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A B S T R A C T   

The near-surface composition of polished EUROFER97 samples was measured by Rutherford backscattering 
spectrometry while maintaining the analyzed surface at temperatures up to 1188 K. A sample pre-coated with 
less than a monolayer of tungsten by magnetron sputter deposition was included in the study. A shifting equi-
librium due to diffusion and segregation of tungsten and tantalum was observed, with segregation being most 
important between 900 K and 1040 K, which is near the known transition temperature between the martensitic 
and austenitic phases. Diffusion counteracted any increase of the near-surface concentration of the elements of 
interest both above and below the temperature range in which segregation dominated. An asymmetry in the 
diffusion-segregation balance was observed when approaching the same temperature from above and below. The 
largest segregation peak measured at elevated temperature in this work indicated an increased amount of 
tungsten and/or tantalum near the sample surface with an areal atom density corresponding to 70–80% of a 
monolayer. Additional measurements were performed on bare EUROFER97 after annealing at 1089 K and 1553 K 
followed by rapid cooling to near room temperature which, if carried out at a critical rate, is expected to restore a 
martensitic microstructure. In the former case a similar enrichment peak was seen as that measured while the 
sample temperature was elevated, while in the latter case an increased concentration of tungsten and tantalum 
from 0.4 to 0.55 atomic percent in a layer of at least 300 nm thickness near the surface was observed.   

Introduction 

The reduced activation ferritic-martensitic (RAFM) steel EURO-
FER97 is envisioned as a structural material for a prospective fusion 
demonstration reactor, and may constitute part of the plasma-facing 
surface for recessed areas of the first wall [1,2]. Near-surface composi-
tion changes in this material after ion irradiation, especially enrichment 
of W and Ta due to preferential sputtering, have been extensively 
studied as they modify a sample’s resistance to sputter erosion (see for 
example [3–5]). Morphology changes resulting from the irradiation 
have also been investigated [3,5,6], as well as the dependence of the 
erosion yield on total ion fluence and sample temperature [5,7]. 
Increased erosion with increasing sample temperature has been 
observed for both EUROFER in the range 400 K ≤ T ≤ 1000 K and 
another similar RAFM steel, F82H (400 K ≤ T ≤ 800 K) [8,9]. In-
vestigations of the near-surface material composition after irradiation at 
elevated temperature have shown somewhat inconsistent results as the 
temperature increase has been demonstrated to both increase [3,9] and 
decrease [10] the concentration of W and Ta in the first few nanometers. 

An increase of the concentration with increasing temperature has been 
explained by stating that thermally induced segregation [11] is added 
to, and thus enhances, the enrichment by preferential sputtering. Such 
an increase would contribute to a decrease of the erosion yield. A 
decrease of the concentration, on the other hand, is explained by 
diffusion which restores the material’s composition near the surface 
towards that in the bulk and increases the erosion yield. It is known that 
a transition from the martensitic to the austenitic phase occurs in 
EUROFER97 in the temperature interval 1025 K – 1105 K [12,13]. 
Observations of the temperature dependence of segregation and diffu-
sion near this range are relevant for relating the macroscopic properties 
of the steel at elevated temperature to the existing data on erosion 
yields. 

In [4], annealing at 900 K of an FeW model film on a substrate of Fe 
led to segregation of W to the surface, and depletion of W in the sub- 
surface region which was measured ex-situ. So far, however, observa-
tions of such segregation have not been made while the sample under 
study is kept at elevated temperature, and existing data for EUROFER97 
mix information about near-surface composition changes occurring due 
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to (a) thermally induced segregation, (b) diffusion, and (c) preferential 
sputtering. Knowledge about possible segregation at the operating 
temperature of the wall material in a fusion device is necessary to 
ascertain whether that segregation can be expected to contribute to a 
reduction of the erosion yield during machine operation. In order to 
clarify the modification of the near-surface concentration of W and Ta in 
EUROFER97 at elevated temperature, we focus in this work on in-situ 
Rutherford backscattering spectrometry (RBS) performed during ther-
mal annealing. To study the temperature dependence of both segrega-
tion and diffusion we have compared bulk samples with and without a 
pre-coating of W at different temperatures in both increasing and 
decreasing sequence. 

