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This work reports on the investigation of Eurofer-97 erosion behaviour when exposed to the deuterium
plasma of the linear device GyM. The erosion dependence of Eurofer-97 on the deuterium ion fluence,
@ <23 x10%® m™2, and temperature of the samples, T = 600 K and 990 K, was addressed. A bias voltage of

]ér‘;VISiO“ —200 V was applied to GyM sample holder during the experiments. Samples were deeply characterised by:
TZkamak profilometry, scanning electron microscopy, atomic force microscopy, energy-dispersive X-ray spectroscopy,

time-of-flight secondary ion mass spectrometry, Rutherford backscattering spectroscopy and particle-induced
X-ray emission.

The behaviour of Eurofer-97 erosion rate with the ion fluence strictly depends upon temperature. At
600 K, it was ~0.14 nm/s after 4.7 x 102* m~2, then decreased, reaching a steady state value of ~0.01 nm/s
from 8.0 x 10%* m=2. At 990 K instead, the erosion rate was roughly constant around 0.019 nm/s for
@ < 1.24 x 10 m~2. The value at 2.35 x 10%> m~2 was slightly lower. The erosion rate at 990 K was greater
than that at 600 K for every ion fluence.

Microscopy and surface analysis techniques showed that Eurofer-97 erosion rate dependence on @ at 600 K
was primarily determined by the preferential sputtering of iron and other mid-Z elements of the alloy, leading
to a surface rich in W and Ta difficult to be sputtered. The erosion behaviour at 990 K was dominated by the
morphology dynamics, instead. The different properties of the morphology developed at the two temperatures
can explain the higher erosion rate at 990 K for all the ion fluences.

1. Introduction « preferential sputtering of elements with high sputtering yield (Y).
In particular, since Yz, > Yy, Fe erodes quickly, leading to a
W-rich surface difficult to be sputtered [1-3];

+ temperature-dependent processes, such as thermal diffusion and
Gibbs segregation of the different components [4-11];

« surface morphology dynamics triggered by the interplay of parti-

cle bombardment and thermal effects [4,6,8-10,12,13].

The use of bare reduced activation ferritic martensitic (RAFM)
steels, like Eurofer-97, has recently been envisaged as a possible option
for the recessed elements of the first-wall of DEMO. The erosion by
hydrogen isotope charge-exchange neutrals (CXNs), with the largest
fluxes at low energies of up to 200 eV, can significantly affect the
lifetime of these components and needs to be properly assessed [1].

RAFM steels are iron (Fe)-based alloys typically containing other mid-
Z steel elements (e.g. chromium, Cr, manganese, Mn, vanadium, V)
as well as small amounts of high-Z elements like tungsten, W, and
tantalum, Ta (~0.33 at.% W and ~0.04 at.% Ta for Eurofer-97). Being
multi-component alloys, erosion of RAFM steels exposed to low energy
hydrogen isotope ions may be influenced by:
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This work reports on the investigation of Eurofer-97 erosion be-
haviour when exposed to the deuterium (D) plasma of the linear device
GyM [14-171]. The ion flux of GyM of I' = 102°-10%! m~2s7! is suitable
to simulate the CXNs flux impinging on the recessed components of
the DEMO first-wall [18]. Typical energies of D CXNs were obtained

1 See Uccello et al. (2023) (https://doi.org/10.3389/fphy.2023.1108175) for the GyM Team.
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applying a negative bias voltage to GyM sample holder. The erosion
dependence of Eurofer-97 on the deuterium ion fluence, @ < 2.3x102%
m~2 and temperature of the samples, T = 600 K and 990 K, was
addressed. 600 K is inside Eurofer-97 allowable temperature boundaries
of 573 K and 823 K (the lower and higher limits are determined by
the ductile to brittle temperature transition and the potential for creep
failure, respectively) [19]. 990 K was chosen above the upper allowable
T to investigate the effects of DEMO transient events.

Eurofer-97 samples were deeply characterised both before and after
the exposure. The erosion rate was evaluated by profilometry. Scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM)
were used to study the evolution of morphology and roughness of
the samples. Compositional changes were investigated by means of
energy-dispersive X-ray spectroscopy (EDXS), time-of-flight secondary
ion mass spectrometry (ToF-SIMS), Rutherford backscattering spec-
troscopy (RBS) and particle-induced X-ray emission (PIXE).

This work adds to the broad literature of RAFM steels exposed
to low energy deuterium ions of mass-selected ion beams [3,13] and
plasmas of electron cyclotron resonance sources [6] and linear de-
vices [1,4,8,10]. It continues the study of the sputtering properties of
Fe-W coatings, model system of RAFM steels, with GyM [7].

With respect to most of the literature, the ion flux of the experiments
presented here is very close to the predicted I'c x5 reaching the remote
regions of DEMO first-wall, as mentioned earlier. This is an important
aspect, since both experiments [20] and modelling [5] have shown that
the rate of erosion of pure metals and alloys by light ions may be flux-
dependent. Moreover, emphasis is put on the comparison between, and
linking of the results from the different characterisation techniques.
In particular, SEM data are integrated with those from AFM to study
the morphology evolution of Eurofer-97 samples from the micrometer-
to the nanoscale. An attempt to compare the main findings of the
surface analysis techniques, having very different depth and lateral
resolutions, is also presented. Finally, the information of morphology
and compositional changes is combined with each other to explain
the erosion behaviour of Eurofer-97 samples during deuterium plasma
exposure.

Features of Eurofer-97 samples, the parameters of the exposures and
the details of the characterisation techniques are described in Section 2.
The results of the exposures and their interpretation are presented
in Sections 3 and 4, respectively. Concluding remarks are given in
Section 5.

2. Methods

Eurofer-97 RAFM steel has been developed in the European Union
for fusion applications. It consists of Fe as the base material, Cr (~9
at.%), carbon, C (~0.45 at.%), Mn (~0.4 at.%), W (~0.33 at.%), V
(~0.2 at.%), Ta (~0.04 at.%) and small amounts of other alloying
elements [21].

