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Erbium oxide (erbia/Er,03) is one of the leading candidate coating types to address the issues of tri-
tium permeation reduction and Magnetohydrodynamic (MHD) drag reduction in fusion reactor with liq-
uid Lead-Lithium (Pb-Li) or molten salt Flibe (2LiF + BeF,) as the coolant and breeder materials. The
electrical resistivity, hydrogen/deuterium permeation reduction property, liquid metal corrosion, radia-
tion effects and deposition techniques are major areas of research on erbia coating. Though it is having a
single stable phase of cubic structure up to 2300 °C, it is known to develop metastable monoclinic phase
Erbium oxide especially in sputter coating methods. We grow erbia by reactive magnetron sputter coating method and
Sputter coating study the phase formation, electrical, microstructural and optical dielectric properties. The effects of er-
AFM bium metal pre-layer deposition, post annealing in oxygen rich vacuum and oxygen to argon gas feed
Ellipsometry ratio are studied keeping other parameters constant.

Monoclinic The film grows in mixed phase of cubic and monoclinic structures when erbium metal pre-layer is
deposited on the P91 steel substrate and in pure monoclinic phase in absence of the pre-layer. Post an-
nealing seems to partially convert monoclinic into cubic phase in the mixed phase coating. Better crystal-
lization and slightly more surface roughness is observed in the sample processed with higher oxygen to
argon ratio. DC resistivity is found in 10" Q*cm range and it is marginally more in the sample processed
with more oxygen. The spectroscopic ellipsometry on these films to obtain optical dielectric properties
gives encouraging results in terms of close match of the thickness and roughness values with those ob-
tained from SEM and AFM respectively. Systematic study of optical dielectric property suggests a trend
consistent with DC resistivity.

Keywords:

© 2016 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/).

1. Introduction

Tritium containment is extremely important in fusion fuel cy-
cle due to the human and structural material safety issues and ac-
countability of bred tritium, which is invaluable fuel and needs
to be extracted in the most effective way. This is challenging
in a blanket systems with Pb-Li eutectic and molten salt Flibe
(2LiF + BeF2) breeder based designs, which is supposed to have
high concentration of tritium [1]. Another issue is that of Magne-
tohydrodynamic (MHD) drag induced pressure drop in liquid metal
flow across heavy magnetic fields [2,3]. To address these two issues
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of MHD drag and tritium confinement, a suitable ceramic coating
on the inner surface of the volume is suggested [4].

AN, Al,03, Er,03, Y503, etc., are being actively explored by the
fusion materials research community world over for this purpose
[5]. For Er,03 coatings, substrate oxidation is one of the impor-
tant factor ascribed for coating instability [6,7]. Er,03 coating is
deposited by various methods such as filtered vacuum arc [8], RF
magnetron sputtering [9], reactive magnetron sputtering [10] metal
organic decomposition [11,12] etc. Its electrical resistivity, perme-
ation reduction factor (PRF) for hydrogen and deuterium and com-
patibility with liquid lithium and Pb-Li are the issues at the focus
of the researchers. The resistivity is reported in the range of 107-
10 Q*cm for measuring temperature of 800 °C to room tempera-
ture, respectively [6,13]. The PRF with erbia coating is also reported
to be more than 1000, which is better than the required value [14].
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Table 1
Samples details with variation in process parameters.
0,/Ar feed Sample-1 Sample-2 Sample-3 Sample-4
ratio
0.25 Er pre-layer, 2 h deposition @ Er pre-layer, 2 h deposition+1h No Er pre-layer, 2 h deposition+1h
500°C annealing @ 500 °C annealing @ 600 °C
0.40 Er pre-layer, 2 h deposition+1h

annealing @ 500 °C

In this study, we deposit Er,0O3; coating on P91 grade steel,
which is very close to Reduced Activation Ferritic Martensitic
Steel (RAFMS), the structural material for the blanket, in terms
of structure, microstructure and composition. The crystal struc-
ture phases, electrical resistivity, surface topology, cross-sectional
imaging and optical dielectric properties are studied using X-ray
Diffraction (XRD), Electrometer, Atomic Force Microscopy (AFM),
Scanning Electron Microscopy (SEM) and Spectroscopic Ellipsom-
etry and compared among the films deposited at varying process-
ing conditions. Especially, the effects of oxygen supply and metallic
pre-layer are studied.

