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ARTICLE INFO ABSTRACT

Low-activation steels are attractive candidates for wall materials in future nuclear-fusion power plants. Through
a process called preferential sputtering, an enriched tungsten (W) layer is expected to develop on these steels,
Iron lowering erosion and thus increasing their lifetime and reducing contamination of the fusion plasma. However,
Tungsten . the process of preferential sputtering may be counteracted by interdiffusion of W and iron (Fe). In this article, we
Rutherford backscattering spectrometry investigate a simplified model system of such low-activation steels with a W-rich layer on the surface, by sputter
XRay photoelectron spectroscopy depositing a thin W 1 top of pure Fe substrates. We investigate th that are activated when thi
Eurofer positing a thin W layer on top of pure Fe substrates. We investigate the processes that are activated when this
model system is subject to temperatures relevant in the context of nuclear fusion reactors and assess the tem-
peratures at which interdiffusion is expected to influence W surface concentrations. This is done by annealing a
binary W-Fe system and analyzing the resulting concentration profiles by means of Rutherford backscattering
spectrometry (RBS) and focused ion beam cross-sectioning (FIB). For annealing temperatures above 1000 K, an
intermediate phase was observed to have formed, both between the Fe and W layer as well as on the surface of
the W layer. This intermediate phase was determined to be Fe,W using Sputter X-ray photoelectron spectroscopy
(XPS) and time-of-flight Rutherford backscattering spectrometry (ToF-RBS). The laterally averaged growth rate
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of this phase was determined to be (1.0 + 0.1) x 10‘“‘%2 at 1050K and (2.8 + 0.2) X 10‘“”"72 at 1100 K.

1. Introduction

Low-activation steels are attractive candidates for first-wall mate-
rials in certain recessed areas of the first wall of future nuclear-fusion
power plants [1]. Through preferential sputtering of the lighter con-
stituents, an enriched W layer is expected to develop on these steels,
lowering erosion and thus increasing their lifetime and reducing con-
tamination of the fusion plasma [2-4]. However, the process of W en-
richment may be counteracted by interdiffusion of W and Fe, especially
at elevated temperatures [5-7]. In order to predict the performance of
the material, simulations using SDTrimSP have previously been per-
formed, taking preferential sputtering and diffusion into account [8].
These simulations require knowledge of the interdiffusion coefficient
between Fe and W. Previous investigations of the diffusion of W in Fe
were performed for W concentrations below 3at% [9] or in the W
tracer limit [10,11]. At the fusion reactor first wall, very high W con-
centrations (ideally close to 100 at%) would be desirable. We are,
therefore, interested in the interdiffusion of Fe and W throughout the
entire concentration range. The W-Fe phase diagram [12] features the
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intermetallic phases FeW and Fe,W. Since these phases could in prin-
ciple also form at temperatures expected inside future nuclear-fusion
reactors, the interdiffusion within these phases is also of interest, as
well as the rate of phase growth at W-Fe interfaces.

After the description of the experimental procedure in Section 2 we
investigate the phase growth at Fe-W interfaces in Section 3. In
Section 4 we show that this newly formed intermediate phase is in fact
FeoW. Finally, in Section 5 we use Rutherford backscattering spectro-
metry (RBS) to qualitatively assess the degree of interdiffusion and to
get estimates of the effect of elevated W concentrations on the inter-
diffusion of Fe and W by comparing the available literature values for
low W concentrations.

2. Experimental
2.1. Sample preparation

Substrates of 99.99 + wt% (Goodfellow FE000411) and 99.5 wt%
pure iron (Goodfellow FE000410) were polished to R, roughness values
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Fig. 1. Confocal laser scanning microscope images of a typical iron substrate after being polished (left) and after being annealed for 96 h at 1200 K. The average grain

size grew from approximately 10 yum to 50 yum.

of 10 nm. The resulting amorphous deformation layer on the surface as
well as the present grain boundaries with their high density of lattice
defects can influence the diffusion processes. For a well-defined ex-
periment addressing bulk interdiffusion, these influences need to be
minimized. Therefore, subsequently to polishing, the samples were
annealed in a vacuum ( ~ 10~°mbar) for 96 h at 1200 K to recrystallize
the deformation layer induced by the polishing process and to induce
grain growth. After annealing, the grains have grown to a size of ap-
proximately 50 ym (Fig. 1).

