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a b s t r a c t 

Samples of EUFROFER, a reduced activation ferritic martensitic steel, were exposed in the linear plasma 

device Pilot-PSI to a deuterium (D) plasma with incident ion energy of ∼40 eV and incident D flux of 

2–6 × 10 23 D/m 

2 s to fluences up to 10 27 D/m 

2 at surface temperatures ranging from 400 K to 950 K. The 

main focus of the study lays on the surface morphology changes dependent on the surface temperature 

and the surface composition evolution, e.g., the enrichment in tungsten; but also the erosion and the 

D retention are studied. The created surface morphology varies strongly with surface temperature from 

needle-like to corral-like structures. The visible lateral length scale of the formed structures is in the 

range of tens of nanometres to above 1 μm and exhibits two thermal activated regimes below and above 

∼770 K with activation energies of 0.2 eV and 1.3 eV, respectively. The lateral variation of the enrichment 

of heavy elements on the surface is correlated to this surface morphology at least in the high tempera- 

ture regime, independent of the origin of the enrichment (intrinsic from the sample or deposited by the 

plasma). Also the erosion exhibits temperature dependence at least above ∼770 K as well as a fluence de- 

pendence. The amount of deuterium retained in the top 500 nm is almost independent of the exposure 

temperature and is of the order of 10 18 D/m 

2 , which would correspond to a sub-monolayer D coverage on 

the surface. The retained D in the volume summing up over the complete samples exceeds the D retained 

close to the surface by one order of magnitude. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Reduced activation ferritic martensitic (RAFM) steels are the

rimary choice in future fusion power plants for first wall and

reeding blanket structural material. In recent years the use of bare

AFM steel without a protective amour (e.g., tungsten (W)) has

een proposed as plasma-facing material (PFM) in recessed areas

ue to technologic and economic reasons [1] . Therefore, the be-

aviour of RAFM steels under intensive energetic particle and heat

oad, especially the erosion and hydrogen retention is under inves-

igation to answer the question whether bare RAFM steels can be

sed as PFM in the main chamber of DEMO [2-4] . It is expected

hat the small concentration of W contained in RAFM steels such
∗ Corresponding author. 

E-mail address: Martin.Balden@ipp.mpg.de (M. Balden). 
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s EUROFER, RUSFER, CLAM, and F82H enriches on the surface due

o preferential sputtering and, therefore, mitigates the unaccept-

ble high sputter erosion of Fe [3] . In the frame of this explo-

ation strong surface morphological changes of RAFM steels were

bserved [4-9] . 

The present study focuses on the effect of the sample temper-

ture on these surface morphological changes, but tackles also W

nrichment, erosion and D retention. The investigated material EU-

OFER contains high-Z elements: 1 wt. % W and 0.1 wt. % Ta [10] .

olished EUROFER samples were exposed to D plasmas in the lin-

ar plasma generator Pilot-PSI at sample temperature ranging from

00 K to 950 K. Steady-state exposures with incident ion energy of

40 eV and incident D flux of 2–6 ×10 23 D/m 

2 s were performed up

o a fluence of 10 27 D/m 

2 . The temperature evolution and its lateral

istribution on each sample during plasma exposure were recorded

y an IR camera. Surface morphology was investigated before and
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig. 1. A typical radial distribution of incident ion flux (open squares) and temper- 

ature profiles across the central line of three samples (filled symbols) and along the 

sample diagonal for sample #7 (open diamonds). Zero position corresponds for all 

samples to the sample centre, i.e., beam centre. Note, for some samples the maxi- 

mum of the surface temperature deviates from the sample centre. The temperature 

profiles were taken just after the plasma start-up and temperature stabilisation. The 

solid and dashed lines are Gaussian fits with a FWHM of 16.9 and 13.5 mm for the 

flux and the temperature profile (300 K baseline), respectively. 
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after exposure by scanning electron microscopy (SEM) and confocal

laser scanning microscopy (CLSM). Erosion was studied by weight

loss and by marker technique using focused ion beam (FIB), the

W (and Ta) enrichment by Rutherford backscattering spectroscopy

(RBS) and energy dispersive X-ray spectroscopy (EDX), and the D

retention by nuclear reaction analysis (NRA). 

