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ABSTRACT

The modification of sputter-deposited films from EUROFER97 on tungsten during and after annealing were investigated in-situ and ex-situ. The annealing resulted in
a densification of the film, formation of large grains, segregation of W at the surface, and the formation of Fe-W compounds at the interfacial region. Similar
structural modifications were observed also for a film annealed on a MgO substrate, with an exception to the change in composition (no increase of W concentration).
Results indicate that the substrate significantly affects thermally induced modifications of re-deposited EUROFER97.

Introduction

EUROFER97, a reduced activation ferritic-martensitic (RAFM) steel,
was designed to be used for first wall and breeding blanket structural
material in a future nuclear fusion reactor. In a demonstration power
plant (DEMO), tungsten-coated EUROFER97 is intended to be used for
plasma-facing components (PFC) [1]. Due to technical and economic
advantages, uncoated RAFM steel is also considered for PFC in recessed
areas of the reactor first-wall [2]. The plasma impact will result in the
alteration of wall components by material migration processes
comprising erosion and re-deposition accompanied by co-deposition of
species eroded from the wall together with fuel atoms [3]. In this
context, several studies have been conducted to determine the modifi-
cations of EUROFER97 by processes that will take place under the
exposure to plasma: material migration, heat loads, and neutron and ion
irradiation [4-8]. Experimental works are carried out to facilitate pre-
dictions of properties, especially potential deviation from the bulk
counterpart. Recent studies of material properties and deuterium
retention in sputter-deposited thin films from EUROFER97 [9] have
shown similarities in the composition of the sputtered films and the bulk
material. Despite that fact, the films presented lower density, signifi-
cantly differences in microstructure (columnar structure and smaller
crystallites) and higher hardness in comparison to the bulk. In real
fusion devices re-deposited material will accumulate on different parts
of the wall and, will be continuously subjected to modifications.
Therefore, studies of re-deposited material and its behavior on different
surfaces and under different environmental conditions will improve
insight into the surface morphology of PFC in future reactors.

The aim of this work was to determine the changes induced in
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sputtered films from EUROFER97 by thermal annealing on different
substrates. Special focus was given to tungsten (W) as substrate, since
this is the main candidate for PFC due to its high melting temperature
and low sputtering yield [10]. To investigate possible effects of the
substrate impact on the film properties, in a series of comparative ex-
periments a magnesium oxide (MgO) substrate was used. The modifi-
cations during annealing of the deposited film on W were monitored in-
situ by ion beam analysis and ex-situ after the annealing by a combi-
nation of different techniques to evaluate the composition and
microstructure.

Materials and methods

The entire experimental programme was accomplished at the
Uppsala University: film production by sputtering, annealing of deposits
and ion beam analysis at the Tandem Laboratory [11], while microscopy
images were obtained at the Myfab Laboratory. Films were deposited in
an argon atmosphere at a pressure of 0.55 Pa using a PREVAC magne-
tron sputtering system equipped with two MS2 63C1 Magnetron sources
suitable for targets with 50.8 mm (2 in.) diameter and 1-6 mm thick-
ness. A 1 mm thick target was cut from a EUROFER97-3 (ID 46) block.
The composition of the films was previously determined by a set of
complementary ion beam analysis (IBA), that resulted in atomic
composition of 11% Cr, 88.7% Fe, and 0.3% W, being in good agreement
with the nominal composition of the main components of EUROFER97
bulk: 9.5% Cr, 88.9% Fe, and 0.33% W [9]. Sputtered films were
deposited with no intentional heating of the substrate for 160 min on W
foil (99.9% nominal purity) initially cleaned in isopropanol, and on
magnesium oxide (MgO (100) with R, < 0.5 nm) to investigate the
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Fig. 1. EBS spectra employing 3.037 MeV He " primary ions and recorded in-
situ for a sputter-deposited film from EUROFER97 on W during the indicated
stages of the thermal annealing to 900 °C. The arrow indicates the interfacial
region between film and substrate.

influence of the substrate. The resulted samples are named EURO-
FER97/W, and EUROFER97/MgO in this work, for simplification. MgO
was chose as substrate for comparison to W due to its high thermal
stability and chemical inertness. This way, undesired reactions between
film and substrate are avoided [12]. More details of the deposition
process and characterization of the films before annealing can be found
in [9].