After polishing and annealing, a 1 pm thick W layer was deposited
on the Fe substrates by magnetron sputtering. The resulting W-Fe
couples were annealed in a vacuum at temperatures between 900 K and
1100K and for times between 6h and 60h to induce diffusion and
phase formation (see Table 1).

2.2. Analysis techniques

The width distributions of intermediate phases were determined
with scanning electron microscopy (SEM). For this, cross-sections were

Table 1

cut with a focused Ga* ion beam. On these, images were taken, by
collecting secondary electrons (SE) (see Section 3).

In order to determine the stoichiometry of the intermediate phase,
X-ray photoelectron spectroscopy (XPS) spectra were acquired to ana-
lyze the near-surface composition of a sample annealed for 48 h at
1100K using a PHI 5600 ESCA system equipped with an Al K, X-ray
source. The surface of this sample is completely covered by the inter-
mediate phase. Depth profiling was performed by sputter-erosion using
a beam of 10keV Ar + ions at an incident angle of 20°, periodically
eroding the surface and alternately recording the photoelectron spectra
in a surface area of approximately 400 um diameter. The concentration
of W was determined from the 4f line, the concentration of Fe from the
2p line (see Section 4).

A further means to determine the stoichiometry, also described in
Section 4, are the time-of-flight Rutherford backscattering spectrometry
(ToF-RBS) measurements we performed in the newly built ToF ion
beam analysis (ToF-IBA) apparatus [13] at the IPP Tandem accelerator
using incident 5MeV 2%Si ions at normal incidence. Backscattered
particles were recorded at a scattering angle of 150° with a detector

Overview of annealing times and temperatures and the applied analysis techniques (see
Section 2.2). Cells highlighted in blue indicate samples where the formation of an intermediate
phase was observed. Cells of which the content is bold and italic indicate an incompletely
formed intermediate phase (see Section 3). Cells of which the content is underlined indicate
that the Fe substrates with the inferior purity were used.

¢ 6 | 12 | 24 36 | 48 | 51 | 60 | 200
T [K]
RBS RBS RBS
00 SEM SEM
RBS|RBS|RBS | RBS TOF
1000 SEM SEM |SEM SEM
RBS RBS | RBS |RBS|RBS
1050 SEM|SEM| SEM | SEM |SEM |SEM
RBS RBS
SEM |SEM| SEM | SEM |SEM
1100
XPS
TOF |TOF
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Fig. 2. SEM images of FIB cut cross-sections on samples heated for a) 12h at
1050K and b) 48h at 1100K. The cross-section plane and the image plane
include an angle of 38°".

having a free flight path of 1.315m, and a time resolution of 600 ps.
The measured time spectra were converted to energy spectra, which
were in turn converted to depth profiles using the simulation program
SIMNRA [14]. The depth profiles in units of % are converted to nm
by SIMNRA, based on the weighted atomic densities of pure W and Fe.

After annealing, on most samples depth profiles were measured with
conventional RBS at the 3MV Tandem accelerator of IPP, using *He
ions with 4 and 6 MeV incident energy at incident angles of 0" and 45°.
Backscattered particles were detected with a passivated implanted
planar silicon (PIPS) detector at a scattering angle of 165° in Cornell
geometry, having a solid angle of 1.097 + 0.036 msr and a nominal
energy resolution of 18 keV. The measured energy spectra were again
converted to depth profiles using the simulation program SIMNRA [14].
(see Section 5.1) The footprint of the beam has a diameter of ap-
proximately 1 mm, resulting in the signal being a lateral average over
this area.

