with A
from [[I7]. The XPS-setup was used to detect changes
in the sample’s surface composition, which are induced
by heating under UHV conditions after preferential
sputtering.
For this purpose one piece of sample WCrY1, ground
according to the usual procedure used for plasma
exposure, was used. First an SEM image (figure [3p)
was taken, the sample was put into the XPS-device
and the surface composition was measured (table [Th).
Following this, the sample was heated to 900K for 1h,
taken out and another SEM image was taken (figure

lat%: atomic percent, elemental fraction of total atomic composi-
tion of alloy
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Bb). Then the sample was put into the XPS device
again and sputter-cleaned using 5keV Ar ions before
the surface composition was again analysed (table [Tp).
Subsequently, the sample was heated to 900K for 3h
and another XPS analysis was carried out (table [Tf).
Eventually, the sample was taken out and another SEM
image was taken (figure [3k). One should note that the
SEM pictures are not taken at exactly the same position.

2.2.2. Results

The elongated scratches on the untreated sample sur-
face in figure [3p stem from the grinding process during
sample preparation. From table |Ij it can be seen that
there are residual impurities on the surface. The oxygen
is mostly found as oxide bound to W and Cr. The 5keV
Ar-sputtering then leads to removing these impurities
from the surface, the oxygen is decreased (table [Tp).
The measured molybden (Mo) stems from the sample
holder inside the XPS device. As the sample piece was
with dimensions of 5Smm X 4 mm only slightly larger
than the measurement spot of size 1.6 mm X 5 mm, the
analysis region can easily contain parts of the sample
holder. Yet, we assume that this does not have an im-
pact on the information we want to obtain, on the W
and Cr presence in the sample surface. Further, fluo-
rine (F) was found on the surface. This element has
also been found by other analysis methods for samples
produced and prepared around the same time. We as-
sume that this fluorine stems from residual impurities
on the equipment used for ultrasonic cleaning after the
sample preparation procedure. The Ar-sputtering leads
not only to a removal of an approximately 3 nm thick
surface layer, but also to a characteristic surface mor-
phology of small holes and elongated craters along the
grain boundaries. The microstructure of WCrY features
yttrium and oxide containing particles located at grain
boundaries [30]]. These are known to have the size of the
order of tens of nm. The small black holes as well as the
longer elongated craters are characteristic for smart al-
loys after being exposed to (plasma) ion irradiation and
have been investigated in [30] and [29]. These features
are caused by preferential sputtering of lighter elements
and can still be seen on the SEM picture in figure 3¢
taken after heating of the sample for 3 h. It can be ex-
cluded that these features stem from heating the sam-
ple to 900K since they are not observed in figure [3p
after heating to this temperature for 1 h. For the XPS-
analysis the Y content of the sample (1.0 at%) is close
to the detection limit and not detectable after the Ar-
sputtering (table[Tp) due to preferential sputtering. The
XPS-analysis results after heating for 3 h are shown in



290

295

Figure 3: SEM images of the surface of the WCrY sample a) untreated, b) after heating to 900 K for 1 h and c) after Ar-sputtering and subsequent
heating to 900 K for 3 h in UHV conditions.

W [at%] Cr [at%]

Y [at%]

other elements [at%]

a) 124+02 34+02 0901 34.0+0.5(0),26.2+0.8(C),

b) 73.0+1.1 149+0.7 0.0

c) 63.8+0.8

175+ 0.6 0.0

0.4 + 0.0 (Mo), 23.0+ 0.5 (F)
10.7 £ 1.2 (0), 1.4 + 0.2 (Mo)

18.1 £ 0.9 (0), 0.7 £ 0.2 (Mo)

Table 1: XPS-analysis of a piece of WCrY1 a) before Ar-sputtering,
b) after Ar-sputtering and c) after Ar-sputtering and heating for 3 h to

627°C

table [Tc. The W surface coverage decreased and the
oxygen as well as slightly the Cr surface coverage are
increased after heating. Again, W and Cr are present
in partly oxidised state. Hence, in UHV conditions and
when the sample is heated after preferential sputtering
Cr diffuses to the surface to form oxides so that less W
is present.