Eight mirror finished 10 x 20 x 1 mm? Eurofer-97 samples were
exposed to the deuterium plasma of the linear device GyM [14-17].
The magnetic field configuration of the experiments is shown in Fig. 1a
(the current flowing in the copper coils was 600 A), together with
the launching direction of the 2.45 GHz magnetron pu-wave and the
electron cyclotron resonance (ECR) layer at 87.5 mT. The working
pressure and the magnetron power were 4.0 x 10~ mbar and 1800 W.
These experimental conditions were chosen in order to maximise the
deuterium ion flux, thus limiting as much as possible the plasma
discharge duration required to reach the desired fluence. The D plasma
parameters were measured with a cylindrical stainless steel Langmuir
probe (10 mm long and 1.5 mm in diameter) on the axis of GyM,
~30 cm away from both the ECR layer and the sample holder (see
Fig. 1a). The probe had its major axis perpendicular to the magnetic
field lines. The plasma parameters remained approximately constant
during all the experiments: the electron density and temperature were
n, = 5.0 x 10 m™3 and T, = 7 eV, the plasma potential was V,
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= 25 eV and the deuterium ion flux was I = 4.0 x 102° m~2s71, A
heatable and biasable stainless steel manipulator with a molybdenum
(Mo) sample cover (1 mm thick) was used [7,16,17] (see Fig. 1b). The
latter allowed the exposure of 2 samples at a time (Fig. 1c—d). The
surface of the samples was perpendicular to the magnetic field lines
and pointed toward the ECR layer. The centre of the Mo cover was on
the axis of GyM. The temperature of the carrier head was measured by
an Inconel sheathed type K thermocouple with the hot junction near
the target holder.

The Eurofer-97 specimens were exposed at 600 K and 990 K and
four different ion fluences in the range 4.6 x 1024-2.35 x 1025 m~2.
The deuterium species mix of the plasma of GyM is not available at the
moment. @ is thus equal to @+ + @+ + @+, here. A bias voltage of
—200 V was applied to the sample holder. AS a result, the energy per
ion was E,;,, = 200 eV + V,, = 225 eV. Since the erosion of W (and Ta)
by D* is almost negligible at this energy (W sputtering threshold energy
is 216 eV [22]), —200 V allowed in principle to enhance preferential
sputtering of Fe and the other mid-Z elements of Eurofer-97 (Cr, Mn
and V). Incident deuterium molecular ions also contributed to mid-
Z elements selective erosion. DZT and D;’ resulted in 1/2 and 1/3 of
E,,, after breakup of the molecules [1]. From [22] and E;,, = 225 eV,
Yr.(E;,,/2) and Yg,(E;,,/3) are ~0.4 and ~0.15 times Y,(E;,,). The
sputtering contribution of D] and D was thus ~0.8 and ~0.45 that of
D*. Furthermore, plasma impurities may have had a role in the erosion
of Eurofer-97 samples. Carbon, nitrogen (N) and oxygen (O) impurities
could reach the plasma being ejected from the electrically grounded
wall of GyM as a consequence of thermal desorption. The sample holder
stainless steel carrier head, the cover and the strip for profilometry,
all biased at —200 V, were other sources of these impurities, together
with sputtered Fe and Mo atoms. Neutral impurities should be ionised
to sputter the Eurofer-97 samples. However, due to the fairly low GyM
plasma density, the values of the mean free path (MFP) for the different
ionisation reactions are of the same order of magnitude of or greater
than the characteristic dimensions of the device (which is 2.11 m long
and 0.25 m in diameter [17]). In particular, the MFPs for electron
impact ionisation of sputtered Fe and Mo atoms (for n, = 5.0 x 101®
m~3 and T, = 7 V) are >1 m and ~0.4 m. Since D* energy was in
the range of hundreds of eV, the MFPs have been estimated considering
the Thompson-Sigmund energy distribution function with « = 5 for the
sputtered particles to take account of the energy distribution shrinkage
and peak shift to lower energies in comparison to the classical Thomp-
son distribution, more valid for higher incidence ion energies [23].
Moreover, the MFP for electron impact ionisation of thermal desorbed
species is of the same order of magnitude of the GyM length, e.g. ~3 m
for N,. All these neutral impurities had therefore a great chance to
be deposited on the wall of GyM again before being ionised. For
this reason, their contribution to the sputtering of Eurofer-97 samples
should have been low.

For each temperature, three exposures of 3 h, 5 h and 7 h, were
done. Two Eurofer-97 samples were exposed every time (see Fig. 1b—d).
At the end of each exposure, only one specimen was replaced. The other
one was left in place. This allowed to obtain the highest investigated
ion fluence of 2.35 x 1025 m~2, corresponding to 15 h of D plasma.

Before the plasma exposure, each Eurofer-97 sample was partially
masked by a Mo strip (0.1 mm thick, Fig. 1c) to evaluate, after the
experiment, the erosion of the specimen by means of a KLA Tenchor
mechanical profilometer (resolution of some nm), measuring the ero-
sion step height between the exposed and the covered side. Twenty-one
independent chords, 2 mm long and ~0.25 mm spaced, were taken at
different positions along the middle part of the trace left by the Mo foil
(see Fig. 1d). The step was at the centre of each chord. The average
value and standard deviation of the step were calculated.