3. Phase growth

Fe-W couples were systematically annealed under vacuum condi-
tions for various times at temperatures between 900 and 1100K. In
these Fe-W couples, cross-sections of 30 ym to 100 um length were cut
with FIB and observed with SEM to see if an intermediate phase has
formed. In the (SE) images, this phase is visible as an initially thin
homogeneous band with a shade of grey in between the relatively
bright W and the darker Fe (see for example Fig. 2). For 900 K, no phase
formation is observed after annealing times of up to 60 h. At 1000 K, we
observe an intermediate phase in isolated nucleation sites after 24 h of
annealing. After 60 h then, the intermediate phase is fully formed be-
tween the Fe and the W. At 1050K and 1100K, the fully formed in-
termediate phase was observed after 12 h of annealing (see Table 1). In
Fig. 2, cross-sections of two samples annealed at 1050 K for 12 h and at
1100K for 24 h are shown.

To extract lateral thickness distributions of the intermediate phases
from such SEM images, at every horizontal position, the pixels colored
in the intermediate shade of grey were manually marked and then each
column of pixels was summed up vertically. By multiplication of the
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Fig. 3. Width of the intermediate phases vs annealing time at 1050K and
1100 K. The scale of the y-axis is quadratic, so that the fitted square root de-
pendences appear as straight lines.

resulting number of pixels with the pixel height, width profiles along
the cross-sections were obtained. Regions, where obviously bulk in-
terdiffusion was not the dominant process, i.e. where there is a channel
of the intermediate phase going through the W layer, were excluded.
For more details on these processes see Section 4.

The mean values and standard deviations of the resulting profiles
are plotted in Fig. 3 as a function of annealing time for temperatures of
1050 and 1100 K. With increasing temperature and annealing time, the
width of the intermediate phase grows and gets more irregular (Fig. 2).

In Fig. 3, it can be seen that the average width w grows with the
square root of the time. From a fit through the data, we can determine a
growth rate coefficient K, according to w = +/Kt. At 1050K, its value is
(1.0 +01) X 1078™ at 1100K it is (28 # 0.2) x 107",

Upon fitting these data with a square-root time dependence (Fig. 3),
we allowed for a time offset, since we observe no phase formation
within at least the first 6 h. This time delay is attributed to a nucleation
effect.

Further evidence for a nucleation time before the phase formation
sets in, stems from the aforementioned annealing series at 1000 K
which does not show a continuos intermediate phase after 24 and 36 h.
Only after 60 h of annealing at that temperature, a continuous band of
the intermediate phase is observed, with a thickness of
(420 = 160) nm.

The growth of an intermediate phase § at the interface between the
two (initially sharply separated) constituents @ and y of a diffusion
couple can be addressed analytically, [15] yielding the following time
dependence of the thickness of the intermediate phase w:

w = JKt = \J4DF(KF* — KFr)2t.

Here, D? is the diffusion coefficient in the intermediate phase. The
growth rate K is dependent on D? as well as on the dimensionless
proportionality factors K and K?, that are themselves implicitly de-
pendent on the solubility ranges and the diffusion coefficients of the
individual phases. This analytical formula is valid under the assump-
tions of a semi-infinite diffusion couple, a flat interface and in the case
where interdiffusion is controlled by volume diffusion (interface dif-
fusion and phase formation being fast and therefore negligible).
Furthermore, any concentration dependence of the diffusion coefficient
within each phase is assumed to be negligible.

Even though we only have a thin layer of W, the assumption of a
semi-infinite diffusion couple is approximately true as long as there is a
W layer remaining. The assumption of a flat interface, however, does
not hold true, since the interface forms three dimensional structures.

@
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Table 2

The interdiffusion coefficients in the Fe,W phase (right column) along with the
ranges for Dp, and Dy, used for their calculation. D, was taken from available
literature ([91,[10], and [11]), Dy was estimated based on the results from the
RBS analyses described in Section 5.

Protective coating on surface

2 2 2
T Dy, [1071° 7] Dy [10719 7] Dreyw [1071975] W
1050 500 - 1200 0.05-5 13.5 £ 0.5
1100 1000 - 10,000 0.1-10 42 + 7

Nonetheless, we apply Eq. 1 to our data, to get an estimate of the in-
terdiffusion coefficient between Fe and W at larger concentrations of W.
The results of this analysis can be seen in Table 2.