3. SDTrimSP Modelling

3.1. Model description

The Monte-Carlo code SDTrimSP [24] makes use of
the Binary-Collision-Approximation (BCA) to simulate
ion irradiation of amorphous targets. The underlying
physics is described in [6]. In the dynamic version a
one-dimensional target made up of dynamically thick-
ening or shrinking layers is employed. The ion pro-
jectiles successively shot into the target create recoils
which in turn lead to reordering of atoms. Eventually,
sputtering of atoms in the surface layer is caused if the
energy transferred to these atoms is greater than the sur-
face binding energy. Concentration gradients are in-
duced in case of preferential sputtering for mixed ma-
terials. This means that the sputter yield, the number of
atoms sputtered per incoming projectile, for one atomic
species is higher than the yield of the other atomic

species of the mixed material. With diffusion added to
the model, the depleted element is transported towards
the surface to counteract the build-up of these gradi-
ents. Owing to the usage of the dynamic version, we are
able to look into the evolution of the alloy’s near-surface
composition. Since a one-dimensional target model
is used, we do not reproduce the specific microstruc-
ture of the WCrY material but rather assume an amor-
phous target structure with a composition of 67.9 at% W-
31.1at%Cr-1at%Y. The target is initially subdivided
into equidistant 2.5 A thick layers of the same compo-
sition. In a calculation step, a certain number of pro-
jectile ions, i.e. a certain fluence, is shot onto the target
and their impact is calculated. After each such fluence
step the target composition is updated according to the
change in the number of the respective atomic species
in each layer. If the composition is changed due to
implantation or reordering of the recoils, this, in turn,
causes a change in the atomic density. Implantation and
recoils further result in an increase or ,in case of sput-
tering, decrease of the layer thickness. Summing over
the changes in thickness of all layers leads to growth
or shrinkage of the target. If erosion dominates the
summation results in shrinkage, i.e. the surface recesses.
For the calculations normal incidence of the bombard-
ing ions is assumed. The samples’ surface roughness
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of about 30 nm cannot be reproduced with the one-
dimensional model. This should not have a large impact
on the erosion results for the case of normal incidence
irradiation.

In SDTrimSP [24] thermal diffusion between adjacent
target layers can be included into the model. For
this purpose the temperature-dependent diffusion coef-
ficients must be specified. Generally, diffusion is in-
duced by concentration gradients of an element within
a material. This is expressed by equation (IJ), which
depicts the evolution of the element(i)-specific concen-
tration ¢ at layer x. The diffusion coefficient in equa-
tion (2) increases exponentially with temperature T. Dif-
fusive transport across the surface boundary is set to
zero. However, if atoms of the first layers get sput-
tered, the induced concentration gradient initiates dif-
fusion from subsurface layers. The physical sputtering
process within the model depends solely on the num-
ber of ions arriving at the target and not on the time as
collisions are treated successively. In contrast, diffusion
is a time-dependent process. Therefore, the ion flux,
i.e. the number of ions arriving at the target per second,
enforces a time dependence. The time for a fluence step
results from equation (3)), this time is then used to calcu-
late a diffusion step. Calculated recoils result in changes
of the concentrations ¢ of the elements i within each
layer x. Based on this concentration change, the over-
all layer-specific diffusion coefficient n(x, 1) (see equa-
tion (@)) is calculated. This is done by summing over
the concentrations and diffusion coeflicients of element
i within material j for all elements j.

deli)  I(x, i) - 25D

ot ox @
DG.j) = Do(i,j)'eXP(—%) @
_ Afluence [m‘z]
A= [m2s~1] )
j
NG = " exj)- DA j) @)

According to equation [2] two material-specific param-
eters have to be specified to assign a diffusion coeffi-
cient D(, j) for element i in element j: the activation en-
ergy Q, and the diffusion constant D(i, j). Both are not
known for the alloy WCrY. In order to vary only Dg(l, j)
for the simulations, we do not specify Q, (see [23] for
detailed explanation). Therefore, the simulations are
only valid for the sample temperature present in the ex-
periment. In that way a parameter scan for D(i, j) can
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be performed. For the simple physical sputtering pro-
cess, temperature is not taken into account within the
BCA. The implementation of the algorithm solving the
diffusion equation and further details are described in
[35]].