The annealing was performed in the SIGMA (Set-up for In-situ
Growth, Material modification and Analysis) apparatus described in
detail in [13]. This set-up allows for annealing with an e’-beam heating
system under ultra-high vacuum (UHV) conditions and, further in-situ
investigations with various IBA using a 5-MV NEC-5SDH-2 tandem
accelerator (more details in [11]). Elastic and Rutherford Backscattering
Spectrometry (EBS and RBS, respectively), Particle-Induced X-Ray
Emission (PIXE), and Elastic Recoil Detection Analysis (ERDA) [4,14,15]
were applied. The composition of the sample on W was monitored in-
situ during annealing by EBS and PIXE simultaneously using a He"
primary beam at 3.037 MeV. In EBS, a 30 incident angle with respect to
the surface normal, with the detector placed at a scattering angle of 170°
(solid angle of 2.08 x 1073 sr, covered with a foil of ~139 nm Au and 44
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nm C) and employing the narrow (=10 keV) elastic resonance of 160
(0(,0:0)160 at 3.037 MeV [16] was used. The base pressure was ~ 108
mbar before/after the annealing and ~ 107 mbar during the annealing.
The temperature was monitored using a pyrometer Optris CT 3 M
positioned outside the chamber and focused in the center of the sample
by a set of lasers. The heating rate was approximately 0.5 °C/s until the
final temperature was reached. The direct heat from the e-beam was
applied on an area of 4 mm in diameter in the center of the sample,
resulting in a temperature gradient outside this area that was used later
to study the modifications induced by annealing at lower temperatures.
The final temperature (900 °C) in the center was determined by aver-
aging the temperature from the pyrometer with the one obtained by
comparison to standard forging colors [an example can be observed in
ref. [17], page 22], while the temperatures outside this area were
assessed only by comparison to the standard forging colors. This
approach allows to access the temperature of the sample in all regions
independently of the pyrometer measurement. The annealing at 900 °C
was carried out for around 1 h followed by a cool-down with a rate of
approximately —2°C/s. The area of the sample that was not directly
exposed to the e-beam heating, and therefore was at a lower tempera-
ture (650 °C), was later analyzed separately. A similar procedure with a
final temperature variation within 30 °C was repeated for the EURO-
FER97/MgO sample. After annealing, the films were also analyzed ex-
situ in a different IBA set-up. RBS and PIXE with a beam of 2 MeV
He" primary ions were performed simultaneously using a passivated
implanted planar silicon (PIPS) detector (scattering angle of 170), and a
silicon drift detector (SDD), respectively. The fits to RBS spectra were
performed using the SIMNRA code [18]. Time-of-flight elastic recoil
detection analysis (ToF-ERDA) was also carried out ex-situ with a pri-
mary beam of 36 MeV 12718+ (details are described elsewhere [19]). Data
evaluation and depth profiles were obtained employing the CONTES
code [20].

For the characterization of the morphology and the crystal structure
of the sample, electron microscopy techniques, including scanning
electron microscopy (SEM) for analysis of the surface, scanning trans-
mission electron microscopy (STEM) for analysis of the cross-section of
the sample were employed. X-ray diffraction (XRD) was conducted for
analysis of the crystal structure. Both SEM and STEM were accompanied
with suitable Energy-dispersive X-ray Spectroscopy (EDX) for additional
characterization of the film composition. For the EDX-SEM, a high-
resolution Zeiss Crossbeam 550 SEM/FIB system was used, together
with an Oxford Instruments AZtec EDS detector. This same system was
also later used for preparing the cross-sectioned ultra-thin lamellae for
the STEM analysis. A finely focused gallium ion beams was directed to