The topography of the samples was investigated by a Nano-R™
AFM in air (Pacific Nanotechnology, Santa Clara, CA, USA). A first set
of images was taken in contact mode on an area of 30 x 30 ym?, at a
scan speed of 43 ym-s~! and with 256 imaged points per scanned line.
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Fig. 1. Magnetic field configuration of GyM (a). The dashed black arrow indicates the launching direction of the 2.45 GHz magnetron u-wave. The blue dashed lines represent
the magnetic field required for ECR at 2.45 GHz: 87.5 mT. The locations of Langmuir probe (LP) and the sample holder are also reported. Photographs of: the hot manipulator
(b), the sample holder w/ (c) and w/o (d) the Mo cover and strip for profilometry. Figure (b) also displays the positions of the K thermocouple hot junction and of the alumina
ring which electrically insulates the biased sample holder from the grounded manipulator [16,17]. Figure (d) shows the approximate location of the measurement spots on the
sample of the different characterisation techniques. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For each sample, two 30 x 30 pm?> AFM topography images of nearby
regions were acquired. A second set of images was taken in tapping
mode on an area of 10 x 10 pm?, at a scan speed of 4.8 um-s~!, keeping
the number of points per line unchanged. For each sample, only one
10 x 10 pm? AFM topography image was acquired. A Zeiss Supra 40
field emission SEM (accelerating voltage 5-10 kV) was used to study
the evolution of the morphology of the specimens.

W and Ta enrichment of the surface of Eurofer-97 samples was
evaluated by RBS. The measurements were performed using a 3 MeV
Li3** beam, with normal incidence toward the sample’s surface. The ion
beam was collimated through a diameter of 3 mm. The RBS detector
was placed at 165° angle toward the beam direction. Simultaneously,
PIXE spectra were collected using a silicon drift detector at 150°
to identify possible Mo contamination from the sample holder. The
depth resolution of the RBS setup was ~20 nm. The uncertainty of the
measurements was ~8% and was mainly due to the uncertainty in peak
statistics and charge collection. Spectra analysis was done using the
simulation code SIMNRA [24,25]. For both RBS and PIXE, W and Ta
peaks could not be resolved and these elements are treated together in
the following.

Compositional changes of the surface of the samples were also
evaluated by ToF-SIMS. The analyses were performed using a ToF-
SIMS 5 instrument (ION-TOF, Miinster, Germany) equipped with a
bismuth (Bi) liquid metal ion gun with a kinetic energy of 30 KeV.
The SIMS spectra were measured by scanning the Bi* ion beam over
an area of 0.1 x 0.1 mm?. SIMS depth profiles were performed in
dual beam depth profiling mode using a 2 KeV cesium ion Cst beam,
rastering over 0.4 x 0.4 mm? for sputtering, and the Bi* beam for
analysis [26]. Etching rate was estimated to be 0.2 nm/s. In order
to compare SIMS results, all the profiles were measured in the same
way. The profile acquisition was stopped after 600 s. Considering the
aforementioned sputtering rate of ~0.2 nm/s, a depth of about 120 nm
was analysed on all the specimens. During depth profile measurements,
oxygen gas was introduced in the analyses chamber at a pressure of
5.0 x 10~7 mbar in order to slightly oxidise the surface, thus increasing

the ionisation probability and the detection efficiency of secondary
ions. Negative secondary ions emitted from the surface of the samples
under bombardment of the Bi* ion beam were acquired (beam current
1 pA). The samples exposed at 1.10 x 102> m~2 were measured in two
places to estimate results uncertainty. The latter was found to be ~5%
and was mainly due to heterogeneity of the specimens.

Modifications of the (metal elements) composition of the surface of
Eurofer-97 samples at micrometer-scale and below were measured by
EDX in SEM with lateral resolution of tens of nanometers. The analyses
were performed on a JSM-7600F field emission scanning microscope
(JEOL company, Tokyo, Japan). EDX spectra were measured with INCA
Oxford 350 EDS spectrometer in the energy range 0-10 KeV using a
primary electron beam of 15 KeV to provide some surface sensitivity.
The downside of this was a low signal at 8 KeV for the detection of
the well-separated L-lines of W and Ta (8.396 KeV and 8.145 KeV for
W and Ta L, respectively). The contributions from these two elements
were instead evaluated by measuring W and Ta M-lines around 1.7 KeV,
whose distance was below the energy resolution of the EDXS detector.
W and Ta from EDXS will be therefore considered together in the paper.

Microscopic and compositional analyses were done both at the
plasma exposed region and at the protected region under the Mo strip
(see Fig. 1d), to separate the thermal effects in deuterium atmosphere
(4.0 x 104 mbar) from those of the plasma particle load.

3. Results

This section presents the results of Eurofer-97 samples analysis
by the different characterisation techniques considered in this work.
The morphology and topography evolution of the samples during the
exposures, investigated with SEM and AFM, is shown in Section 3.1.
The compositional changes measured by RBS, PIXE, ToF-SIMS and
EDXS are described in Section 3.2. Finally, the erosion rate of the
samples from profilometry is reported in Section 3.3.

The interpretation of the results here presented and their compari-
son with the available literature are left to the Discussion Section 4.
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Fig. 2. SEM top-view images of the virgin Eurofer-97 sample at two magnifications, in left (10 kX) and right (50 kX) panels.

3.1. Morphology and topography evolution

The effects of the exposures on the morphology of the Eurofer-97
samples were investigated by SEM. Fig. 2 shows the SEM top-view
images of the surface of a pristine specimen. Figs. 3a-d and 4a-d
show the SEM top-view images of the surface of the samples after
the exposure to different deuterium ion fluences at 600 K and 990 K,
respectively. Figures (e) display the surface below the Mo strip after the
exposures at the highest @. SEM images are given at two magnifications
in the left and right panels of Figs. 2, 3 and 4. The difference between
virgin and exposed surfaces is significant at every ion fluence, for both
the temperatures. The formation of a “fence/corral”-like (FC) morphol-
ogy [8] on the exposed region of the samples can be clearly seen from
Figs. 3a—d and 4a-d. SEM images (e) show that this did not occur below
the strip for profilometry, instead. In fact, the protected region was only
affected by the deposition of contaminants. The development of the FC
morphology was therefore triggered by the interaction of the samples
with the deuterium plasma and cannot be solely ascribed to thermal
effects.