Lighter alloyed elements are preferentially sputtered,
which leads to a continuous change of the surface sto-
ichiometry during ion irradiation until a steady state
is reached [32]]. For this state the ratio of the sputter
yields is stoichiometric [1]]. This means for dynamical
SDTrimSP runs partial sputter yields converge with in-
creasing fluence (see figure @b)). In order to save com-
putational time, simulations were carried out to a cer-
tain fluence and then extrapolated to the experimen-
tal fluence. Simulations shown here calculate 10 % of
the experimental fluence, which is 1 - 1026 ions/m2 X
0.1 = 1-10% ions/m?, assuming steady state has ap-
proximately been reached at this point. The last 10 val-
ues of this simulation are then used to linearly extrapo-
late the surface recession: the slope of a line intersect-
ing these last 10 values is assumed to be constant until
100 % of the experimental fluence.

The mass loss is obtained from the simulation output by
integration of the partial yield curves. Mass loss values
were extrapolated using the partial sputter yields of W,
Crand Y at the last fluence step.

Experimental values are used for the adaptation of
Do(i,j): the experimentally obtained surface recession
de (see figure [2)) is taken to be 450 nm for pure W and
850 nm for WCrY. Mass loss Am reference values for W
and WCrY are 1.1 mg and 1.2 mg, respectively. Both the
measured mass loss and even more the surface recession
are subject to measurement uncertainties (see figure [2),
which is considered for determining the model param-
eters. Neither preferential sputtering nor diffusion have
to be considered for the erosion yield of pure W sam-
ples.

3.2. Model results

In the following the effect of D ion irradiation, oxy-
gen plasma content and Cr diffusion is presented ac-
cording to their order of implementation in the model.
Subsequently, effects of D retention, surface binding en-
ergies and possible other factors are examined.

3.2.1. Pure D irradiation

Sputter thresholds for pure W, Cr and Y calculated
with SDTrimSP in static mode are shown in table 2. The
thresholds for W and Cr are about 220¢eV and 35¢eV, re-
spectively, and are approximately in agreement with the
threshold values as presented in [33]], 216 eV for W and
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Figure 4: SDTrimSP calculated surface recessions [nm] under D, O 220 eV ion bombardment: a) values for pure W and WCrY with mixed D, O
ion irradiation with variation of the oxygen content O extrapolated (ext.) to the experimental fluence of 1 - 10%° ions/m”. Experimentally measured
values for the surface recession d. of W and WCrY are indicated by horizontal dotted lines. b) simulated partial sputter yields of W, Cr and Y for
WCrY with the diffusion coefficient of Cr in WCrY, D¢y wcry, setto 5 - 10'® m?/s (continuous lines) and set to 5 - 10717 m?/s (dashed lines). The
mass loss per element is obtained via integration of the partial yield curves. Here the first value is the mass loss for Dcrwery setto 5 - 10718 m2/s

and the second one the mass loss for Dy wcry setto 5 - 1077 mz/s.

target bombarding ion species With an intermediate Cr-W collision instead of the di-

D o Ar a0 rect energy transfer from D to W the energy transfer fac-

tor vy is increased from 0.04 to 0.10. Thus in the vicinity

W 1220 45 35 of Cr atoms W sputtering is augmented. This effect is
Cr | 35 20 20 automatically included in the SDTrimSP model.

Y 60 15 20 Surface recession results for W (yellow line) and WCrY

Table 2: Thresholds [eV] for pure elements W, Cr and Y sputtered
by D, O and Ar as calculated with SDTrimSP at normal incidence
using surface binding energies of 8.79¢eV, 4.10eV and 4.36 eV for
W, Cr and Y, respectively.

34eV for Cr. Oxygen sputter thresholds are consider-
ably lower according to SDTrimSP: 45eV for W and
20eV for Cr. Especially at D ion energies close to or
below the threshold, the effect of impurity oxygen be-
comes important [13]]. Consequently, it can be expected
that already small amounts of O in the target ion flux
have a large impact on the material’s erosion. Addi-
tionally, in the vicinity of Cr atoms, W atoms can get
sputtered more easily due to an intermediate Cr-W col-
lision [30]]: according to the BCA the maximum elastic
energy transfer between two colliding atoms 1 and 2 is
y = 4mymy/(my +my)?