5000 . :
Not annealed MgO substrate
900°C 15
4000 A ; T
W Region
3000 101 1
2000 A .
1000 , ' ' \"" .
1600 1700 1800 1900
Fe+Cr
~ W
500 1000 1500 2000

Energy (keV)

Fig. 2. RBS spectra, using 2 MeV He" primary ions, from sputter-deposited films for EUROFER97 on W (left) and MgO (right) as-deposited and after annealing.
Insets: magnification of the region corresponding to scattering from W from the film. Arrow indicate the surface peak of W from the film. Normalization was

performed using the signal from Fe + Cr target located close to the surface.
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Fig. 3. Composition depth profiles for a deposited film from EUROFER97 on
MgO (not annealed) and W (annealed) obtained using ToF-ERDA. The average
atomic contents presented as inset are obtained in the depth interval from 1000
to 1500 x 10'® atoms/cm?.

sculpt the lamellae out of the sample, which was then transferred from
the sample to a TEM copper grid. The subsequent TEM was done with a
FEI Titan Themis 200 STEM system equipped with a SuperX EDS in-
strument. The TEM was operated at an acceleration voltage of 200 kV.

3
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XRD was performed using a PANalytical Empyrean apparatus with Cu-
Ko radiation. The incident angle was 10 to increase surface sensitivity
and scans were carried out in steps of 0.02 (1 s per step) for 20 ranging
from 40 to 80.

Results and discussion

The EBS spectra obtained in-situ before and during the annealing,
and then during cool-down and after cooling-down for the film on a W
substrate is presented in Fig. 1. The energy indicated as “W surface” is
obtained from the kinematic factor and the energy loss of backscattered
particles in the foil in front of the detector. Energies lower than that
correspond to W deeper in the sample. No clear evidences of W surface
enrichment were observed in the sample due to the high temperature
used in accordance with earlier observations [6,7]. On the other hand,
an overall increase in the W concentration in the film within probing
depth (around 350 nm considering the energy from which on the W
signal from the film overlaps with the much stronger Fe signal) is
observed. This increase starts during the annealing rump-up (from 0.3 to
0.4 at. % of W), and stabilizes during annealing at 0.6 at. %. This value
remains later unchanged during and after cooling-down. In addition, a
continuous increase in roughness can also be observed during annealing,
reaching its maximum and stabilizing during the cool-down (from
SIMNRA simulations, full width at half maximum of thickness distri-
bution in the film is increased from 400 (before annealing) to 880 x 10
atoms/cm?> (after cool-down)). A similar W enrichment was previously
observed in the case of bulk EUROFER97 and it was attributed to the
cooling of a sample annealed up to 1280 °C [6]. Phase transitions and

UROFER97/W (not annealed) E f.@i“.
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Fig. 5. SEM images (left column) and EDX elemental maps for Fe (center) and W (right) of sputter-deposited films from EUROFER97 on W (a) and MgO (b) substrates

after annealing at 900 °C.
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Fig. 6. TEM micrographs of cross sections of sputter-deposited films for EUROFER97 on W and MgO for pristine films and after annealing. The reduction of the film

thickness from a) to b) indicate the densification of the film after annealing.

morphological changes due to the rapid cooling down were already
observed in EUROFER97 bulk [21], and such modifications might be
accompanied by a change of composition. In our case, we observed in-
situ that both the increase of W concentration as well as morpholog-
ical changes (increase in roughness) were already taking place during
annealing, and not during/after cooling-down.

Ex-situ measurements were performed after annealing by RBS to
compare the non-annealed samples (Fig. 2) to the annealed ones on the
two different substrates. For the film deposited on tungsten, a surface
enrichment with W can be observed for the region that was exposed to
lower temperatures (650 °C), corresponding to an areal density of 0.54
x 10'° W atoms/cm?. It agrees with previous findings in EUROFER97
bulk and Fe-W films around similar temperatures [6,7,22]. The increase
of roughness after annealing is observed on both substrates, as indicated
by the broadening of spectral features around the film/substrate inter-
facial region (energy range from 250 to 300 keV). In the case of the film
annealed on a MgO substrate, no indications for a redistribution of W is
observed within the accessible probing depth of the analysis (around
250 nm for this energy and geometry). These data confirm that the W as
a substrate plays a significant role in the increase of W concentration in
the film observed during annealing.

