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Laser Raman spectroscopy and X-ray photoelectron spectroscopy were used to study the evolution of
composition of oxide films in the presence of zirconia coatings on miniature HT-9 alloy specimens sub-
jected to elevated temperature in air. The experiments expanded on previous efforts to develop a quick-
screening technique for candidate alloys for cladding materials (HT-9) and actinide-based mixed oxide
fuel mixtures (represented by the zirconia coating) by investigating the effect of both coating composi-

PACS: tion and annealing conditions on the high temperature reactions. In particular, the presence of the ele-
Z}:gg:g? ment Ga (a potential impurity in mixed oxide fuel) in the initial zirconia coating was found to
81.65.Kn accelerate the rate of oxide growth relative to that of yttria-stabilized zirconia studied previously. In
81.65.Mq addition, HT-9 samples that were subjected to different annealing conditions gave different results.
81.65.Rv The results suggest that the presence of Ga in a mixed oxide fuel will enhance the oxidation of HT-9 clad-
82.80.Gk ding under the conditions of this study, although the extent of enhancement is influenced by the type of
82.80.Pv annealing previously applied to the cladding material. Due to the multi-component layered structure of

the oxidation products discovered in this fuel-cladding combination, it appears unlikely that Raman spec-
troscopy would be applicable as a stand-alone technique for the intended quick-screening approach to all
but the simplest systems. Other techniques with better depth resolution, such as photoelectron spectros-
copy, are required to follow the changes in composition of individual layers as they evolve during the oxi-

dation process.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

As discussed in our previous paper [1], a knowledge of the
chemical interactions of oxide fuel with the cladding material is
critical to planning an efficient path forward in the development
of both improved mixed oxide (MOX) fuel and cladding composi-
tions for the advanced recycle reactors (ARR). This work continues
our efforts to develop an approach for relatively rapid screening of
new materials, based primarily on laser Raman spectroscopy (LRS).
As envisioned, LRS would be applied as a stand-alone technique to
study reaction kinetics in real time at elevated temperature using a
spectroscopy hot stage. However, in this early stage of develop-
ment, the technique was applied to samples first held at elevated
temperature and then quenched for subsequent ex situ analysis.
The analysis was also supported by X-ray photoelectron spectros-
copy (XPS), which is critical to determining composition informa-
tion as a function of depth. It was hoped that a more
comprehensive database of combined LRS-XPS would lead to a suf-
ficiently unambiguous relationship between data from the two
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techniques (and an accompanying understanding of the depth/
composition relationship of components) that LRS could be used
independently for the rapid screening of materials.

Similar to our previous work, miniature 3-mm diameter disks of
HT-9 coated with surrogate zirconia were used to simulate clad-
ding in contact with an oxide fuel. The zirconia coatings used in
the present work, however, were doped with Ga, a known impurity
in MOX fuel [2-7]. Residual Ga in MOX at approximately 1% by
weight is of great concern due to issues of liquid metal embrittle-
ment with cladding [8-12] and with regard to fuel performance
[2-7]. Oxidation may not be as severe with ferritic steel cladding
compared to zirconium alloy cladding as proposed for some ARR
systems, but the fuel performance issue still holds. Our interest
was in determining the influence of the Ga within the zirconia
coating on the oxidation properties of the HT-9 at elevated temper-
atures. Two sets of HT-9 samples were tested, distinguished by dif-
ferent annealing temperatures used during fabrication. Subsequent
heat treatments were then applied in “accelerated test” under con-
ditions similar to those determined previously [1] to produce a suf-
ficient amount of oxidation products to give Raman spectra with
adequate signal-to-noise. Both LRS and XPS were applied to these
samples.
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2. Experimental procedure