The austenitized EUROFER97 is returned to a martensitic micro-
structure by cooling to room temperature at a critical rate. It has been 
shown that properties of the final material, like grain size distribution 
and retained fraction of γ-Fe depend on the austenitizing temperature 
[13]. In order to correlate these results with near-surface composition 
changes, we’ve performed additional RBS measurements on a EURO-
FER97 sample after rapid cooling to near room temperature from 1553 K 
and 1089 K. 

Experimental 

Three samples of EUROFER97, numbered 1–3 below, were polished 
in accordance with the procedure outlined in [3]. After polishing, the 
samples were cleaned by rinsing with water and detergent, wiping with 
a tissue soaked in isopropanol and submerging in an ultrasonic bath with 
water for 10 min, followed by 2 × 5 min with isopropanol. Sample 2 was 
pre-coated by magnetron sputter deposition of 9.5⋅1014 at/cm2 W cor-
responding to slightly less than a monolayer. This areal density was 
selected to be similar to the expected possible enrichment due to 
segregation, which is a surface and/or grain boundary effect. The sam-
ples were annealed and RBS measurements were simultaneously per-
formed in-situ at the SIGMA setup of the Uppsala Tandem Laboratory 
[14]. In order to run RBS while maintaining an elevated temperature 
and avoid excessive noise induced in the detector due to light emitted by 
the hot sample, a cover foil was manufactured by depositing 8.2⋅1017 at/ 
cm2 of Au on 5.0⋅1017 at/cm2 of C. The foil was floated onto a Teflon 
cap, covering a central aperture which was positioned in front of the 
active area of the RBS detector. For samples 1–2, a 4He+ ion beam at 
3.039 MeV was selected in order to obtain additional information about 
the presence of O in the topmost few nanometers beneath the surface, 
making use of the backscattering cross section resonance with a 
maximum at 3.037–3.038 MeV [15]. For sample 3, 4He+ at 3 MeV was 
used. The incident angle of the beam with respect to the sample surface 
normal was 40◦ and the exit angle towards the RBS detector, placed at a 
backscattering angle of 170◦ was 50◦. Given a stopping power of 0.50 
keV/nm, the maximum backscattering cross section from O was 
encountered at a sample depth of approximately 3 nm with the 3.039 
MeV beam. Annealing was performed by means of an electron beam 
striking a Mo plate clamped to the back of the sample. The temperature 
was controlled by modifying the current in the W-filament from which 
the electrons were emitted. A K-type (chromel–alumel) thermocouple 
was positioned between the sample and the Mo plate, in good thermal 
contact with both. At high temperatures (≳ 800 K) the thermocouple 
reading from the back of the sample became less representative of the 
temperature at the analyzed surface. To provide as accurate a temper-
ature as possible, the thermocouple was calibrated after the measure-
ment sequence using an optical pyrometer observing the sample surface. 
Still, for 800 K ≲ T ≲ 1000 K, an error up to approximately 100 K is 
possible, as both the pyrometer and thermocouple readings were un-
certain in this range. Below 800 K the thermocouple data is more 
representative of the sample surface temperature with an error that 
vanishes close to room temperature. Above 1000 K the pyrometer 
reading becomes increasingly accurate due to increasing light emission, 
and for the 1188 K point we expect a deviation within ± 15 K. 

Results 

RBS spectra obtained at increasing temperatures from the bare (i.e. 
not W-coated) EUROFER97 sample 1 are shown in Fig. 1. Each spectrum 
was acquired over between 2100 s and 3600 s with 20–30nA beam 
current to the sample while maintaining the temperature reading to 
within approximately ± 15 K, apart for brief drops in temperature due to 
discharges resulting in temporary loss of the electron acceleration 
voltage. The data has been smoothed using a Savitzky-Golay filter of 
polynomial order 2 with 9 channels (≈ 45 keV) frame width [16,17]. 
While the smoothing is applied to all data in Figs. 1-5, we have also 
manually checked to make sure that our conclusions are not modified by 
it. The resonant backscattering peak from O as well as the W + Ta sur-
face signal edge are magnified in the figure inlays. The appearance of a 
surface peak for W + Ta is noticeable in the spectrum acquired at 870 K, 
and at 1041 K the peak stands out significantly from the bulk signal. 
When it comes to O, the most prominent signal is seen in the spectrum 
acquired at room temperature. Intermediate signals are obtained as the 
temperature is increased, and at 1041 K the peak area has decreased 
significantly, due to release of near-surface O. 