&)
Ypw ~ 0.04, ypcr = 0.14, yer,w ~ 0.69

- ypcr,w & 0.10

355
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(purple line) in pure D are shown in figure fa] the first
data point at x =0 corresponds to an oxygen amount of
0.0 % in the plasma. For W the simulated surface reces-
sion amounts to only below 1 nm. This is far below the
experimental value of 450 nm (red dotted line). Conse-
quently, other factors influencing the sputter yield have
to be considered.

3.2.2. Mixed D,O irradiation

The plasma oxygen content was varied in a next step.
This value likely amounts to a few tenths of one percent
of the plasma ion flux in PSI-2 (see chapter[2). In figure
[a] surface recession versus varying oxygen content is
displayed for both pure W and WCrY. Experimental sur-
face recession of pure W (450 nm) is reproduced assum-
ing a plasma composition of 99.73 % D and 0.23 % O,
here the red dotted and yellow line intersect. Hence, this
composition was used for further calculations. Whereas
the experimentally obtained surface recession of pure W
is matched by including oxygen, the WCrY surface re-
cession of about 565 nm is far below the experimental
value. There is no intersection point for the teal dotted
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(WCrY, measured d) and the purple line (WCrY, ext.
de) in figure

3.2.3. Mixed D,O irradiation including diffusion

To increase the sputtering of lighter alloying elements
during the ion bombardment, these must be transported
to the surface. The transport process was simulated by
including thermal diffusion. For the variation of the dif-
fusion coeflicient of Cr in WCrY, D¢y wcry, the oxygen
content of the plasma is fixed to 0.23 %.
In order to calculate, besides the surface recession, also
the mass loss from the simulations, the partial sputter
yields are used. The evolution of the partial sputter
yields of W, Cr and Y is displayed in figure [4b] up to
a fluence of 1 - 102 jons/m? for the diffusion coefficient
Dcr,wery setto 5 - 10718 m2/s (continuous lines) and set
to 5- 10717 m?/s (dashed lines). All yield curves show
an asymptotic trend towards increasing fluence, i.e. the
sputter yields converge. The total mass loss is the sum
of the partial mass losses for W, Cr and Y. Up to the
calculated fluence the mass loss is obtained via integra-
tion of the yield curves, the yield obtained for the last
fluence step is used for extrapolating the mass loss up
to higher fluencies. On average, most of the mass loss
is caused by W sputtering, whereas Cr sputtering is pre-
dominant at the beginning of the irradiation. The Cr
partial sputtering yield is increased while W sputtering
is at a low level because at first more Cr is present at
the surface. In this state surface recession is acceler-
ated compared to that of pure W. In the course of the
irradiation Cr gets preferentially sputtered and less Cr
atoms are present at the surface so that then more W
is sputtered. Adding diffusion to the model leads to Cr
transport towards the surface in case preferential sput-
tering creates Cr concentration gradients. For a higher
diffusion coefficient the Cr transport towards the surface
is stronger, provided a Cr concentration gradient exists.
Stronger diffusion results in less pronounced Cr deple-
tion at the alloy’s surface, which means that the sputter
yield of Cr is higher than that of W up to a higher flu-
ence. Thus the overall mass loss is increased (1313 ug
at Dcywery = 5 10717 mz/s compared to 1067 pug at
Dcerwery = 5 10718 m2/s) as the mass loss caused by
Cris increased (72 pg compared to 28 ug). Stronger dif-
fusion can be caused either by a higher diffusion coef-
ficient or by higher sample temperatures. However, the
temperature was not varied in the simulations. Due to
the small Y content in the sample, mass loss caused by
Y sputtering does not play a significant role.
The diffusion coefficient was varied over several orders
of magnitude. Surface recession values are calculated
up to a fluence of 1 - 10% ions/m? and then extrapo-
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lated, results are shown in figure [3_5} At 10 % of the
experimental surface recession, i.e. 85 nm, the simula-
tion results for 10 % of the experimental fluence match
when choosing Derwery = 5 1078 m%/s.  How-
ever, extrapolating the results of this simulation run to
100 % of the experimental fluence yields a surface re-
cession value below the experimental one as can be
seen in [5b} the extrapolated simulation yields a value
of 723 nm (green line), which is below the experimen-
tal value of 850nm (teal dotted line). With the aim
of comparing extrapolated values to non-extrapolated
ones, one calculation was performed for W (yellow
line) and one for WCrY (purple line) up to a fluence
of 1-10%%jons/m?. The diffusion coefficient Dcrwery
was set to 5 - 10718 m%/s. Results are also shown in fig-
ure [5b} the non-extrapolated simulation yields a value
of 660 nm (purple line), which is below the extrapolated
value of 723 nm (green line). This is because the yield
curves have not fully reached stationary conditions at
the end of the simulated fluence. Since the surface re-
cession is not yet strictly linear for WCrY, the model
results deviate for later steps. Thus for more exactly
determining the numerical value of the diffusion coef-
ficient, simulations should be extended to 100 % of the
experimental fluence. Yet, this would acquire very long
computation times. Moreover, one has to take into ac-
count that the experimental surface and mass loss values
are subject to measurement uncertainties which have an
impact on the value of the diffusion coefficient as well.
Consequently, for assigning a conclusive value to the
diffusion coefficient, both the surface recession and the
mass loss were considered.