Miniature, 3-mm diameter, HT-9 samples were “punched” from
a 0.2-mm thick sheet of material obtained from a lot of FFTF Core
Demonstration heat that had been rolled into 0.25-mm thick strips
and annealed in Ti-gettered evacuated quartz ampoules under two
sets of conditions followed by air cooling. The bulk composition of
the HT-9 samples as reported by the manufacturer is given in Ta-
ble 1 and the annealing conditions are provided in Table 2. The lat-
ter were chosen to produce a tempered martensite structure [13],
verified in our samples for both annealing conditions by using opti-
cal metallography (Fig. 1). Tensile data obtained on miniature ten-
sile specimens [14] (5-mm gage length, 1.2 mm x 0.25 mm gage
cross-section) indicated substantial softening following the 86.4-
ks temper at 1023 K compared to 3.6 ks at 923 K (Fig. 2). Prior to
applying coatings or obtaining any spectra, the miniature samples
were ground with 600-grit SiC, polished to a 1-micron diamond
finish, rinsed with water, and then ultrasonically cleaned in
acetone.

Some samples were tested without any coating. Others were
first coated with a thin film of Ga-doped zirconium oxide
(GZO) containing approximately 5 at.% Ga deposited by DC reac-
tive magnetron sputtering using conditions reported previously
[1] with a starting target material comprised of a Zr/Ga (wt.% ra-
tio=90/10) alloy. Both uncoated and coated samples were
heated at 923 K for various times up to 28.8 ks using an open-

Table 1

HT-9 composition.

Material Cr C Si Mn W \% Mo Ni Fe
HT-9 11.8 021 029 053 052 033 1.06 06 Balance

Table 2
HT-9 annealing conditions.

Sample name Annealing conditions®

HT9-229-1 1323 K for 600 s followed by
923 K for 3.6 ks
HT9-229-3 1323 K for 600 s followed by

1023 K for 86.4 ks

2 Both samples were annealed in Ti-gettered evacuated quartz ampoules fol-
lowed by air cooling.
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Fig. 2. Engineering stress-strain curves at ambient temperature from miniature
tensile tests of tempered martensitic steel (HT-9).

air electric furnace, then cooled to room temperature and ana-
lyzed with LRS and XPS. This heating step, hereafter referred
to as the “heat treatment” to distinguish it from the annealing
process, is the accelerated test that is the primary focus of this
work. The conditions for this test were chosen because they pre-
viously were shown [1] to give sufficient amount of oxidation
products so they could be identified with LRS. Spectral acquisi-
tion parameters for both techniques were also the same as re-
ported in our previous paper [1]. In particular, Raman spectra
were acquired in the backscatter configuration using a Spex (Edi-
son, NJ) Model 1877 spectrometer equipped with a Princeton
Instruments (Trenton, NJ) liquid nitrogen cooled charge-coupled
detector (LN/CCD) and the 488.0-nm line of a Coherent (Santa
Clara, CA) Innova 307 Ar* ion laser for excitation. The slit width
was 400 pum and the exposure time was 1000 s for all samples.
The estimated uncertainty of the peak frequencies was+1cm™'.
XPS measurements were performed using a Physical Electronics
(Chanhassen, MN) Quantum 2000 Scanning ESCA Microprobe
equipped with a focused monochromatic Al Ko X-rays
(1486.7 eV) source and a spherical section analyzer. Sample
sputtering was performed using 2 kV Ar" ions rastered over a
2mm x 2 mm area of the specimen at a rate of approximately
0.13nm s~!, based on comparison to a known SiO, reference
material. During a sputter-depth profile study, XPS spectra were
collected after arbitrary sputtering time increments (cycles).
Sputter depth can therefore be expressed in terms of the number
of sputtering cycles or time of sputtering or, by using the SiO,
reference, estimated in geometric units.

Fig. 1. Optical micrographs of polished sections of tempered martensitic structure in HT-9 materials following annealing as indicated in Table 2: (a) 923 K for 3.6 ks and (b)

1023 K for 86.4 ks.
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3. Results and discussion
3.1. Before heat treatment

After polishing but prior to subsequent heat treatment, samples
of HT9-229-1 and HT9-229-3 that were not coated with GZO were
shown to be passivated with thin oxide films. Depth profiling using
XPS gave film thicknesses of approximately 5 nm and 10 nm for
HT9-229-1 and HT9-229-3, respectively, and showed the principal
components of the film were iron oxide near the surface and a
mixed metal oxide containing Fe with increasing concentration
of Cr closer to the metal/metal oxide interface. Unfortunately, the
passive films were too thin to give sufficient scattering for charac-
terization with LRS.