2. Experimental 

2.1. Samples and pre-characterisation 

From a EUROFER plate [11] containing 1 wt% W and 0.1 wt% Ta

[10] , 19 samples of 15 × 12 × 1.1 mm 

3 were cut. They were pol-

ished to mirror finish, cleaned in isopropanol and then annealed

at 870 K for 2 h to reduce hydrogen content and relieve stresses

produced by manufacturing and polishing. No significant struc-

tural modifications in the samples are expected at this temperature

as microstructural studies after long-term ageing at 870 K show

[12] . Thereafter the centres of the samples were imaged with SEM,

marked with FIB for easy re-positioning after their plasma expo-

sure and areas of 25–100 μm 

2 were coated with a Pt-C protection

layer of 1–4 μm thickness used for erosion studies (Helios Nanolab

600, FEI). Finally, all samples were weighted (Satorius MC21S) with

an accuracy of 1 μg by multiple weighing and sealed in evacuated

plastic bags to prevent contamination, e.g., oxidation. 

In addition, 4 pure iron plates of 15 × 12 × 1 mm 

3 were used

as reference samples (purity 99.5 wt. %, Goodfellow). They were

mirror-polished, annealed at 800 K for 10 min, weighted and sealed

in a bag, too. 

2.2. Deuterium plasma exposure at Pilot-PSI 

The samples were exposed one by one to a pure D plasma

in the linear plasma generator Pilot-PSI (DIFFER, The Netherlands)

[13] . The base pressure was ∼10 −1 Pa which increased to ∼1 Pa

during the plasma operation. The D plasma was generated in a DC

cascaded arc source, partially made of tungsten (but not of tanta-

lum), and guided by an axial magnetic field of 0.2 T to the target

allowing steady-state exposure. The plasma beam consisted mainly

of D 

+ ions [14] . The impurity content in the plasma beam was not

measured in the present experiments. 

Thomson scattering at ∼2 cm in front of the target was used

to determine electron density n e and temperature T e profiles of

the plasma beam for each exposure [15] . The profiles had ap-

proximately Gaussian radial distribution with n e < 10 20 m 

-3 and

T e < 1.1 eV in the maximum. The ion flux density on the target was

estimated according to the Bohm criterion [16] . The resulting spa-

tial flux distribution had a Gaussian profile with a full width at

half maximum (FWHM) of 15–20 mm ( Fig. 1 ). The maximal flux

varied in the range of 2–6 ×10 23 D/m 

2 s between the different ex-

posures, but was fixed for each exposure, i.e., each sample. The ad-

justment between the different coordinate systems, namely, beam

centre (flux measurement), sample centre (analyses positions), and

IR-camera is better than ±0.5 mm. 

The exposure time for the two aimed fluences in the centre of

the sample, 2 and 10 ×10 26 D/m 

2 , was determined by a rough eval-

uation of the Thomson scattering data while the experiment run.

Steady-state exposures times between 7 and 48 min were applied.

The ramping up and down of bias and magnetic field requires a

few seconds introducing a negligible fluence uncertainty. The flu-

ence values obtained by the post-evaluation of the Thomson scat-

tering data vary less than 20% from the aimed one for the centre.

Note, by taking the Gaussian flux profile into account, the averaged

fluence across the exposed area on the sample is about 15% lower

than in the centre. Overall, the aimed total fluence for the sample

centre is stated throughout the article, even for positions outside
he sample centre. Note that for one sample (#13) the total fluence

as acquired in 8 pulses, i.e., the plasma was 8 times switched

n and off without any deviating observations in the post-analyses

ompared to the steady-state exposed samples. 

A bias voltage of −40 V was applied to the target holder during

ll exposures to avoid arcing present at higher bias. The incident

on energy was not exactly known because the plasma potential

as not measured during the experiments presented here, but was

stimated to be a few eV ( < 5 eV). Therefore, incident ion energy

as slightly below 40 eV 

The temporal evolution of the surface temperature ( T s ) across

he samples was recorded by a fast infrared (IR) camera (Flir

C7500MB) measuring in the wavelength range of 3.5–5 μm. Tem-

erature values were obtained under the assumption that (i) the

R background level did not change with switching on the bias and

he magnetic field, that (ii) the samples had an estimated emissiv-

ty of 0.25 before plasma exposure [17] , and that (iii) the emissivity

id not change in the start-up phase of the plasma and stabilisa-

ion phase of the surface temperature ( < 30 s). The T s values given

n this paper were taken just after the stabilization phase. 