The blue shaded bar in figure [5a]indicates the range for
the diffusion coefficient in which extrapolated simula-
tion results either match the experimentally found sur-
face recession de (left edge of the blue shaded bar) or
the experimentally found mass loss Am (right edge of
the blue shaded bar). The diffusion coefficient has to be
set to a value within the blue-shaded range in figure [5a]
2t03-1071" m¥s.

3.3. Role of surface binding energy and retention

A further factor influencing the erosion yield of a ma-
terial is the surface binding energy Egp. This is the
energy that a target surface atom needs to overcome to
get sputtered. Generally, it is known that alloying leads
to a decrease in surface binding energy. However, Egg
values for WCrY are not known. Commonly, for BCA
models the heat of sublimation energy is used as an ap-
proximation for Egp, as the actual Egg values are un-
known [39]]. For W the default value in SDTrimSP ta-
bles is 8.79eV. Lowering of Egp to e.g. 6eV for W in
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Figure 5: SDTrimSP calculations under D, O (0.23 % O) 220 eV ion bombardment. a) shows the extrapolated (ext.) surface recession (sr) and mass
loss (ml) for WCrY with varying diffusion coefficient. Experimentally measured values for the surface recession d. and the mass loss Am of WCrY
are indicated by horizontal dotted lines. If the diffusion coefficient is set to a value within the blue shaded range, simulation and experimental
results match. b) surface recession of pure W and WCrY (including diffusion with Derwery = 5+ 10718 m%/s) calculated for the experimental
fluence of 1 - 102 jons/m? and not extrapolated (W and WCrY not ext.) and calculated for a fluence of 1 - 10%° ions/m? and then extrapolated to
the experimental fluence (WCrY ext.). Experimentally measured values for the surface recession de of W and WCrY are indicated by horizontal

dotted lines.

WCrY at a plasma oxygen content of 0.23 % leads to an
extrapolated surface recession of about 3 um, at a mass
loss of about 4.7 mg. This would mean a density of the
eroded material of p. =15.7¢g cm™>, which is about the
initial density of the alloy (see chapter 2.1.2] Hence, a
much lower surface binding energy of W in a mixed ma-
terial may contribute to enhanced overall erosion. Yet,
for explaining the reduced density of the eroded mate-
rial, Cr-transport to the surface is needed.