2. Experimental

Reactive magnetron sputter coating of erbia on P91 grade
stainless steel substrates were carried out using a 3” planar
magnetron system developed in house. The P91 steel substrates
of 25x25x5mm size were mirror polished and ultrasonically
cleaned in acetone before loading into the deposition chamber. In
order to ensure a clean interface, the substrates were in-situ sput-
ter cleaned prior to deposition. Substrates were kept at alleviated
process temperatures (500/600 °C) during the sputter cleaning, de-
position and post annealing in oxygen rich vacuum. The deposition
was carried out for 2 hours. First 90 seconds, erbium pre-layer was
coated by allowing the sputtering of erbium target with pure ar-
gon plasma. Subsequently, oxygen was introduced and reactive ox-
ide coating was allowed for the rest of the time. The process was
stable, consistent and reproducible with 1.0 x 10-2 mbar pressure,
cathode power of 200W and target substrate distance of about
12 cm. The process was systematically repeated to make 4 samples
as listed in Table 1.

The coatings were analysed using powder mode XRD (Seifert
make XRD3000PTS) with Cu K« source, DC Electrical resistivity
(Keithley make Electrometer 6517B), contact mode AFM (NT-MDT,
NTEGRA), SEM at 50,000x magnification (LEO440i) and Spectro-
scopic Ellipsometry in 400-1100 nm range (J. A. Woollam Co).

3. Results and discussion

Having established consistency and reproducibility of the depo-
sition experiments, we obtain highly smooth and stable coatings
on P91 steel substrate, which is a close chemical analogue to In-
dian RAFMS, proposed to be the blanket structural material. The
coatings were purple or pinkish in colour indicating the character-
istic of erbia. Based on our earlier experience [10], we narrowed
down to deposit on only two variants of O,/Ar ratios, namely 0.25
and 0.4 with objective of studying growth of stable cubic phase
coating at around 500°C temperature. Another variation in the
process that we report here is introduction of metallic erbium pre-
layer, which may improve the stability by bridging the thermal and
elastic mismatch between oxide and metallic substrate [15,16] in
addition to preventing the substrate oxidation, which is a criti-
cal issue for the stability of coating [6,7]. We study the films de-
posited at 500°C and 0.25 O,/Ar ratio for the effects of post an-
nealing in oxygen rich vacuum and then compare them with that
deposited at 0.40 ratio. The powder mode XRD patterns of samples
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Fig. 1. XRD patterns of sample-1, 2 and 3 with constant relative vertical offset.

1-3 are shown in Fig. 1 with vertical offset for clarity. The patterns
clearly show that the films are consisting of cubic as well as mon-
oclinic phases. The phase identification is performed by comparing
the observed patterns with JCPDS standard pattern of cubic phase
[17] and simulated pattern of monoclinic phase [10]. Cubic phase
of erbium oxide is thermally stable up to 2300 °C whereas mon-
oclinic is a metastable phase that can form under high pressure.
Sputter coated films are inherently residually stressed and this
may stimulate formation of monoclinic phase as reported earlier
[10]. Though there are strong overlaps among the peaks of cubic
and monoclinic phases, fortunately there is one unique peak from
each phase. The peak at ~20.60° is a clean (21 1) peak of cubic
phase and one at 26.75° is of monoclinic phase. Moreover, (22 2)
cubic peak at 29.27° and partially overlapping bunch of mono-
clinic peaks extending up to 30.53° also show significant evidence
to help us distinguish the two phases. Close observation reveals
that sample-1 consists of dominantly monoclinic phase, whereas
contribution from cubic phase dominates in sample-2. This sug-
gests that post annealing for 1h is significantly transforming the
metastable phase into cubic phase, but not completely. However,
post annealing on sample-3 processed with higher oxygen avail-
ability is relatively less effective in increasing the cubic phase con-
tent any more. The clean monoclinic peak of sample-1 (26.26°) is
shifted to lower angle as compared to positions of simulated room
temperature monoclinic phase (26.75°) and the shift gets system-
atically reduced for sample-2 (26.54°) and sample-3 (26.68°) indi-
cating that post annealing and higher oxygen availability reduces
the compressive residual stress in this phase. On the other hand,
cubic (222) peak at ~29° is nearly unchanged and is slightly at
lower angle as compared to the normal position (29.27°), indicat-
ing that the cubic phase is also under compressive stress and it is
not changing significantly with this variations of process.
Furthermore, we analyse the surface topology and microstruc-
ture using atomic force microscopy on sample-2 and sample-3 to
study the effect of higher oxygen availability at 500°C process-
ing temperature. Fig. 2 shows the AFM images of the two sam-
ples on 3 x3 um area. Relative study indicates that more oxygen
in sample-3 processing leads to larger crystallites of upto about
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