Temperature T of the samples during the exposure had a great im-
pact on the morphology evolution. The properties of the FC morphology
discussed in the following are: coverage of the surface, nanostructure
surface density and size (lateral length and height). In particular, we
evaluate the coverage from SEM low-magnification images, to under-
stand to what extent the FC morphology developed at the micrometer-
scale. Full coverage is reached when the distance between two adjacent
nanostructures is <1 pm. In addition, we define the nanostructure
surface density as the ratio of the projected area of the nanostructures
to the area of SEM high-magnification micrographs. It was estimated
by thresholding the SEM images using ImageJ software [27]. At 600 K,
the FC morphology formed even at the lowest @ (Fig. 3a-d). SEM
low-magnification images (left column) of the surface of the samples
exposed at 4.7 x 10> m~2 and 7.8 x 10%* m~2 show that the dendrite
growth dynamics is grain-dependent [13]. The FC morphology becomes
homogeneous at higher ion fluences. At 990 K and 4.6 x 10?4 m~2,
the surface looks damaged (Fig. 4a). First nanostructures begin to see
from @ = 7.8 x 10%* m~2 (Fig. 4b, left panel). Almost full coverage
of the surface was obtained at the lowest and the highest ion fluence
forT = 600 K and 990 K, respectively. At high SEM magnification, a
higher degree of connection among the dendrites is evident at 600 K
increasing @ (right column of Fig. 3a-d). At 990 K, nanostructures not
only coalesced each other but also grew in lateral length (right column
of Fig. 4c—d). Comparing the SEM micrographs of the exposed regions
at the highest @ (Figs. 3d and 4d), one can observe that the surface
density of the FC morphology is (a factor ~2) higher at 600 K than
at 990 K but the lateral length of the dendrites is (a factor ~3) lower.
Finally, SEM 45° tilted images of Fig. 5 show that the height of the
nanostructures is a few tens of nm at 600 K and hundreds of nm at
990 K.

Both 30 x 30 ym? and 10 x 10 pm?> AFM images of Eurofer-97
samples were taken to investigate the surface inhomogeneities on the
one hand and the features of the FC morphology on the other hand.
The AFM results on a scan area of 30 x 30 um? are reported in Fig. 6. It

shows the behaviour of the root mean square (RMS) roughness of the
specimens increasing @ (a) and the topography images of the surface
of a pristine sample (b) and after exposure at 600 K (c, e, g) and 990 K
(d, f, h), for three different fluences. The data point at @ = 0 m~2 of
Fig. 6a represents the RMS roughness of the virgin specimens.

Fig. 7 shows the 10 x 10 pum?> AFM images of the surface of the same
samples of Fig. 6¢-h. Image 7f of the specimen exposed at 990 K and
1.10 x 10%> m~2 was acquired in a region where the FC morphology
developed. The AFM tip had a conical shape, a radius of 10 nm
and a sidewall angle of 10°. It could properly reflect the features of
Eurofer-97 surface after the experiments. Indeed, if one considers the
sample exposed at 600 K for the highest @ as a limit example, its
high-magnification SEM image (Fig. 3d, right column) shows that the
distance between two adjacent dendrites is >50 nm, on average. The
AFM tip could penetrate ~90 nm in depth among features spaced 50 nm
apart. This value is well above the dendrites’ height of roughly a few
tens of nanometers as estimated from the SEM tilted image of Fig. 5a.

Surface nanostructures of the samples exposed at 600 K are clear
from 10 x 10 pym?> AFM images (Fig. 7c, e, g). They can hardly be
seen in the 30 x 30 um?> AFM images (Fig. 6¢c, e, g), instead. This is
due to the small dendrites’ lateral length of 100-200 nm (see SEM
micrographs 3a-d) combined with a limited number of sampling points.
Nevertheless, RMS roughnesses of 10 x 10 um? and 30 x 30 pm?
micrographs of the same specimen are very similar as a consequence
of the homogeneous nanostructuring of the surface at 600 K (RMS
roughness values are reported in Fig. 6a and in the lower-right part of
AFM images of both Figs. 6 and 7). 30 x 30 ym? micrographs confirm
that the growth dynamics of the FC morphology is grain-dependent,
as shown by SEM images 3a-b of the samples exposed at 4.7 x 1024
m~2 and 7.8 x 1024 m~2. The higher AFM vertical resolution allows to
detect the grain boundaries even at the other ion fluence values. The
high lateral length of the FC morphology developed at 990 K makes
them visible in the 30 x 30 pm?> AFM images of the samples exposed
at @ > 1.10x10%°> m~2 (Fig. 6f,h), as well. In addition, islands in which
nanostructures developed (e.g the one inside the white line) separated
by low-roughness regions (e.g the one inside the black line) are evident
from image 6f, in agreement with SEM Fig. 4c, left column. This
pronounced non-uniform nanostructuring at 990 K and 1.10 x 10%°
m~2 is the reason of the big difference between RMS roughness values
of 30 x 30 um? and 10 x 10 pm? micrographs 6f and 7f.

The RMS roughness of the specimens exposed at 600 K is constant
at ~30 nm with increasing @ and the nanostructures are rather similar
in density and size (10 x 10 pm?> AFM images 7c, e, g). Instead, the RMS
roughness of 30 x 30 um? micrographs (Fig. 6a) linearly increases with
the ion fluence up to ~220 nm at the highest @ for the samples exposed
at 990 K. This is due to the increase of both the coverage of the surface
by and the height of the nanostructures, as shown by 30 x 30 pm? and
10 x 10 pm?> AFM images (Figs. 6d, f, h and 7d, f, h), respectively.
Moreover, by comparing 10 x 10 pm? micrographs of samples exposed
at the same @ > 1.10x102°> m~2, one can see that both the lateral length
and height of the nanostructures are higher at the highest T.

AFM and SEM analyses are in agreement with each other. Indeed,
AFM images and RMS roughness behaviour with @ confirm that: (i) a
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Fig. 3. (a-d) SEM top-view images of Eurofer-97 samples after exposure at 600 K, for different fluences. (e¢) SEM top-view images of the region covered by the Mo strip at 600 K,
for the highest @ (e). SEM images are given at two magnifications in left (10 kX) and right (50 kX) columns.

significant change of the surface of Eurofer-97 samples occurred even
for the lowest ion fluence at both the temperatures, (ii) the surface
dynamics clearly depends on T, (iii) the FC morphology at 600 K
reached a quasi steady state from the lowest value of @, while it was
evolving by increasing the ion fluence at 990 K and (iv) the size of the
nanostructures is larger at 990 K.