For the data shown in Fig. 2, the temperature of sample 1 has been 
varied around the segregation onset temperature and increased further. 
A maximal surface peak height, similar to that from a SIMNRA [18] 
calculation with 8.1⋅1014 at/cm2 of W on top of a bulk with 0.42 at.% W 
in Fe is seen for the spectrum acquired at 870 K after annealing at 1041 
K. Continuing to increase the temperature above 1100 K leads to a 
successive loss of the peak while a final decrease from 1163 K to 1059 K 
yields a minor increase of its area. The size of the O peak is further 
decreased in Fig. 2 as compared to Fig. 1 and it is completely removed 
after annealing at 1163 K. 

Fig. 3 shows the RBS spectra obtained at different temperatures on 
sample 2, pre-coated with W. Due to the prolonged handling of this 
sample in atmosphere, and since it was considered inadvisable to wash it 
again after the W was added, a larger O peak is present here than was the 
case for sample 1. This peak is successively removed by annealing to 
increasing temperatures, and it is completely lost at 1188 K. As a result 
of the presence of surface contamination before annealing in this case, 
the initial W surface peak associated with the pre-coating is noted to be 
slightly shifted to the left in Fig. 3. 

In order to provide a better overview of the evolution with 

Fig. 1. RBS spectra obtained from sample 1 using a 3.039 MeV 4He+ primary 
beam during annealing to successively higher temperatures. Near-surface 
segregation of W and/or Ta is observed at 870 K and more prominently at 
1041 K. A decrease of the primary beam current during the measurement at 
698 K is noted to have caused a deterioration of signal quality in that case, 
yielding an artificial deviation of the corresponding line from those associated 
with temperatures 297 K – 598 K. 
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temperature of the W + Ta surface peak obtained from sample 2 in the 
different temperature ranges of interest, the region associated with this 
peak has been magnified for each spectrum in Fig. 4. The curves are 
grouped showing (a) spectra at increasing temperatures, up to the 
segregation onset temperature, (b) further increase to higher tempera-
tures and (c) reduction back to near the onset temperature. As the 
temperature is increased in Fig. 4(a), part of the magnetron sputtered W 
layer is lost, while at 1045 K a segregation peak of similar height as that 
obtained for the bare sample 1 is seen. Increasing the temperature 
further reduces the area of this peak in Fig. 4(b) and reducing the 
temperature increases the peak area again, similarly to what was 
observed in Fig. 2. The spectrum initially acquired at room temperature 
has been shifted to the right by 5 keV in Fig. 4(a) to compensate for the 
effect of surface contamination. 

RBS measurements were performed on sample 3 both before any 
annealing and after annealing to 1089 K and 1553 K for 20 min each 
followed by rapid cooling to near room temperature. The results of these 
are shown in Fig. 5. The cooling was here carried out simply by turning 
off the W-filament current and electron acceleration high voltage, after 
which the sample temperature was allowed to drop to ≲ 500 K. Further 

cooling to room temperature occurred during data acquisition. As data 
was acquired without active heating no foil was present in front of the 
RBS detector in this case. The segregated layer created during annealing 
at 1089 K is intact during the subsequent measurement near room 
temperature. After cooling down from 1553 K a radical modification of 
the near-surface composition is seen, where the W + Ta fraction has 
increased in the entire probed layer, i.e. down to at least 2.8⋅1018 at/cm2 

or close to 300 nm. 

Discussion and concluding remarks 

Combining the observations from Figs. 1-4, the ideal temperature for 
maximizing the thermally induced surface enrichment with W and Ta in 
EUROFER97 appears to lie in the interval 900− 1040 K, i.e. slightly 
below or at the martensitic-austenitic phase transition temperature. This 
is above the maximum operating temperature for the RAFM steel portion 
of the first wall, which is up to approximately 820 K in a prospective 
demonstration fusion reactor design [19]. 550 ◦C has been recom-
mended as an upper limit to the operating temperature of RAFM steels, 
among other thing due to thermal ageing and related toughness degra-
dation [20–22]. However, especially during heat loading caused by 
ELMs [23] or various transient events, the temperature in the near- 
surface region may increase above this limit making segregation of W 
and Ta a potentially relevant mechanism for limiting erosion. 