As shown in Fig. 3, the XPS depth profile of a HT9-229-1 sample
that had been coated with GZO showed that the coating was 80-
100 nm thick. The GZO coating on a HT9-229-3 sample was simi-
larly thick. Depth profiling (Fig. 3) also showed that the GZO coat-
ings on both alloys contained ca. 5 at.% Ga and no detectable
amount of Fe prior to heat treatment. Some of the Zr in the GZO
coating was in reduced form (valence <+4) as shown by the pres-
ence of a Zr3ds, peak at approximately 179.7 eV in Fig. 4. The
Zr3ds;, peak for zero-valent Zr is reported at 178.9 eV, compared
to ZrO, (182.2 eV) [15]. The amount of reduced Zr was essentially
constant over the full thickness of the coating (to 90 nm or cycle 13
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Fig. 3. XPS depth profile for GZO-coated HT9-229-1, prior to heat treatment at
923 K in air. Based on comparison to a known SiO, reference material, the sputter

rate was approximately 0.13 nm s~
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Fig. 4. Variation of XPS Zr3ds;, peaks with depth during the first 15 sputtering
cycles for HT9-229-1 sample with GZO coating, prior to heat treatment at 923 K in
air. The sputter depth in nm for each spectrum is indicated.

in Fig. 4). Right at the GZO/metal interface (cycle 14), the Zr was
mainly in the reduced form. Gallium was also found to be reduced
over the same depth as shown by the position of the Ga2ps, peak
in Fig. 5. The Ga2ps); peak in Ga and Ga,O0s is reported at binding
energies of 1116.7 eV and 1117.8 eV [15], respectively. The first
two cycles of sputtering, however, indicated that Ga was oxidized
right at the GZO surface. While data in Figs. 4 and 5 are for HT9-
229-1, exactly the same trends in Zr and Ga were observed in
the spectra of HT9-229-3. Notice also that the depth profile in
Fig. 3 shows a slight deficiency in oxygen relative to stoichiometric
Zr0,, except right at the surface where there is excess oxygen. Gi-
ven that Ga in the film is reduced, the deficiency in oxygen is con-
sistent with the presence of a significant quantity of reduced Zr in
the film. The presence of reduced Zr is also consistent with our pre-
vious findings on HT-9 coated with yttria-stabilized zirconia (YSZ).
The sputter deposition process resulted in a small amount of uni-
formly distributed reduced-valence Zr in all of the zirconia films
studied to date, despite the oxidizing conditions employed in the
deposition process.

3.2. After heat treatment

Raman spectra acquired for HT9-229-1 and HT9-229-3 (both
with and without the GZO coating) after 7.2 ks of heating at
923 Kin air are shown in Figs. 6 and 7. Clearly, the oxide films have
grown in all samples to the point of being easily detected with LRS.
The band at 412 cm™!, which is always accompanied by prominent
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Fig. 5. Variation of XPS Ga2ps,; peaks with depth during the first 15 sputtering
cycles for HT9-229-1 sample with GZO coating, prior to heat treatment at 923 K in
air.
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Fig. 6. Raman spectra of HT9-229-1 with no coating (NC) and coated with GZO
(GZ0), after heating at 923 K in air for 7.2 ks. Spectra are normalized to the peak at
412 cm™! arising from a-Fe,0s.
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Fig. 7. Raman spectra of HT9-229-3 with no coating (NC) and coated with GZO
(GZO0), after heating at 923 K in air for 7.2 ks. Spectra are normalized to the peak at
412 cm! arising from o-Fe,05.
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Fig. 9. XPS depth profile for uncoated HT9-229-3, after heating in air at 923 K for
7.2 ks.
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Fig. 8. XPS depth profile for uncoated HT9-229-1, after heating in air at 923 K for
7.2 ks.