3.2. Compositional changes

Fig. 8 shows the RBS spectra of the Eurofer-97 samples exposed at
600 K (a) and 990 K (b), together with that of the pristine specimen.

Some spectra show a peak from W+Ta at ~2600 KeV. The edge at
~1900 KeV comes from Fe and Cr. The signal at ~2250 KeV of the
specimens exposed at the highest fluences is likely due to the Mo
contamination from the sample holder (Fig. 1c). The presence of Mo
on the surface of the samples at the end of the experiments is further
confirmed by the PIXE spectra of the specimens exposed at 2.35 x 102>
m~2, which show the peak at 2.29 KeV of the Mo La X-ray line (Fig. 9).
This feature is absent in the spectrum of the virgin sample, instead.
The amount of W+Ta and Mo, in terms of areal density, on the
surface of the Eurofer-97 samples was quantified from the RBS spectra
of Fig. 8 using the simulation code SIMNRA [24,25]. It is reported,



A. Uccello et al.

Nuclear Materials and Energy 35 (2023) 101422

Fig. 4. (a—d) SEM top-view images of Eurofer-97 samples after exposure at 990 K, for different fluences. (e) SEM top-view images of the region covered by the Mo strip at 990 K,
for the highest @ (e). SEM images are given at two magnifications in left (10 kX) and right (50 kX) columns.

as a function of @, for the two temperatures, in Fig. 10a. For the
pristine specimens, the amount of W+Ta and Mo is negligible (data
points at @ = 0 m~2). Considering the exposed samples, the W+Ta
areal density at 600 K initially increases with the ion fluence before
reaching a steady state from 1.0 x 102> m~2. At 990 K, the amount of
W+Ta depends quasi-linearly on ®@. Moreover, the W+Ta areal density
is lower at 990 K, except for the highest fluence here investigated. Same
considerations can be drawn as far as Mo areal density is concerned,

whose range of values is really close to that of W+Ta areal density.
The deposition of Mo on Eurofer-97 samples during the experiments
thus cannot be overlooked and needs to be taken carefully into account
in the interpretation of the results.

For each sample, the same analysis was repeated at the region
protected by the Mo strip during the experiment. The two main findings
are: (i) W+Ta areal density is negligible for all the specimens, even
for those exposed at 990 K, (ii) considering the samples exposed at the
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Fig. 5. SEM 45° tilted images of the Eurofer-97 samples exposed at 600 K (a) and 990 K (b), for the highest ion fluence.

higher fluences, Mo contamination is heavier (up to 2.0 x 1016 at.cm=2)
than the one measured at the plasma wetted region.

Compositional changes of the surface and subsurface regions of
Eurofer-97 samples were also studied with ToF-SIMS depth profiling.
Fig. 10b shows the integrated signals of WO~ and MoO~ during sput-
tering by the 2 KeV Cs* beam as a function of deuterium plasma
fluence, for the two temperatures. As mentioned in Section 2, the results
present the amount of detected ions over a depth region of ~120 nm.
WO~ and MoO~ integrated signals are almost negligible for the pristine
specimens (data points at @® = 0 m~2). By comparing Figs. 10a and
b, one can see that RBS and SIMS results are qualitatively consistent
with each other, in spite of the different investigated area (7 mm? for
RBS against 10-2 mm? for SIMS) and depth (~1 pm for RBS against
~120 nm for SIMS). Indeed, integrated signals from WO~ at 600 K
increase rapidly with the ion fluence for @ < 1.10x10%° m=2. At
990 K, they are quasi-linear with @. W amount is lower at 990 K in
general, but the trend reverses at the highest @. Moreover, MoO~ and
WO~ integrated signals almost show the same behaviour with both @
and T. The main differences among RBS and SIMS results concern Mo
contamination. (i) At 990 K and 4.6 x 102% m~2, SIMS measured a
high MoO~ integrated signal while the Mo areal density from RBS was
negligible. (ii) At 2.35 x 102> m~2, Mo amount is higher at 990 K than
at 600 K for SIMS and vice versa for RBS (and PIXE, see Fig. 9). An
inhomogeneous distribution of Mo contamination on the surface of the
exposed samples combined with the different area and depth probed
by the two characterisation techniques may be a plausible explanation
for such discrepancies.

As regards the region protected by the Mo strip, ToF-SIMS depth
profiles confirm RBS results again: WO~ signals are negligible for all
the samples and Mo contamination is always present. In addition, ToF-
SIMS indicates a significant increase of Ta and mid-Z elements other
than Fe (i.e. Cr, Mn and V).

Finally, EDXS was used to investigate modifications of Eurofer-
97 sample (metal elements) composition at the micrometer-scale and
below. Fig. 11 shows the results of a 2.7 pm line-scan analysis over
a nanostructure of the specimen exposed at the highest fluence and
990 K. Nanostructures are enriched by W+Ta and Mo while depleted
of Fe and Cr. The situation is reversed on the flat surface.

3.3. Erosion rate

Fig. 12 shows the erosion rate of Eurofer-97 samples as a function of
the ion fluence, for 600 K and 990 K. Each scatter point is the average of
the twenty-one independent profilometry measurements of the eroded
step of one specimen divided by the exposure time. The error bar
represents the associated standard deviation. The points at 1.24 x 102>
m~2, i.e. 8 h of D plasma, refer to the samples cumulatively exposed
for 15 h that were removed from the sample-holder after the first two

experiments, lasting 3 h and 5 h, for profilometry measurements. The
behaviour of the erosion rate with @ strictly depends upon T. At 600 K,
it initially decreases, reaching then a steady state value of ~0.01 nm/s
from 8.0 x 10%* m=2. At 990 K instead, the erosion rate is roughly
constant around 0.019 nm/s for @ < 1.24x10%> m~2. The value at
2.35 x 102> m~2 is slightly lower. The erosion rate at 990 K is greater
than that at 600 K for every ion fluence.