The samples were mounted onto the sample holder of Pilot-

SI by a TZM (molybdenum alloyed with titanium and zirco-

ium) clamping ring with a rectangular hole of ∼12 × 10 mm 

2 with

ounded edges defining the plasma exposed surface area. The ther-

al contact to the water-cooled copper base plate of the sam-

le holder was obtained by a flexible graphite foil (Grafoil®). To

chieve surface temperatures higher than ∼400 K, the physical

ontact of the sample with the holder was varied, e.g., by cut-

ing a hole into the foil beneath the exposed area. A T s variation

cross each sample occurred due to the interplay of beam heating

nd cooling by thermal conduction ( Fig. 1 ). With changing the inci-

ent flux by adapting source current and gas flow in the plasma

ource, a fine-tuning of T s of the sample centre ( T centre ) was done

uring the stabilisation phase ( < 30 s). The final temperature dis-

ribution was determined by post-analysis of the IR data, mainly

long the central line, on which the most post-characterisations

ere performed ( Fig. 2 ). Furthermore, the maximum temperature

 T max ) of each sample after reaching equilibrium was determined

eside the temperature of the centre ( T centre ). Surface temperatures

etween ∼400 K and ∼950 K were obtained, for which an accuracy

ot better than ±30 K is assumed. 

Table 1 lists the aimed total fluence, the temperature of the

ample centre T centre , the maximum temperature T max and its dis-

ance from the sample centre for all samples for which data are

resented in the article. 
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Fig. 2. Stitched optical microscope images of two samples after plasma exposure 

(2 ×10 26 D/m 

2 ; ∼40 eV). The central horizontal lines, on which NRA/RBS analyses 

and mainly SEM are made, as well as one diagonal are marked. Along these three 

lines the T s profiles are obtained and given in Fig. 1 . 

Table 1 

Aimed total fluence, temperature of the sample centre T centre , the maximum tem- 

perature T max and its distance from the sample centre for the exposed EUROFER 

samples (#2–19) and pure iron samples (Fe#1–4). 

Sample ID Fluence [10 26 D/m 

2 ] T centre [K] T max [K] Distance [mm] 

#02 2 410 410 0 

#04 2 580 580 0 

#05 2 770 780 1 

#06 2 820 840 1 

#07 2 910 940 2 

#08 2 480 480 0 

#09 2 630 640 1 

#10 2 760 770 1 

#11 2 950 960 0.5 

#12 10 820 830 0.5 

#13 2 (pulsed) 760 760 0 

#14 2 820 830 1 

#15 10 820 840 2 

#16 10 730 750 1 

#18 2 800 930 4 

#19 2 770 830 1 

Fe#1 2 380 380 0 

Fe#2 2 > 550 > 750 2 

Fe#3 10 390 390 0 

Fe#4 2 780 790 1 

2
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.3. Post-characterisation 

The mass loss was determined by multiple weighing achieving

n accuracy of 1 μg and was used to estimate the average erosion

ield. To check the mass change due to handling, one sample was

ounted without any exposure leading to mass change below 3 μg.

his is negligible compared to the mass loss due to the plasma

xposure. 

The surface morphology was analysed by SEM and CLSM on

arious positions across the sample ( Fig. 2 ), especially around the

t-C markers in the centre of the samples. The W enrichment

nd the presence of impurities was measured by RBS (0.69 and

.2 MeV 

3 He) averaged over the 1 mm 

2 large analysis spot and by

DX (Bruker, Esprit, Quantax 400-Z30) in SEM with lateral reso-

ution of several tens of nanometres. The erosion depth and the

hickness of affected layer were obtained by FIB cross-sectioning

hrough the Pt-C coatings with following SEM imaging as well as

rom stereoscopic evaluation from SEM images taken at different

ilt angles. Some SEM imaging with EDX analyses were performed

any months after the exposure. 

The D content close to the surface was determined by NRA us-

ng the D( 3 He,p) α reaction with 690 keV and 3.2 MeV 

3 He mea-

ured simultaneously with the RBS about a month after exposure.

he measurements were calibrated by using a thin a-C:D layer

ith a known D content. On each sample 2–4 RBS/NRA measure-

ents were performed along the central line as marked in Fig. 2
nd the individual surface temperature of the analysis point was

ssigned from T s profiles ( Fig. 1 ). Such temperature assignment

as also done for each SEM image. 