ToF-ERDA was performed to examine possible modifications in the
composition and distribution of the light constituents in the film after
the annealing. It was observed that films on W substrates before
annealing are highly predisposed to delamination when subjected to the
high energy iodine beam. A similar behavior was also observed for
control films deposited on C substrates, while films on MgO and Si
substrates were highly stable against higher currents and beams of en-
ergetic heavy ions. This higher stability is attributed to the higher sur-
face energies of these substrates. Therefore, to avoid possible
delamination, the annealed EUROFER97/W samples were measured
with low current (6 nA) beam in comparison to a film deposited on a
MgO substrate not annealed. From the depth profiles (Fig. 3), it is
possible to observe that the annealing did neither directly nor indirectly
led to the oxidation process by e.g. making the surface more receptive
for oxygen (no increase of oxygen at. % in the surface region or in the
bulk). In fact, the sample annealed at the highest temperature presents
the lowest amount of oxygen both in the surface and in the bulk, indi-
cating that the films were highly stable against oxidation. It is worth
mentioning that loss of surface oxygen during annealing was observed
for EUROFER97 bulk [6].

A comparison between surface morphology of the films deposited on
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Fig 7. Cross-sectional STEM micrographs (left column), STEM-EDX elemental maps for sputter-deposited films from EUROFER97 on W and MgO not annealed

and annealed.

W with and without annealing is possible from the SEM images pre-
sented in Fig. 4. The sample without annealing shows a surface
morphology in agreement with a columnar microstructure [9]. After
annealing at around 650 °C, a slight change in the surface morphology is
noted by a reduction in roughness. After annealing at a higher

temperature, significant modifications are evidenced by the formation
of large crystal domains with width ranging from 300 to 3800 nm and
well-defined boundaries.

The elemental mapping of the surfaces obtained by EDX is presented
in Fig. 5 for films after annealing on both W and MgO substrates. The
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formation of W precipitates in irregular shapes with width ranging from
around 300 to 1300 nm is clearly observed for the surface of the film
annealed on W substrate. These agglomerations with high W-concen-
tration are in accordance with the increase in the concentration of W
observed by RBS, considering that in the simulation of RBS spectra a
homogeneous lateral distribution within the area of the beam spot
(around 2 mm in diameter) is assumed. The presence of W enriched
regions was confirmed by SEM to be homogeneously distributed in a
larger area (86 x 114 um) of the EUROFER97/W surface annealed at
higher temperatures. EDX elemental maps also indicate a slight increase
of carbon in the regions corresponding to the W enrichment, indicating
the possible formation of carbides at the surface. A formation of large
crystals is also observed in the film annealed on MgO (Fig. 5) but it is
accompanied by a homogeneous distribution of W and Fe being also in
agreement with the RBS spectra.

STEM cross-sections presented in Fig. 6 allow to evaluate modifica-
tions in film density, microstructure and surface/interfacial roughness
after the annealing. The film on W substrate without annealing presents
a thickness of 1160 nm and a columnar structure. A film density of 7.17
g/cm? is obtained using the areal density from RBS, that corresponds to
91% of the nominal density of the bulk. After annealing at 650 °C on W
substrate, a densification of the film to 95% of the bulk density and the
formation of large grains is observed. For the annealing at higher tem-
peratures, large well-defined crystallites with well-defined boundaries
are formed from the surface to the interface of the film for both W and
MgO substrates. While the EUROFER97/MgO interfacial region after
annealing presents a smooth interface, irregular agglomerations are
observed within the EUROFER97/W interfacial region. Similar struc-
tures were observed along the entire interfacial region of the prepared
lamella presented in Fig. 6¢c. XRD was also performed to evaluate
possible modifications in the unit cell, stress in the structure, and po-
tential phase changes. The lattice parameter was calculated using the
(110) o-Fe peaks from the bec polycrystalline structure without (2.873
+ 0.004 [o\) and after annealing (2.874 + 0.006 f\) for films on MgO. The
absence of significant differences indicates that the crystal structure was
not significantly affected by the annealing (i.e., no stress was introduced
in the structure nor retained austenite after cooling), despite the sig-
nificant differences in the microstructure observed by STEM.