4. Discussion

In this work, Eurofer-97 samples were exposed to the deuterium
plasma of GyM at T of 600 K and 990 K, @ in the range 4.6 x 10%4—
2.35 x 10®®> m~2 and E,,, of ~225 eV. Mo contamination from the
sample holder was found on top of all the specimens at the end of the
experiments.

Rough micro-structured layers can be seen on the surface of the
samples at the end of all the experiments by SEM (Figs. 3, 4 and 5)
and AFM (Figs. 6 and 7). The morphology depends on both the ion
fluence and sample temperature. In particular, an enhancement of the
formation of surface roughness and an increase of the lateral length
scale are observed raising the temperature. Moreover, EDXS (Fig. 11)
shows that surface nanostructures are enriched by W(+Ta) (and Mo).
All of these findings are consistent with the literature of RAFM steels
exposed to low energy (up to a few hundred eV) deuterium ions [4,6,8,
10,13]. At a closer look, Eurofer-97 samples exposed in GyM developed
a morphology very similar to the fence/corral-like one shown in [8],
although the fluence was much higher (10%6-10%7 m~2) and the ion
energy was lower (~40 eV), there. In [8], changing the ion fluence
from 2 x 102 m~2 to 10%” m~2 did not lead to a different morphology,
neither in type nor in length scale. As a consequence of the lower
values of @ investigated here, morphology evolution was still ongoing
at the higher ion fluences. This is especially the case of the exposures
at 990 K: nanostructures were still coalescing and growing in lateral
length (Fig. 4c—d, right column).

The other remarkable difference with [8] is the temperature re-
quired for the formation of the FC morphology with a given lateral
length. First, the minimum temperature at which the FC morphology
was observed is: <600 K in the present work and >770 K in [8].
Second, dendrites’ lateral length of the samples exposed at 600 K in
GyM (Fig. 3d) is close to the one obtained at 870 K in [8] (figure
3 g of [8]). These discrepancies could be partly explained by the
different deuterium ion energy of the two experiments. Indeed, one of
the processes contributing to RAFM steels’ morphology development
is the preferential sputtering of mid-Z elements (Fe, Cr, etc.), which
significantly depends on E,,, [4,6,8,10].

The formation of the FC morphology with W(+Ta) and Mo enriched
nanostructures on the surface of the Eurofer-97 samples exposed to
the deuterium plasma of GyM can be attributed to the synergistic
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Fig. 6. AFM results on a scan area of 30 x 30 um?. (a) Root mean square (RMS) roughness as a function of the ion fluence at 600 K (in black) and 990 K (in red). The data point
at @ = 0 m~2 represents the RMS roughness of the virgin specimens. Each scatter point is the average among the RMS roughness values of two different AFM topography images
of the same sample and the error bar represents the associated standard deviation. Dashed lines are drawn to guide the eye. (b) AFM image of a pristine Eurofer-97 specimen.
(c-h) AFM images of the samples exposed at 600 K (c, e, g) and 990 K (d, f, h), for three different fluences. The white and black lines of image (f) delimit one of the islands in
which nanostructures developed and one of the low-roughness regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

effect of a multitude of processes [4,6,8,10]: the aforementioned pref-
erential sputtering of mid-Z elements, the radiation-induced surface
segregation, the radiation-enhanced diffusion, the deuterium-enhanced
surface diffusion, the “simple” thermal surface diffusion and the nano-
crystallite nucleation induced by high-Z elements, like W and Ta of the
alloy but also deposited Mo. Gibbsian segregation (GS) of W can be
ruled out since its areal density from RBS and the WO~ signal from
ToF-SIMS are negligible in the region protected by the Mo strip (as it is

for the pristine samples), at both the temperatures. The signal of TaO~
increased, instead (this was also the case of CrO~, MnO™, VO;). GS of
Ta (Cr, Mn and V) thus probably occurred but its atomic ratio in the
Eurofer-97 bulk is about one order of magnitude lower than that of W.

As reported in Section 3.1, the SEM analysis is in agreement with
AFM results. It was also pointed out that W(+Ta) and Mo enriched FC
morphology did not significantly change with the ion fluence at 600 K
(Figs. 3a—d and 7c, e, g), while nanostructures’ size (lateral length and
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height) and surface density progressively increased without reaching
a steady-state at 990 K (Figs. 4a-d and 7d, f, h). This explains why
the RMS roughness of Figs. 6a and 7 is almost constant at 600 K and
it depends quasi-linearly on @ at 990 K. As far as the higher fluences
are concerned, the same “asymptotic” behaviour was found for W(+Ta)
enrichment from RBS and ToF-SIMS (Figs. 10a and b). It can therefore
be concluded that the features of the developing morphology (size,
surface density and coverage of the surface) and the amount of W(+Ta)
in the surface and subsurface layers of the exposed Eurofer-97 samples
are tightly linked.

The relative trends of the W(+Ta) amount from RBS and ToF-SIMS
as a function of @ < 2.35 x10%5 m~2, at the two T, can be understood
in terms of the coverage of the surface by the FC morphology. As one
can see from the SEM low-magnification images of Figs. 3a—d and 4a-d
(left columns), almost full coverage of the surface was obtained at the
lowest and the highest ion fluence forT = 600 K and 990 K, respectively.
For this reason, the W(+Ta) amount from RBS and ToF-SIMS is lower
at 990 K for @ < 1.10 x1025 m~2. The turnover at the highest @ can be
explained as follows. Coverage of the surface by the FC morphology
is almost complete but there are important differences at the two
temperatures if one considers the SEM high-magnification images of
Figs. 3d and 4d (right columns). Specifically, surface density and lateral
size of the nanostructures are factors of ~2 higher and ~3 lower at
600 K. Moreover, AFM and SEM tilted images of Figs. 6g-h, 7g-h and 5
show that the nanostructures’ height is by far higher at 990 K. On
the whole, the total surface area of the W(+Ta) and Mo enriched FC
morphology at 990 K is ~50% more than that at 600 K, as computed
from the 10 x 10 pm?> AFM images 7g-h, thus unfolding the increase of
W(+Ta) amount from RBS and ToF-SIMS with the temperature at the
highest ion fluence.