For this analysis, we require the solubility ranges of the pure W and

Fe phases, as well as the solubility range of the intermediate phase it- Fig. 4. Cross-section SEM image of a FIB cut showing a crack in the W layer
self. The solubility ranges of the pure phases, which also influence the with the intermediate phase at the Fe-W interface, within the crack and on top
growth coefficient K, can be taken from the literature and lie in the of the W layer. Image taken on a sample annealed for 24 h at 1100 K. Angle
range of 0 — 1 at.% W in case of the Fe phase and 99.5 — 100 at.% W in between cross-section and view plane include an angle of 38°.

case of the W phase [12]. For the solubility range of the intermediate
phase, we chose to use a range of 28 — 38 at.% W, which is a 5% point
variation around 33 at.% W, the concentration of Fe,W. It will be 70
shown in Section 4 that this is the intermediate phase we observe. The
range of 5% is supported by depth profiles extracted from energy-dis-
persive X-ray emission maps of the FIB cross-sections (data not shown)
as well as by ToF-RBS measurements (see Section 4)

Additionally, we need the interdiffusion coefficients in the original
phases of the diffusion couple, which in our case are the tracer diffusion
coefficients. For the diffusion coefficient within the pure Fe phase Dg,,
literature values are available ([9-11]). The diffusion coefficient within
the pure W phase Dy, we approximate based on the values estimated
from RBS (see Section 5.2). Such a very rough estimation can be ac-
cepted because the diffusion coefficients of the pure phases have a
much smaller influence on K compared to the diffusion coefficient of
the intermediate phase Dp.,w [15].

Concentration [at.%]

4. Stoichiometry of the intermediate phase 300 ]_ 2 3 4 5 6
9 16
For samples annealed at 1000K and above, we observe dis- Fluence [Ar/cm* ] x10
continuations or gaps in the W layer, which are filled by the inter- Fig. 5. Sputter-XPS depth profile of the intermediate phase on a sample heated
mediate phase. Furthermore, the intermediate phase extends towards for 48h at 1100 K. The sum of the sensitivity-weighted signals from the W 4f
the surface of the substrate. This occurs primarily (however not ex- and the Fe 2p line emission is normalized to one and the contributions are
clusively) at grain boundaries of the Fe substrate. This enhanced for- plotted vs the applied Ar-fluence. The dashed lines are drawn to guide the eye

mation of the intermediate phase inside grain boundaries and the and indicate the extrapolation of the concentrations towards the surface.

subsequent spreading of the intermediate phase on the surface could be

explained by grain boundary effects such as grain boundary wetting and of the intermediate phase.
segregation [16]. Though we would like to point out that the tem- Sputter-XPS analysis was performed on the surface of a substrate
peratures at which we anneal our binary Fe/W system are well below annealed for 48 h at 1100K. These annealing conditions lead to a
the melting temperatures of Fe and W, which makes grain boundary complete coverage of the W surface by the intermediate phase. This is
wetting effects, such as reported in e.g. [17] or [18], unlikely. necessary, because XPS has no lateral resolution and averages over the
The phase at the surface has the same shade of grey in SEM-images whole analysis region of approximately 400 um diameter. The depth
as the phase that develops at the Fe-W interface (see Fig. 4). EDX profile determined by sputter-XPS is shown in Fig. 5. Since there are
measurements confirm a homogeneous Fe/W ratio within this phase. impurities such as C and O adsorbed to the surface of the sample, due to
Determination of the stoichiometry of this phase from the EDX exposure to air, and because the sputter-XPS analysis alters the stoi-
measurements requires some rather sophisticated analysis of the data chiometry of our sample through preferential sputtering, we have to
including background subtraction and modeling of the physical pro- extrapolate the depth profile back to the original surface of the sub-
cesses involved in the signal generation (penetration and stopping of strate to determine the stoichiometry present before the onset of Ar
electrons, energy-dependent excitation, etc.). A quantification of the bombardment and before surface oxidation. This extrapolation suggests
stoichiometry has been attempted on images acquired at two different a Fe:W ratio of 2:1, indicating that the intermediate phase formed is
microscopes with analytic software from different companies. The re- Fe,W.
sults for the stoichiometry were in the range from 40 % to 53 % W for Complementarily to this extrapolation from sputter-XPS measure-
one microscope and in the range from 71 % to 80 % W for the other, and ments, the near-surface layer was additionally examined using high-
therefore inconclusive. resolution ToF-RBS. Depth profiles resulting from the analysis of three
We were able to take advantage of this intermediate phase forma- different samples (of which one was also analysed by XPS) that were
tion at the surface by employing very surface sensitive analysis tech- heated for sufficiently long times and at sufficiently high temperatures
niques, namely sputter-XPS and ToF-RBS to determine the composition to ensure that their surface is completely covered with the intermediate
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Fig. 6. Depth profiles extracted from ToF-RBS analyses of the surfaces of three
samples that were annealed for 200 h at 1000 K (blue) and for 36 (red) and 48 h
(cyan) at 1100 K and so that their entire surface is covered by the intermediate
phase. To give a rough estimate of the actual thickness of the Fe,W layer: based
on the density of pure W of 19.29 ﬁ, 1015% is equivalent to 0.158 nm. (For