The evolution with temperature of the surface peak due to segrega-
tion observed in this work indicates a shifting balance between the ef-
fects of segregation and diffusion. At temperatures from below or around 
700 K up to near 900 K the dominant mechanism is diffusion which may 
help explain the increased erosion yield observed for both EUROFER97 
and F82H at temperatures in this range [8,9]. Above 900 K, segregation 
dominates in EUROFER97, whereas above 1100 K the increased diffu-
sion rate again counteracts the segregation and becomes increasingly 
dominant the more the temperature is increased. These observations are 
consistent with the results at elevated temperature in both [3] and [10], 
which at first glance seem incompatible. 

An inconsistency between Fig. 2 and Fig. 4(b) can be noted, namely 
that in the former the segregation peak at 1114 K is larger than that at 
1041 K, whereas in the latter the opposite is true. This discrepancy is 
explained by the fact that a certain time is required to establish a 
diffusion-segregation equilibrium. In Fig. 2 the 1114 K point is 
approached from the immediately preceding temperature of 870 K, 
whereas for Fig. 4(b) the starting point is 1045 K. As the former of these 
cases yielded the largest observed segregation peak, the peak observed 
at 1114 K is larger than it would be in equilibrium. Similar statements 
about data being acquired out of equilibrium may be true for several 
peaks in Figs. 1-4, but the variation in the peak height when going from 
one temperature to another is still indicative of the qualitative shift in 
the diffusion-segregation balance. For most data presented in this work, 
even though list mode files of all collected counts in chronological order 
are available, the measurement time is too short to draw clear conclu-
sions about the time evolution of the segregation peak area or to 
demonstrate a trend despite the statistical scatter. An exception is the 
data for 1045 K in Fig. 4(a)–(b), which was acquired on sample 2 over 
5500 s. Fig. 6 shows the ratio of the number of counts between 2645 and 
2725 keV, associated with the segregation peak, to that between 2410 
and 2610 keV in each subsequent set of 400 000 counts received by the 
data acquisition system. As the peak keeps growing in comparison to the 
W + Ta bulk signal with time, we conclude that an equilibrium is not 
reached during the measurement. 

The time required to establish an equilibrium may also help explain 
the asymmetry in the segregation peak height when approaching the 
same temperature from above or below. The data obtained at 1045 K in 
Fig. 4, for example, features a more pronounced peak when the tem-
perature is initially reached in Fig. 4 (a) than when the peak is recovered 
after annealing at a higher temperature in Fig. 4 (c). This is possibly due 
to the increasing diffusion rate with increasing temperature. When 

Fig. 2. 3.039 MeV 4He+ RBS spectra obtained from sample 1 at various tem-
peratures around the onset temperature for segregation. The order of the entries 
in the figure legend, from top to bottom, indicates the chronological order in 
which data was acquired. For the spectrum produced at 870 K after 1041 K the 
largest surface peak, corresponding to approximately 8.1⋅1014 at/cm2 W, is 
observed. At 1163 K the surface peak is partially lost due to diffusion. 

Fig. 3. 3.039 MeV 4He+ RBS spectra from EUROFER97 sample 2, pre-coated 
with 9.5⋅1014 at/cm2 W. 
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approaching 1045 K from below, the segregation peak grows faster than 
at 1045 K. Approaching the same temperature from above, however, 
implies that the maximum growth rate is achieved at the final temper-
ature; yielding an initial state further from equilibrium when data 
acquisition commences. The fact that the martensitic-austenitic transi-
tion occurs when initially approaching 1045 K is also a likely contrib-
uting factor to the asymmetric behavior, as this transition is not 
immediately reversible without rapid cooling of the sample. 