A higher W(+Ta) enrichment at 2.35 x 10%®> m~2 increasing the
temperature is consistent with the literature of RAFM steels exposed
in high-flux linear plasma devices at the same 7 range for fluences of
1026-10%7 m~2 [4,8]. In particular, unlike [8], it was possible to study,
in this work, the effect of the morphology on the interpretation of RBS
data since the amount of W on the surface of the samples came entirely
from the Eurofer-97 itself. Indeed, GyM has an AISI 304L stainless
steel vessel and the u-wave source is electrodeless. Moreover, at n, =
5.0 x 10! m~3 and T, = 7 eV of the deuterium plasma of GyM, the
MEP of the electron impact ionisation of W atoms is ~50 cm, while the
electrostatic sheath thickness near the exposed surface of the samples
is a few hundred pm (the Debye length is ~100 pm). Re-deposition of
sputtered tungsten particles is therefore negligible.
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Both the formation of the FC morphology and W(+Ta) and Mo
enrichment affect the erosion rate of Eurofer-97 samples (Fig. 12). At
600 K, the initial decrease of the erosion rate followed by a steady-
state behaviour can be explained by preferential sputtering of mid-Z
elements [1,3]. Due to the much lower sputtering yield of high-Z ele-
ments, i.e. W, Ta and Mo, surface and subsurface regions of the samples
were enriched by these elements and depleted of mid-Z elements. This
led to the reduction of the erosion rate in the range of fluences up to
8.0 x 102* m~2. A dynamic steady-state of the surface was then reached
at higher @. The qualitative behaviour of the erosion rate at 600 K
should not have been influenced by the FC morphology instead, since
it did not substantially evolve increasing the ion fluence (Fig. 3a—d).

At 990 K, it is worth to consider what happened below the highest
@, first. The higher erosion rate in this range of fluences by increasing
the temperature is consistent with the lower W(+Ta) and Mo enrich-
ment (Figs. 10a and b) of the surface of the samples due to the lower
coverage by and density of the nanostructures (Fig. 4a—c, left and right
columns, respectively). The almost full coverage of the surface by the
nanostructures at 990 K (Fig. 4d, left column) led to the slight decrease
of the erosion rate at the maximum ion fluence. Nevertheless, it is still
higher than that at 600 K. The W(+Ta) and Mo amount is also higher by
increasing the temperature. It is important to note at this point that the
electrostatic sheath thickness near the exposed surface of the samples
of a few hundred pm was much larger than the nanostructures’ height
of < 1.5 pm (see the labels of the colorbar of AFM images 7c-h). As a
result, the sheath did not follow the shape of the surface. Deuterium
ions thus impinged on the rough surface parallel to the average surface
normal. In view of all this, we speculate that the erosion rate can be
correlated to the projected rather than the total surface area of the
FC morphology. In particular, the higher the W(+Ta) and Mo enriched
nanostructures projected surface area is, the lower the erosion rate. As
stated previously, nanostructures coverage is almost complete at both
the T for the highest @ (Figs. 3d and 4d, left columns). However, since
nanostructures surface density is lower at 990 K, the erosion rate is
higher at the highest T.

The increase of Eurofer-97 erosion rate with the temperature is
consistent with the literature of RAFM steels exposed in high-flux linear
plasma devices to a deuterium ion fluence @ > 10%° m~2 [4,8].

It is now important to linger on the issue of the molybdenum
deposition on the surface of the Eurofer-97 samples. Looking at the
sketch of GyM sample holder of Fig. 13a, we speculate that the source
of molybdenum was the side surface of the cover (highlighted in red
in the picture). As a matter of fact, the small fraction of the deuterium
ions impinging on this region of the holder due to the action of the
magnetic pre-sheath and the electrostatic sheath (the ions trajectories
are schematically represented by the red arrows), led to the sputtering
of Mo atoms which could finally deposit on the Eurofer-97 sample sur-
face. In order to test this hypothesis, Mo contamination was measured
by RBS very close to the lower edge of the Mo cover (see the red spot of
Fig. 13b), for the Eurofer-97 sample exposed at 600 K and 1.10 x 102°
m~2. Mo areal density was ~40% higher than that measured at the
centre of the specimen where the data of Fig. 10a were collected (see
the blue spot of Fig. 13b), as expected.

We do not believe that the sputtering of the front of the cover
and the strip for profilometry could be the main contributor to the
Mo contamination of Eurofer-97 samples, instead. Mo MFPs for the
different ionisation reactions are of the same order of magnitude of
the characteristic dimensions of the experiment, i.e. GyM vacuum
vessel diameter of 0.25 m and the 1 m distance between the sample
holder and the cylinder base in front of it, due to the fairly low GyM
plasma density. As discussed in Section 2, the MFP for electron impact
ionisation is ~0.4 m (for n, = 5.0 x 10'® m=3 and T, = 7 eV). Mo atoms
sputtered from the front of cover and the strip easily escaped the few
hundred pm thick electrostatic sheath near the sample holder first and
then had a great chance to reach the wall still as neutrals. The small
fraction of Mo atoms being ionised by electron impact, mostly followed
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the magnetic field lines ending on the cylinder base. The probability
for the Mo atoms on the wall to be re-sputtered by deuterium ions and
eventually come back to the sample-holder was low since GyM vacuum
vessel was electrically grounded.