0

interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

phase, are shown in Fig. 6. At a depth of 2 x 10'®atoms/cm? the W
concentration approaches 100 %, which is consistent with the thickness
of the intermediate phase on top of the underlying W layer as visible in
FIB cross-sections, cf. Fig. 2. The analysis depth is limited to the plotted
region because at larger depths the interpretation of the ToF-RBS signal
is compromised by the increasing influence of multiple scattering. The
measured W concentration in the top 50 nm is 30 - 32 at. %. Taking the
uncertainties of about 10 % of this method into account, this result is
consistent with the assumption of Fe,W. We, therefore, conclude that
the intermediate phase is most likely the metastable phase Fe,W.

5. Analysis using Rutherford backscattering spectrometry

In addition to the analysis of FIB cross-sections described in
Section 3, we also pursued a complementary approach to characterize
the behavior of our Fe-W model system under high temperatures,
namely by means of RBS. This analysis technique features a suitable
information depth and depth resolution for the assessment of elemental
depth profiles in the prepared samples. However, due to the size of the
analysis spot, the resulting profiles are laterally averaged over roughly
1 mm?. Due to the inhomogeneous growth of the intermediate phase,
apparent e.g. in Fig. 2, this lateral averaging is going to yield con-
tinuous depth profiles. Each concentration value corresponds to the
average concentration at a given depth. Because of this lateral aver-
aging, the Fe,W phase we observed with SEM does not appear in the
depth profiles obtained via RBS.

In this section, we use these averaged depth profiles to determine at
which temperatures diffusion effects become relevant. Furthermore,
based on these averaged depth profiles, we estimate ’apparent’ con-
centration dependent diffusion coefficients.

Since these coefficients are only based on laterally averaged data,
which do not resolve the observed phase formation and neglects the
inhomogeneous growth, its physics basis is obviously flawed and the
obtained coefficients cannot fully be depended on. Also, since the
sputter deposited W layer consists likely out of small grains, increased
transport through W/W grain boundaries cannot be ruled out, which
could add a significant contribution to the bulk diffusion. Studying such
possible grain boundary effects and their underlying mechanisms,
however, was beyond the scope of this work.

Nonetheless, these apparent diffusion coefficients allow us to get an
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Fig. 7. Concentration profiles obtained from RBS, from samples heated at
1050 K. The sample that was heated for 51 h had a Fe substrate of inferior
purity.

idea of how the interdiffusion coefficient between Fe and W behaves at
higher concentrations of W, at least in systems where a thin layer of W
is present on top of a Fe substrate, which is relevant for the study of
low-activation steels in future nuclear-fusion power plants. And as-
suming that the W-rich layers on these steels, resulting from pre-
ferential sputtering, also feature small grains, our ’apparent diffusion
coefficients’ would be an accurate representation of the rate at which W
diffuses away from the W enriched layer.

5.1. Depth profiles from RBS analysis

Fig. 7 shows typical W concentration depth profiles obtained from
RBS measurements with the aid of the simulation code SIMNRA.