When it comes to the O signals in Figs. 1-3, we note that the peak 
from sample 2 in Fig. 3 simply decreases with increasing temperature, 
while the smaller intitial O fraction on sample 1 in Figs. 1-2 starts by 
decreasing, then increases at 698 K and 870 K, then keeps decreasing but 
increases again at 1114 K before being fully removed at 1163 K. We 
propose that this sequence has to do with segregation of O to grain 
boundaries at intermediate temperatures. A similar phenomenon has 
been previously noted for P [22]. In the case of sample 2, the O con-
centration is more representative of the larger amount of surface 
contamination in that case, and the measured O fraction follows the 
removal of contamination with increasing temperature. 

The maximum segregation peaks for W and Ta obtained in this work 

for annealing temperatures up to 1188 K correspond to an enrichment of 
between 8.1⋅1014 at/cm2 and 9⋅1014 at/cm2. Taking the atomic densities 
in BCC W and α-Fe as references, a monolayer contains between 1.0 and 
1.2 thin film units of 1015 at/cm2. As segregation at elevated tempera-
ture is a surface and/or grain boundary effect, it is possible that signif-
icant modification of the composition occurs only in the first or the first 
few monolayers. With RBS we lack the depth resolution to distinguish 
between the cases of (a) an almost pure W + Ta monolayer and (b) a 
more moderate increase of the W + Ta concentration over a slightly 
thicker layer. The RBS detector resolution of 15–20 keV corresponds to a 
depth difference near the surface of approximately 10–15 nm in our 
measurement geometry, and concentration variations on a smaller scale 
are thus not resolvable. The presence of the detector cover foil con-
tributes to further loss of resolution. A clarification could be provided by 
measurements with medium to low energy ion scattering (MEIS, LEIS) 
for which nanometer to monolayer depth resolution is achieved. 

For the spectrum obtained after rapid cooling to near room tem-
perature after annealing at 1553 K shown in Fig. 5, we observe an 

Fig. 4. Magnification of W + Ta surface signal for 3.039 MeV 4He+ RBS spectra from sample 2. (a) Increasing the temperature towards the segregation onset 
temperature leads to partial loss of the coating layer before the segregated layer appears, (b) further increase of the temperature gives partial loss of the segregated 
layer due to diffusion, and (c) final temperature reduction yields a moderate recovery. 

Fig. 5. 3 MeV 4He+ RBS spectra obtained on EUROFER97 sample 3 between 
300 and 500 K after maintaining elevated temperatures 1089 K and 1553 K for 
20 min and subsequently allowing the sample to rapidly cool. Note that the two 
lines associated with SIMNRA calculations for bulk concentrations of 0.40 at.% 
W overlap up to approximately 2700 keV. 

Fig. 6. EUROFER97 sample 2, initially pre-coated with W. Time evolution of 
the ratio of the number counts in the segregation peak region (2645–2725 keV) 
to that in a region associated with the rest of the W + Ta signal (2410–2610 
keV) while maintaining a sample temperature of 1045 K after data acquisition 
at 894 K. Total acquisition time 5500 s. 
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increase of the W + Ta fraction from the initial 0.4 at.% to approxi-
mately 0.55 at.% in the top 300 nm at least. We do not ascertain in this 
work whether a martensitic microstructure was produced during the 
cooling, and if the composition change is related to that transition. We 
note, however, that the modified composition has to be a near-surface 
effect as it clearly cannot have occurred through the entire sample 
without addition of W or Ta. Any phase transition occurring during 
cooling may be affected by the fact that our uncontrolled cooling rate 
varies with position in the sample, and a deeper investigation of the 
correlation between the final phase distribution and near-surface 
composition changes is thus of interest. One should also keep in mind 
that rapid cooling of EUROFER97 even from lower temperatures has 
previously been observed to give rise to morphological changes of the 
near-surface region, which may complicate analysis [3]. 

Data availability 

The raw and processed data required to reproduce these findings are 
available to download via the following url: https://data.mendeley. 
com/datasets/cr3xv39hkj/2. 
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K. Schlueter, M. Mayer, M. Oberkofler, W. Jacob, Impact of surface morphology 
and enrichment on sputtering of EUROFER by deuterium, Nucl. Mater. Energy 23 
(2020), 100749, https://doi.org/10.1016/j.nme.2020.100749. 

[7] J. Roth, K. Sugiyama, V. Alimov, T. Höschen, M. Baldwin, R. Doerner, EUROFER as 
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