Once the sputtered Mo atoms coming in line of sight from the
side of the cover reached the surface of the exposed sample, we infer
that they behaved like the atoms of the main high-Z elements of the
alloy, tungsten and tantalum, since Mo is also a high-Z element and its
chemistry is similar to that of W. EDXS showed indeed that Mo mainly
concentrated in the nanostructures, together with W and Ta (Fig. 11).
Moreover, the trends of Mo and W(+Ta) amount as a function of @,
at the two T, from RBS and ToF-SIMS resemble each other (Figs. 10a
and b). We conclude that the presence of Mo on the surface of the
samples does not substantially affect the interpretation of the results
of the exposures given in this Section.

Mo contamination detected by RBS and ToF-SIMS at the region
protected by the Mo strip for profilometry could be explained again by
the deposition of Mo atoms sputtered from the side surface of the cover,
if the strip did not adhere well to the specimen. In the regions where
the adhesion between the sample and the strip was good, Mo impurities
could come instead from the contact at high temperature with the Mo
strip. The presence of contaminants at the protected surface was also
supported by SEM images (e) of Figs. 3 and 4.

From the point of view of the topic of plasma-wall interaction in
tokamaks, it is important to stress again that GyM ion flux of 1020—
102! m~2s71 is pretty close to the expected CXNs flux impinging on
the recessed elements of the DEMO first-wall [18]. This is particularly
relevant to properly predict the behaviour of these components since
plasma interaction effects on their properties, as surface composition
and erosion, may be flux-dependent [5,20]. Moreover, the range of deu-
terium ion fluences @ = 1024-10%5> m~2 investigated here, unlike the
values of @ > 10%° m~2 considered in [4,8], enabled to study plasma-
material interaction during the first hours of operation. If Eurofer-97
will be chosen for DEMO first-wall recessed components, their erosion
rate will decrease with time (i.e., increasing hydrogen isotope CXNs
fluence) as a consequence of the mid-Z steel elements preferential
sputtering, reaching a steady-state value after few hours, for stable
plasma conditions.

As mentioned above, this work agrees with [4,8] that Eurofer-97
erosion rate increases with T. DEMO transient events which could
potentially bring the temperature of first-wall recessed elements above
the allowed upper limit of 823 K [19], would increase their erosion rate
as well as lead to the degradation of their mechanical properties. They
should therefore be avoided or at least strongly mitigated.
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Molybdenum contamination of Eurofer-97 surface during the deu-
terium plasma exposure in GyM makes the experiments more DEMO-
relevant in a sense. Indeed, Mo and other high-Z elements like rhodium
are, for example, among the candidates for the manufacturing of future
reactors optical diagnostics first mirrors [28,29] that will be sub-
ject to plasma erosion. The sputtered particles could migrate into the
scrape-off layer and eventually deposit on the other components of the
first-wall.

5. Conclusions

Eight mirror finished Eurofer-97 samples were exposed to the deu-
terium plasma of the linear device GyM, whose ion flux of 1020-102!
m~2s~! is suitable to simulate the hydrogen isotope charge-exchange
neutrals (CXNs) flux impinging on the recessed components of the
DEMO first-wall. A bias voltage of —200 V was applied to GyM sample
holder to obtain typical CXNs low energies. Eurofer-97 erosion dynam-
ics was investigated at sample temperatures 7" of 600 K and 990 K,
for different deuterium ion fluences in the range @ = 4.6 x 10%4-
2.35 x 102°> m~2. Sample erosion rates were evaluated by profilometry.
The evolution of morphology and roughness were studied by scan-
ning electron microscopy and atomic force microscopy. Compositional
changes were investigated by energy-dispersive X-ray spectroscopy,
time-of-flight secondary ion mass spectrometry, Rutherford backscat-
tering spectroscopy and particle-induced X-ray emission. The main
findings can be schematically drawn as follows:

1. A fence/corral-like (FC) morphology [8] with nanostructures
enriched by tungsten (W), tantalum (Ta) and molybdenum (Mo),
the latter coming from the sputtering of the sample holder,
developed on the surface of Eurofer-97 samples at the end of
the experiments.

2. The comparison of the results of microscopy and surface analysis
techniques revealed that the features of the FC morphology (size,
surface density and coverage of the surface) and the amount of
W(+Ta) in the surface and subsurface layers are tightly linked.
The reason for this can be attributed to the synergistic effect
of a multitude of processes [4,6,8,10]: preferential sputtering
of iron and other mid-Z elements of Eurofer-97, the radiation-
induced surface segregation, the radiation-enhanced diffusion,
the deuterium-enhanced surface diffusion, the “simple” thermal
surface diffusion and the nano-crystallite nucleation induced by
high-Z elements, like W and Ta of the alloy but also deposited
Mo.

3. Eurofer-97 erosion rate is affected by both the formation of
the FC morphology and the enrichment by W(+Ta) and Mo.
At 600 K, the initial decrease of the erosion rate followed by
a steady-state behaviour can be explained by mid-Z elements
preferential sputtering. The qualitative behaviour of the erosion
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rate at 600 K should not have been influenced by the FC mor-
phology instead, since it did not substantially evolve increasing
the ion fluence. The erosion rate is higher at 990 K, for every
@. Below the highest @, this is consistent with the lower high-
Z elements, W, Ta and Mo, enrichment of the surface of the
samples, as a consequence of the lower coverage of the surface
by and density of the nanostructures. For the highest ion fluence,
both the erosion rate and W(+Ta) and Mo amount are higher at
990 K, instead. In order to explain this, we speculate that the
measured high-Z elements enrichment is correlated to the total
surface area of the FC morphology which is higher at 990 K, on
the one hand, and that the measured erosion rate is correlated to
the projected surface area of the nanostructures which is lower
at 990 K, on the other hand.

From the point of view of the topic of plasma-wall interaction in
tokamaks, if Eurofer-97 will be chosen as the material for the recessed
elements of the DEMO first-wall, it will be important to keep their
temperature well below 990 K. In this way, the erosion rate will
decrease during the operation as a consequence of the mid-Z steel
elements preferential sputtering reaching a steady-state value after few
hours, thus increasing the lifetime of the components.
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