For plasma-facing materials considering D retention is
important. At the high sample temperatures of 620 °C to
650 °C during the experiment, D is easily released again
and its content is hence very low when measured after-
wards. [28] states that a higher intrinsic trap density
in W-tantalum(Ta) alloys raises retention compared to
pure W, while [40] finds no difference in the amount of
retained H between W and W-Ta. D retention was found
to be just slightly increased for WCrY compared to W
when measured after the exposure [30]. Still, for a mo-
ment it may be present in the target during the exposure
and hence influence the sputtering behaviour. When in-
cluding D retention into the SDTrimSP model the tar-
get density is reduced with increasing the number of re-
tained light D atoms. In that case less W is located at
the target surface leading to a reduced W sputter yield.
However, since there is no measurement of D retention
during plasma exposure, the model is just used to qual-

505

510

515

520

525

530

itatively assess the influence of D retention on erosion
yields.

In [11] and [26] a reduced energy threshold for oxidised
W sputtered by light ions as compared to pure W is re-
ported. This results from a decrease in the binding en-
ergy of tungsten oxide molecules. In SDTrimSP only
binary atom collisions are considered and hence the ef-
fect of possible oxide formation is not taken into ac-
count.

4. Discussion

Comparison of experimental and simulation results
for D ion irradiation on W and WCrY, including the
effect of residual oxygen in the plasma, highlights the
need for diffusion in the current model. By using the
fact that, unlike a WCrY sample, the composition of
a pure W sample does not change during plasma ex-
posure, a value for the oxygen content of the plasma
can be set (chapter [3.2.2). Here re-deposition and self-
sputtering are not taken into account since results of the
experimental erosion measurements represent the net
erosion, not the gross erosion. SDTrimSP simulations
do not include the effect of re-deposition. For estimat-
ing the effect of self-sputtering and re-deposition of W
and Cr in PSI-2, ERO modelling was performed in other
studies. ERO is a 3D Monte Carlo code used for sim-
ulating transport of sputtered particles. As described in
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[I8] there exists a version adapted to the PSI-2 geometry.
Calculations employing this version and plasma param-
eters taken from measurements during the experiment
were executed for pure W and Cr targets. The fraction of
re-deposited material was calculated to be around 26 %
in the case of W and 14 % for pure Cr. Hence an error
is introduced as SDTrimSP calculates the gross erosion.
Consequently, more W as well as WCrY may have been
sputtered during the plasma exposure and the plasma
oxygen content may be higher than 0.23 %.

After heating a WCrY sample for 3h to 627 °C in the
UHYV conditions of the XPS device no W-oxides were
found on the surface (2.2.2). Yet an increased Cr and
O surface content was detected (see table 1 in [2.2.2).
Thus, Cr must have diffused towards the surface to form
oxides already at very low vacuum pressures. Poten-
tially also during plasma exposure Cr-oxides may have
been formed, adding to the effect of preferential sputter-
ing of Cr. In SDTrimSP only binary atom collisions are
considered, possible oxide formation is not taken into
account.

In [35] simulations of coupled sputter-diffusion effects
for a W-Fe system are presented. It was found out that
when choosing a too narrow slab width in the target
model, the algorithm used to solve the diffusion equa-
tions is prone to oscillatory behaviour. This is then re-
flected by oscillations in the surface concentrations. For
the simulations presented in this work oscillatory be-
haviour was found neither for sputter yields nor for sur-
face concentrations. This is why the initial layer width
of 2.5 A used in the target model is assumed to be ap-
propriate to prevent the addition of synthetic effects to
the Cr-diffusion process. The sharp decrease of the Cr
partial sputter yield (figure 4b)) can be ascribed to a W-
enriched layer at the target surface. Similar experimen-
tal findings are presented for W-enrichment in CLF1
steel in [25]] or EUROFER in [32].

Looking more closely on the numerical value for the
diffusion coefficient, the following considerations were
taken (see also [3.2.3): the partial sputter yields are ap-
proximately constant at 10 % of the experimental flu-
ence and were thus used for extrapolation to 100 % of
the experimental fluence to reduce computational time.
Since the partial yields have not entirely converged, es-
pecially for Cr, values extrapolated to 100 % remain
below the reference values for WCrY. The surface re-
cession is approximately linear only when W partial
sputtering dominates, after the lighter alloying elements
have been depleted. Extending all simulations to 100 %
experimental fluence would yield more exact surface re-
cession and mass loss values at much higher computa-
tional costs. However, experimental measurement un-
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certainties and neglecting the influence of further fac-
tors as laid out in chapter counteract the benefit of
extending all simulations. Neglecting the influence of D
retention, the Cr-diffusion in WCrY, D¢y wery, is likely
greater than 5 - 107! m?/s and situated within the range
of 2t0 3- 10717 m?s.