The total amount of retained D in the complete sample volume

as determined by using thermal desorption spectroscopy (TDS) in

he TESS installation [18] about 15 months after plasma exposure.

he samples were heated with a roughly constant rate of 0.25 K/s

p to a temperature of 1320 K at a background pressure below

0 −6 Pa. The release of HD (mass 3), D 2 (mass 4), HDO (mass 19)

nd D 2 O (mass 20) were monitored by a quadrupole mass spec-

rometer (QMS). The relative QMS sensitivities for HD and D 2 were

etermined by applying the procedures described in [19] using cal-

brated leaks. The relative sensitivities of D 2 O to D 2 and of HDO to

D were roughly estimated to be the same as that of H 2 O to H 2 ,

hich was taken from [20] . It has to be noted that the HD and the

HO contribute each 40–50% to the total D retention, i.e., only a

inor fraction is released as D 2 and D 2 O ( ∼10%). 

The samples were always stored in between the different anal-

ses in vacuum. 

. Results and discussion 

.1. Flux and temperature profile 

Fig. 1 shows a typical plasma flux profile as well as four T s 
rofiles after temperature equilibrium is reached of three different

amples. The T s profiles follow in general the Gaussian flux pro-

les resulting in a similar width for both profiles (see squares in

ig. 1 ). But for some samples the maximum of the surface tem-

erature deviates more from the sample centre than the position-

ng accuracy between the different coordinate systems, e.g., along

he central line of sample #7 in Fig. 1 . This deviation is presum-

ble caused by an asymmetric thermal contact between sample

nd holder. Note that for these shifts out of the centre, the high-

st temperature moves during the equilibrium phase from the cen-

re just after the exposure start to the final position at the end of

he stabilisation phase. Due to this off-set between T max and flux,

he effect of fluence and flux on the morphology can be separated

rom that of temperature at least for same samples (e.g., sample

7). 

.2. Morphological changes 

In the visual inspection, the hottest areas, i.e., corresponding to

he T s evaluation, are visible as dark (brownish-black) areas due to

hanges of the optical properties for visible light; see for examples

ig. 2 . 

In Fig. 3 SEM images of the sample #7 exposed to 2 ×10 26 D/m 

2 

re presented which correspond to the positions along the marked

entral line shown in Fig. 2 with varying T s between 620 K and

30 K. For comparison, a surface image of the centre of this sam-

le before exposure is given ( Fig. 3 (a)) showing the grain struc-

ure and the distribution of the precipitated carbide grains of the

are material [12] . Note, Fig. 3(a) and (h) showing the same area

f the centre of sample #7. To complete the investigated T s range,

he centre of a specimen (#2) with desired good thermal contact,

.e., low surface temperature is shown in Fig. 3 (b). Furthermore, the

urface of a pure Fe sample after exposure is shown in Fig. 3 (c),

oo. 

From the images of the exposed surface of sample #7, it fol-

ows clearly that the surface exhibits strong morphological changes

y the D exposure dependent on the local surface temperature.

Fence/corral”-like structures composed of a network of ridges are

ound for temperatures above ∼770 K. Their tops are enriched in

 (and Ta) as determined by EDX-mapping (see Section 3.3 ). This

tructure and enrichment is observed on all samples at areas above
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Fig. 3. SEM images: (a) of the centre of EUROFER sample #7 before exposure, (b) of the centre of EUROFER sample #2 after exposure, (c) of the centre of a pure Fe sample 

(Fe#4) after exposure, and (d–i) of sample #7 after exposure along the central line at 6 positions (see Fig. 2 ) with the distance from centre (x) given in millimetre. The 

individual surface temperature of each analysis position is indicated in the images. All samples were exposed to 2 ×10 26 D/m 

2 and ∼40 eV. All SEM images are taken with 

the same magnification with the electron beam perpendicular to the surface. 
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770 K. The lateral length scale of the “fence/corral”-like structure

increases with increasing temperature. These length scales are not

correlated to any length of the microstructure of the base mate-

rial ( Fig. 3 (a)). Note that for some samples, no indications are left

from the grain structure ( Fig. 3 (f–i)), while for some other samples

the grain structure is highlighted by smooth W enriched bands

(not shown). The “fence/corral”-like structure and the enrichment

is not explainable by erosion only. Diffusion processes (mobility)

are needed to get the morphology changes. As only heating of

the samples does not lead to such structure, it could be specu-

lated that the presence or the impact of D promotes this diffusion.

On the other hand deposition of W at elevated temperature (see

Section 3.3 ), as valid for the pure Fe sample shown in Fig. 3 (c),

may play the major role in the morphology formation. It is remark-

able that the pure Fe samples exhibit the same morphology as the

EUROFER (compare Fig. 3(c) and (f)). About thirty years ago, many

publications dealt with the morphology development by seeding

impurities during sputtering and the thermal activation of whisker

formation of deposited material [22–24] , which might be the ex-

planation for the observed surface structures. 