It should again be noted, that due to the averaging over lateral in-
homogeneities, these profiles are continuous, with concentrations
spanning over all values between 0 and 1 and they do not feature dis-
crete phases. After six h, the profile is already smeared out a little bit,
while in reality the interface is still very sharp, as could be seen in the
FIB cuts. This initial interface width therefore reflects the resolution of
the RBS analysis. Going to longer annealing times, the interface be-
comes more and more smeared out.

As the Fe,W phase forms and grows also on the surface (in addition
to the interface) with longer annealing times, the W concentration does
not reach 100 % anymore at the surface, and even decreases towards
the surface. Upon annealing of a diffusion couple with the inferior
substrate purity (the sample annealed for 51 h) we notice that the
profile is much less smeared out and there is less Fe,W at the surface.
This indicates that impurity concentrations in the per mill range can
have a considerable influence on the interdiffusion rates.

5.2. Apparent interdiffusion coefficients from RBS analysis

To obtain our ’apparent interdiffusion coefficients’, a simple code
was written, that can simulate one-dimensional diffusion-processes
using concentration-dependent interdiffusion coefficients. These finite-
difference simulations were implemented using the stable, second-order
convergent Crank-Nicolson method [19]. This code is then run with
varying diffusion coefficients D(c), to find the concentration depen-
dence for which the difference between the measured and the simulated
depth profiles is minimized. The simulations were benchmarked using
the Boltzmann-Matano method [20]. Due to the low resolution of the
measured data, obtaining the diffusion coefficients directly with the
Boltzmann-Matano method was not possible.
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the points indicated with triagles are from [10] and the points indicated with
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At elevated temperatures, the concentration profiles close to the
surface are dominated by the Fe,W layer, whose development is in-
fluenced by the other processes than bulk diffusion alone. Therefore,
regions of high W concentrations were excluded from the fits for these
temperatures. As a result, it was not possible to estimate diffusion
coefficients for very high W concentration values (see Fig. 8).

Since the diffusion coefficient is not time dependent, the resulting
diffusion coefficients should be the same for different annealing times
at a given temperature. Therefore, for each investigated temperature,
an average over the resulting diffusion coefficients that result from the
different samples annealed for different lengths of time is taken. The
results are shown in Fig. 8. As error estimation, one standard deviation
from this average was used.

We have to stress again that these ’apparent diffusion coefficients’
mostly serve as a means to quantify our observations regarding the
behavior of a thin W layer on a Fe substrate when being exposed to
fusion reactor relevant temperatures. Yet still, these data allow us to get
a general idea of the diffusion rates at intermediate concentrations of
W. As can be seen in Fig. 8, it appears that the diffusion coefficients
quickly decrease by approximately one or two orders of magnitude
towards higher concentrations of W compared to the values at the
tracer limit, which are in general agreement with the existing literature
values. As could be expected, higher temperatures lead to higher dif-
fusion coefficients.

6. Summary and conclusions

In this paper, we studied the interdiffusion and phase formation at
Fe-W interfaces.

SEM images were acquired after annealing, on cross-sections that
were cut into the material surfaces by focused ion beam milling. For
annealing temperatures above 1000 K, the formation of an intermediate
phase was observed. The stoichiometry resulting from XPS and ToF-RBS
measurements is consistent with the known metastable phase Fe,W.
The laterally averaged growth rate K of this phase was found to be
(1.0 + 0.1) X 108" at 1050K, and (2.8 + 0.2) X 10"5" at 1100K.
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From RBS measurements, laterally averaged depth profiles could be
obtained for temperatures between 900 and 1100 K. From these, ’ap-
parent diffusion coefficients’ could be estimated, which suggest that the
diffusion between W and Fe is strongly reduced for concentrations far
beyond the W tracer limit. While the exact values we obtained might be
skewed by grain boundary effects, the general trend is rather clear. This
reduced diffusion would be a favourable behavior for low activation
steels like EUROFER, at the surface of which a W-enriched layer is
expected to form due to preferential sputtering. This would increase the
potential for application of low-activation steels as first-wall materials.
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