5. Summary and outlook

WCrY and W samples were simultaneously exposed
to pure D plasma at an ion energy of 220 eV in the lin-
ear plasma device PSI-2, net erosion and surface re-
cession were measured. Already from calculating the
density of the eroded material pe it becomes evident
that in case of WCrY lighter elements must have been
transported towards the surface to be continuously sput-
tered and to lower the density of the eroded material
(see 2.1.2). The XPS-treatment in chapter gives
experimental evidence for Cr diffusion to the surface
at elevated sample temperatures after preferential sput-
tering. Diffusion of Cr in WCrY during ion irradiation
causes increased surface recession and mass loss. One-
dimensional SDTrimSP simulations showed that the ef-
fect of Cr-diffusion contributes to the erosion of WCrY
samples during the plasma exposure with sample tem-
peratures of 620 °C to 650 °C. Comparison of experi-
mental and model results, taking into account also the
plasma oxygen content, yields a diffusion coefficient of
Crin WCrY of the order of Dcrwery = 1+ 10717 m?/s.
This value is valid for the temperature of the conducted
plasma experiment.

The temperature of the first wall of future fusion devices
such as DEMO could differ from the estimated temper-
atures of around 600 °C to 700 °C or fluctuate. There-
fore, it is important to consider the influence of differ-
ent temperature ranges on possible processes within the
wall material. Temperatures of about 1000 °C will lead
to both W- and Cr-oxidation. The latter subsequently
leads to enhanced Cr erosion due to the elevated sput-
ter yields of the oxide. According to [37]] the damage
of PFCs due to increased heat loads during disruptions
as compared to regular operation is of great concern for
DEMO. A higher temperature can lead to enhanced Cr-
transport towards the surface, which results in increased
erosion yields. Similarly, the effect of higher tempera-
tures for the iron-tungsten (FeW) system is explained in
[35]]: high-Cr mobility suppresses build-up of gradients
and therefore W enrichment. To investigate the temper-
ature dependence of the W surface enrichment in WCrY,
plasma exposure of samples at much higher and much
lower temperatures than in the here described experi-
ment in PSI-2 is envisaged. Better knowledge of the ac-
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tivation energy Q, for Cr-diffusion in the WCrY-system
would help investigating the temperature dependence,
yet this requires additional designated experiments and
models.

For a material to be used as DEMO first wall material
additional effects have to be considered: Effects of neu-
tron irradiation induced transmutation of W and com-
positional changes on the material properties of W are
complex and need to be considered for fusion operation
[12]. For W alloys impacting neutrons can affect the
different alloying elements in diverse ways. A good un-
derstanding of irradiation-induced segregation to grain
boundaries of alloying and impurity elements is impor-
tant also regarding mechanical properties of the material
[9]l. Especially Cr-segregation to the surface, contribut-
ing to the thermally activated diffusion, could, besides
mechanical properties, affect the sputtering and oxida-
tion performance of smart alloys.

The fraction of loss power radiated from the main cham-
ber, the SOL and the divertor region has to be increased
to solve the divertor power exhaust problem in DEMO.
For this purpose impurity seeding is necessary [38].
Connected to the usage of different impurity species at
different locations in the DEMO reactor, the gross and
net erosion of PFCs at different locations has to be as-
sessed. Here again for the smart alloys higher sputter
yields of e.g. Ar (see table 2), Kr and Xe as compared
to D and T may prevent the build-up of a sufficiently
thick W-enriched layer. Enhanced Cr sputtering at tem-
peratures of above 600 °C may lead to a significantly
increased erosion of smart alloys as first wall compo-
nents in comparison to a pure W first wall. Yet, impu-
rity sputtering as well as CX neutrals and self-sputtering
are a threat not only to WCrY but also to pure W wall
components.
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