For lower temperatures, below ∼770 K, the original grain struc-

ture is always preserved ( Fig. 3 (b,d,e)). A roughness on the length

scale of tens of nanometres is present ( Fig. 3 (d,e)) which reduces

with decreasing temperature and gets too tiny to be measured for

temperatures below ∼570 K. Furthermore, the carbide grains along

the grain boundaries are protruding from the plasma exposed sur-

face ( Fig. 3 (d,e)). This is the opposite for the lowest temperatures,

e.g., 410 K in Fig. 3 (b): For such low temperatures it is multiple

confirmed by analysing the same areas before and after plasma
xposure that carbide grains visible on the polished surface before

xposure are removed leaving holes, while the areas in between

ppear smooth. 

The nanometre-scaled structures observed at low temperatures

re shown in Fig. 4 (a) at higher magnification and under a view-

ng angle to the surface normal of 52 °. It is more a needle-like

tructure. Note that the appearance of surface structures could be

trongly altered with the viewing angle. The estimated height of

hese structures is of the order of 100 nm ( Fig. 4 (a)), definitely

maller than for the “fence/corral”-like structures at higher tem-

eratures with height of a few 100 nanometres ( Fig. 4 (b), see also

ection 3.4 ). 

The samples exposed to high fluence (10 27 D/m 

2 ) exhibit the

ame evolution of the surface modifications with temperature.

heir five times higher fluence does not lead to different morphol-

gy, neither in type nor in length scale. 

To elucidate the mechanism for the “fence/corral”-like and the

anometre-scaled structures, their lateral periodicity was deter-

ined, e.g., by counting the crossings of a line of distinct length

y the features for many lines in the SEM images. Fig. 5 sum-

aries the obtained lateral periodicity for several areas with tem-

erature between 580 K and 930 K in an Arrhenius-type plot show-

ng a quite good agreement of data from different samples. Clearly,

wo distinct thermal activated processes take action in the for-

ation of observed morphologies. The kink at ∼770 K coincides

ith the change from needles (below 770 K) to “fence/corral”-like

tructures (above 770 K). The obtained activation energies are 0.2

nd 1.3 eV, respectively. No definite processes could be assigned to

hese energies up to now. Possible processes are radiation-induced
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Fig. 4. SEM images (a) of centre of EUROFER sample #4 after exposure at ∼580 K 

and (b) of sample #7 at ∼910 K (2 ×10 26 D/m 

2 ; ∼40 eV). The SEM images are taken 

with the same magnification and after tilting by 52 ° in respect to the electron beam 

around the x -axis. Note, (b) shows the central area of Fig. 3 (h) in higher magnifica- 

tion. 

Fig. 5. Arrhenius-plot of the lateral periodicity of the structure of exposed surface 

of various EUROFER samples (triangles: 2 ×10 26 D/m 

2 ; diamonds: 10 27 D/m 

2 ) and of 

a pure Fe sample (Fe#4, star: 2 ×10 26 D/m 

2 ) as obtained from SEM images. 
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Fig. 6. (a) Example RBS spectra of 3.2 MeV 3 He measured for different samples 

showing peaks of the W/Ta, Mo and Fe on the surface; (b) the areal density of 

W + Ta versus T s for many samples (open symbols: 2 ×10 26 D/m 

2 ; filled symbols: 

10 27 D/m 

2 ) obtained from RBS spectra of 690 keV 3 He. 
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urface segregation (RIS) [24] , radiation-enhanced diffusion (RED)

24] , hydrogen-enhanced surface diffusion or simple surface diffu-

ion [21–23] . It must be stated that the same processes seem to be

ctive also for pure Fe samples deposited with W (see Fig. 3 (c) and

ection 3.3 ). 

.3. Enrichment of tungsten, tantalum and molybdenum 

The amount of W, Ta and Mo on the surface is quantified from

BS spectra. Fig. 6 (a) shows some raw RBS spectra with the signal
or W + Ta on the surface in the channels 630–650 and from the

ulk below the channel 630, for Mo on the surface in the channels

90–610 and for Fe (and Cr) below channel 550. Note that con-

ributions from W and Ta could not be separated. The signals for

 + Ta and Mo on the surface are converted into areal densities,

nding up with densities for W + Ta in the order of 10 19 at/m 

2 , i.e.,

everal monolayers. Fig. 6 (b) shows the W + Ta areal density in ad-

ition to the one of the unexposed surface versus the temperature

f the individual analysis spots. The analogous graph for Mo looks

imilar to Fig. 6 (b) but with overall lower areal density by mostly

n order of magnitude which is even below the detection limit at

everal analysing spots. It is remarkable that the agreement of data

or the same temperature from different sample is quite good. 