The composition of the annealed and non-annealed films on different
substrates analyzed by STEM images and EDX elemental maps are pre-
sented in Fig. 7. While quantitative analyses using EDX might present
deviations in comparison to other methods such as IBA techniques,
specially for low-Z species (see discussion in [23]), this technique is very
helpful to access the elemental homogeneity and to estimate the stoi-
chiometry of structures in the cross-sections of the prepared lamellas.
While the film on W without annealing presents a homogeneous distri-
bution of Fe and a well-defined interface with the W substrate in the
analyzed region, it is possible to observe the presence of grains enriched
in Cr and W in the region of the sample annealed at 650 °C. According to
EDX, the composition of the grain is in average 47 at. % of Fe, 49 at. % of
Cr, and 3 at. % of W balanced with V and S; while bulk values are 90 at.
% of Fe, 8 at. % of Cr, and 1 at. % of W, also balanced with V and S. It is
worth mentioning that precipitates enriched in C, V, Cr, and W are
typically observed in EUROFER97 bulk structures formed due to
manufacturing processes [4,24-26]. For the sample region annealed at a
higher temperature, an interdiffusion between Fe from the film and W
from the substrate is observed, given rise to Fe-W compounds in the
interfacial region. From the quantitative EDX analysis, the composition
of the Fe-W structure observed in the EUROFER97/W interfacial region
is 61 at.% of Fe, and 29 at.% of W, corresponding approximately to
FeoW. The interdiffusion of W and Fe and a formation of Fe-W phases
agrees with Reisner et. al [27], that also observed the formation of FeoW
at the interface between sputter-deposited W films on Fe after annealing
at high temperatures (777-827 °C) for 12 to 48 h, while no Fe-W phase
was observed for annealing at 627 °C. The increase of the total amount
of W in the EUROFER97 film during annealing observed by IBA and
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formation of Fe-W compounds at the interfacial region is only possible
given the presence of a W source from the W substrate.

Summary and conclusion

The composition and morphology of sputter-deposited films from
EUROFER97 during and after annealing on different substrates (W and
MgO) was investigated in-situ. The annealing resulted in significant
transition of the film microstructure: from columnar to large grains
formation. While no changes in the composition was observed for the
annealed film on MgO, the EUROFER97/W structure resulted in segre-
gation of W at the surface and the formation of Fe-W compounds at the
interfacial region. The results indicate a significant impact of the W
substrate during the annealing on the composition and microstructure of
the film deposited by sputtering of EUROFER97. These presence of
tungsten-rich regions at the surface of the film and the formation of Fe-W
compounds at the interfacial region was only observed on the film
annealed on a W substrate. Re-deposited EUROFER97 on W surfaces is
likely to be formed at different locations in a reactor operated with W/
EUROFER97 and uncoated EUROFER97 wall structures. Deposit modi-
fications observed after thermal annealing are expected to be crucial for
predicting consecutive erosion processes and dust formation during the
reactor operation. The present work investigates the effects of annealing
on EUROFER97/W layered systems in vacuum. Our results highlight the
importance to investigate different combinations of structures that are
likely to be formed in a reactor as well as their behavior under relevant
conditions in the proximity of fusion plasmas. As the presence of
hydrogen isotopes and/or contaminants such as oxygen, water vapor, or
boron from wall conditioning could play a significant role in modifica-
tions of such structures, future studies investigating the behavior of
similar systems in more complex environments are desirable.
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