Obviously, some W + Ta and Mo arrive together with plasma

eam, as indicated by the amount of W + Ta on the pure Fe samples

 Fig. 6 (b)). As the data points of pure Fe fall onto those from EURO-

ER, clearly the enrichment is dominated by the W + Ta flux from

he plasma and not by W + Ta coming from the EUROFER itself. Fur-

hermore, the amount of W + Ta clearly increases with temperature.

he variation of flux could be excluded, i.e., for sample #7 areas

ith the same distance from the sample centre had different tem-

eratures, e.g., 760 K and 930 K. The reason for the temperature de-

endence is unclear. An effect of the morphology on interpretation

f RBS data needs further evaluation. 

Fig. 7 shows an example for the lateral distribution of the Fe,

, Ta and Mo. These distributions clearly follow the structures

resented in Fig. 3 indicating diffusion processes of the arriving

nd intrinsic W + Ta [21–23] . These structures contain also a large

mount of oxygen (not shown), which is likely to be introduced

ue to exposure to air after plasma exposure. Note that, in or-

er to restrict the interaction volume of the electron beam within

he nanostructure and increase the sensitivity for the surface layer,
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Fig. 7. (a) SEM image in secondary electron (SE) contrast close to the centre 

( + 1 mm) of the sample #7 (2 ×10 26 D/m 

2 ; ∼40 eV); (b–e) EDX elemental map for 

Fe, W, Ta, and Mo of the area marked in (a) obtained with 5 keV electron impact 

energy. The μm scale bar in (a) is valid for all images. The concentration range used 

for each elemental map is given above each image (min–max), and the colour code 

valid for (b–e) is given in (e). The bright structures in (a) are obviously enriched in 

W and Ta (c, d). Note that (i) due to the energy resolution of EDX detector for used 

conditions, the signals from W and Ta overlap and the Fe signal is partially shad- 

owed by the ridges (EDX detector “looks” from top-left) and that (ii) EDX quantifi- 

cation presume homogeneous mixture of the detected elements in the interaction 

volume of the electron beam, which might be not fulfilled for the analysed struc- 

tures resulting in an increased uncertainty for the obtained concentration values. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Mass loss of all samples versus their maximal temperature. The right axis 

is only valid for a fluence of 2 ×10 26 D/m 

2 onto the exposed area ( ∼1.2 mm 

2 ). The 

thickness of the averaged eroded layer is indicated (1.5 nm/μg). 
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a low primary energy for the electron beam was used (5 keV).

Therefore, only the low energy characteristic X-ray lines of W and

Ta are excited, for which the energy resolution of the EDX detector

is not sufficient to separate them. Nevertheless by deconvolution

and a proper background treatment in the quantification routine,

areas with higher Ta content can be clearly found, see e.g., in Fig.

7 (d) in the top, right corner, even if the uncertainty in the concen-

tration values could be high. These areas of high Ta content are

interpreted as remains from the precipitated carbide grains cre-

ated during the steel production. Furthermore, from the EDX data

it could be proposed that a small amount of Mo is present and its

lateral distribution follows that of W + Ta ( Fig. 7 (e)). In addition a
ew Mo droplets were observed on some samples, possibly origi-

ated by arcing on the TZM ring (not shown). 

.4. Erosion 

The mass loss value for each individual sample is only a mea-

ure of the averaged erosion over different T s , fluxes and fluences

istributed across the sample during plasma exposure ( Section 3.1 ).

he mass loss values of all samples assigned to the maximal tem-

erature T max of each sample are presented in Fig. 8 . Increasing

rosion with increasing temperature is obvious. From the data it

ould not be decided if this increase starts only above ∼770 K or

xtent over the full investigated temperature range, i.e., if only one

f the thermal activated processes leads to a temperature depen-

ent erosion or both (see Section 3.2 ). 

Remarkable, the value for the 10 27 D/m 

2 fluence are only a fac-

or of 2–3 higher than the value for the 2 ×10 26 D/m 

2 fluence, i.e.,

he erosion yield decreases with fluence, pointing to a fluence de-

endence of the erosion yield due to the enrichment of W + Ta. 

Assuming homogenous erosion across the exposed area, i.e., ig-

oring the temperature, plasma potential and flux variation across

he exposed area, the mass losses can be converted into erosion

ields (right axis Fig. 8 ): Erosion yields are of the order 10 −5 ,

hich fits reasonable to published data for pure Fe and steels

25,26] , and no impurity fraction in the plasma beam is needed

o explain the erosion. The used ion energy is quite close to the

hreshold of sputtering of Fe but, unfortunately, not exactly known.

The thickness of the affected layer is geometrically measured in

mages of cross-sectioned marker coatings. Two examples are pre-

ented in Fig. 9 . The surface of EUROFER sample as well as the

t-C coating show the nanometre-scaled structure ( Fig. 9 (a) and

ection 3.2 ). Note that the surface is coated for a second time with

 protection layer for improving the quality of FIB cross-sectioning

rocess. Furthermore, note that, for the sample #15, the roughness

f the surface and the first coating are so high that artefacts of the

IB preparation (curtain effect) dominate the quality of the cross

ection. But clearly in both cross sections (Fig. 9(b–c)), the surface

elow the marker coating stays smooth and unaffected while aside

he marker it is rough. From the cross sections, the thickness of

he affected layer by the morphological changes can be determined

rom the smooth, unaffected surface to the bottom of the rough-

ess with an accuracy of 30 nm. For the two examples in Fig. 9 ex-

osed to the high fluence (10 27 D/m 

2 ), this thickness is ∼170 nm

nd 390 nm. In the case of sample #15 ( Fig. 9 (c)) even an overall

rosion of ∼150 nm is observed. Obtained values for the thickness

f the affected layer, i.e., the height of the needles and the ridges

y stereoscopic analysis and by 3D profilometry with CLSM, are
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Fig. 9. SEM images (a) of the exposed surface of sample #16 (1 ×10 27 D/m 

2 ; 

∼40 eV) with the Pt-C marker (viewing angle 52 °), (b) of the same marker after 

FIB cross-sectioning (viewing angle −38 °) and (c) of the cross section through a 

Pt-C marker after exposure (1 ×10 27 D/m 

2 ; ∼40 eV) of sample #15 (viewing angle 

−38 °). The surface temperature of these areas during the exposure is indicated. The 

layer thickness of the surface structure due to the exposure (from level of flat sur- 

face below coating to bottom of the structure) is measured and given in the figure. 

A second protection Pt-C coating onto the Pt-C marker and the exposed surface was 

made before FIB cross-sectioning. 
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Fig. 10. Deuterium retention of all analysed samples exposed to 2 (open symbols) 

and 10 ×10 26 D/m 

2 (completely filled symbols) versus the surface temperature at 

the individual analysis spot by NRA with 690 keV 3 He ( < 500 nm). Only for sample 

#2 (lowest temperature) also the NRA data obtained with 3.2 MeV 3 He ( < 6 μm) are 

given because only for that sample they differ significantly from those for the top 

500 nm. 
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imilar but with a larger uncertainty than from the cross-sectioned

arkers. 

An averaged erosion depth could be calculated from the mass

oss assuming homogeneous erosion across the exposed sample

urface ( ∼1.5 nm/μg for Fe). The resulting depths are between half

nd close to equal to the thickness of the affect layer. Therefore,

nfortunately it cannot be confirmed or disproved whether the ob-

erved structures are purely erosion morphology or grown struc-

ures as for tungsten fuzz by helium impact [27,28] or whiskers

ue to W deposition [23] . 

Note that a W + Ta coverage of, e.g., 5 ×10 19 at/m 

2 on the ex-

osed sample area equals to that the amount of W + Ta in a layer of

 μm of EUROFER which is much larger than the eroded layer. Fur-

hermore, note that this coverage presumably coming from plasma

ould contribute to sample mass by only ∼2 μg, i.e., can be ne-

lected compared to the measured mass loss due to plasma expo-

ure. 

.5. Deuterium retention 

The retained D was determined as integral values for the sur-

ace layer in the top 500 nm by NRA with 690 keV 

3 He and for

arger depth by NRA with 3.2 MeV 

3 He (up to 6 μm). The results

or the surface layer for individual points versus their respective

 s are presented in Fig. 10 . Nearly all data points are between 1

nd 3 ×10 18 D/m 

2 indicating an independence from T s . As the D

mount for both 

3 He energies are about the same (not shown), it

an be concluded that all this D is retained close to the surface,

nd the D concentration in μm depth is below the detection limit

f NRA. Only the data for the sample with the lowest T s at about

00 K indicates a higher D retention. And only for this a significant

igher D retention beyond the top surface layer is found by NRA

ith 3.2 MeV 

3 He ( Fig. 10 ). The higher fluence does not increase
he D retention close to the surface. Interestingly, the pure Fe sam-

le, which forms the same morphology as the EUROFER samples

Fig. 3(c) and (f)), exhibits a significant lower D retention. It could

e speculated that the trap density is lower in Fe than in the mul-

iphase steel material. 

The small amount of below 10 19 D/m 

2 could already be ex-

lained by a sub-monolayer D coverage on the surface. Which frac-

ion of retained D is absorbed and diffused into the material could

ot be determined from the performed NRA measurements. Mea-

urements of the D retention in the complete volume of the sam-

le and averaged over the exposed surface by TDS for a few sam-

les reveal an about one order of magnitude higher total D reten-

ion, e.g., 3 × 10 19 D/m 

2 for #10. Furthermore, the higher fluence

5 times higher), i.e., longer exposure time allowing deeper dif-

usion, leads only to a factor of 2 higher total D retention, e.g.,

 × 10 19 D/m 

2 for #12. Note that the D retention values obtained

y TDS are assembled from areas with different temperatures (see

ection 3.4 ). 

. Conclusion and summary 

EUROFER samples were exposed to Pilot-PSI plasma up to flu-

nces of 10 27 D/m 

2 with an ion energy of ∼40 eV. The surface mor-

hology created by the exposure varies strongly with the surface

emperature in the investigated temperature range from 400 K to

50 K. 

The length scale, i.e., lateral periodicity of the surface structure

beys Arrhenius behaviour with two activation energies (1.3 eV,

.2 eV). Above ∼770 K, the higher activation energy determines the

tructure formation leading to “fence/corral”-like structure com-

osed of a network of ridges. The tops of the ridges are enriched in

 (and Ta). For temperatures below ∼770 K, the surface morphol-

gy is composed of needles. Their tips seem to be covered with

 ( + Ta), too. This lateral distribution of W and Ta, which is not

orrelated to its distribution in EUROFER and is not homogenous,

ndicates mobility for W and Ta during the plasma exposure. Possi-

le processes are radiation-induced surface segregation (RIS) [24] ,

adiation-enhanced diffusion (RED) [24] , hydrogen-enhanced sur-

ace diffusion or simple surface diffusion [21–23] . There processes

re also active on Fe deposited with W. 

The amount of W comes only partially from the EUROFER it-

elf by preferential sputtering and diffusion, but the main fraction

rrives with the plasma. Therefore, the possible enhanced segre-

ation of W and Ta out of Fe in the presence of hydrogen (even

bove the solubility limit) cannot be confirmed or ruled out. It has
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to be stated that the ratio of observed deposited W amount to the

D fluence is of the order of 10 −7 . Such low fraction of impurity is

experimentally very hard accessible and should be kept in mind

for the interpretation of other not mass-separated exposures and

the comparison of the results obtained from them. On the other

hand, in fusion devices with steel and tungsten as PFM, it could be

expected that some tungsten will arrive together with the hydro-

gen and helium on the plasma-facing areas proposed for steel. This

could then lead to morphologies as shown in Figs. 3, 4 and 7 . 

Overall, the thermal activated formation of the surface mor-

phology affects the erosion of RAFM steel. Fluences needed to

achieve steady state erosion will be many orders of magnitude

higher compared to those obtained from simple TRIM simulations

[29,30] and even in more advanced simulations [31] . Therefore, the

predicted reduction of erosion of the RAFM steel by W enrich-

ment will be lower. Nevertheless, a reduction of the erosion with

fluence, i.e., with W enrichment was observable in our and other

studies [3,5,30,32] . 

The deuterium retention in the first micrometres under our

condition is quite low, only of the order of 10 18 to 10 19 D/m 

2 

and roughly independent of temperature. This small amount would

correspond to sub-monolayer of coverage of deuterium on the sur-

face. The total retention (obtained by TDS) is about one order of

magnitude higher, which might be explained by filling the volume

of the sample with D and the variation of temperature across the

sample. In the literature quite contradicting values and tempera-

ture dependences of D retention in RAFM steels are given [4,6,32–

34] pointing to complex interplay of many parameters. 
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