bands at 297 cm™' (not shown in these spectra) and 612 cm™!
(shown), is indicative of a-Fe203 (hematite) [16,17]. The broad
band around 685 cm ™! is attributed to the spinel oxide(s) Fe,CrO,4
and/or FeCr,04 [1,16]. As shown in Figs. 6 and 7, both o-Fe,05 and
an oxide spinel form on HT9-229-1 and HT-229-3 during the 7.2-ks
heating. Unlike our previous work on unpolished samples with and
without YSZ films, no evidence for Cr,03; was found (absence of Ra-
man peak at 549 cm~!). In the case of HT9-229-1, when the spectra
were normalized to the o-Fe,05 band at 412 cm™!, the intensity of
the oxide spinel band was greater when the GZO coating was pres-
ent than without the coating. For HT9-229-3, the behavior was
opposite: the intensity of the oxide spinel band was less when
the GZO coating was present than without the coating. Raman
spectra were also collected on both HT9-229-1 and HT-229-3 after
heating in air at 923 K for up to 28.8 ks and these were found to be
remarkably similar to those in Figs. 6 and 7, following the same
trends with only minor differences in relative intensities.

XPS depth profiling of the HT9-229-1 (Fig. 8) and HT9-229-3
(Fig. 9) samples with no GZO coating after heat treatment for
7.2 ks revealed an oxidation product containing Fe- and Fe + Cr-
rich layers, consistent with the presence of o-Fe,03 and the oxide
spinel identified by LRS. The outer layer, apparently mostly o-
Fe,03, was about 400 nm thick in the case of HT9-229-1 and
60 nm thick for HT9-229-3. The thickness of the inner layer was
comparable to that of the o-Fe,05 in both cases and, given the mix-
ture of Fe and Cr in the XPS as well as the presence of oxide spinel
in the Raman spectra, is mostly a mixed Fe-Cr oxide spinel. The
layered structure and its composition are consistent with other
studies [18] on high temperature oxidation of steels that reported
duplex films with o-Fe,03 on the outside and Cr-containing oxides
closer to the metal/metal oxide interface.
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Fig. 10. XPS depth profile for GZO-coated HT9-229-1, after heating in air at 923 K
for 7.2 ks.
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Fig. 11. XPS depth profile for GZO-coated HT9-229-3, after heating in air at 923 K
for 7.2 ks.

XPS depth profiling of the GZO-coated samples that had been
heat treated (Figs. 10 and 11) showed a slightly refined Zr profile,
with no significant change in thickness of the GZO but noticeably
rounded boundaries, and the formation of significant amount of
oxidation products on top of, and especially under, the GZO
coating.

The presence of a significant amount of Fe is noted in the GZO
coating for both HT9-229-1 (Fig. 10) and HT9-229-3 (Fig. 11) and
also on top of the GZO coating, i.e. in a ca. 50-nm thick layer of, pre-
sumably, a-Fe,03. The oxide under the GZO coating is remarkably
thick and appears to be a duplex-layer composed of a-Fe,03 near



C.F. Windisch et al./Journal of Nuclear Materials 395 (2009) 23-29 27

: Zr3d., peaks
; labeled

Zr3d,,

121

Cycle 15 11822 eV

Intensity (c/s)

190 185 180 175
Binding Energy (eV)

Fig. 12. Variation of XPS Zr3ds, peaks with depth during the first 15 sputtering
cycles for HT9-229-1 sample with GZO coating, after heating in air at 923 K for
7.2 ks.
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Fig. 13. Variation of XPS Fe2p;, peaks with depth during the first 40 sputtering
cycles for HT9-229-1 sample with GZO coating, after heating in air at 923 K for
7.2 ks. The sputter depth per cycle was different between cycle intervals 1-20 and
21-40, although it was maintained nearly the same within each interval. For
reference, the accumulated sputter depth was 199 nm at 20 cycles and 1230 nm at
40 cycles.

the GZO coating and a mixed Fe-Cr oxide spinel underneath. The
thickness of the buried duplex layer is about 455 nm for HT9-
229-1 (130 nm a-Fe,03 + 325 nm spinel oxide), compared to about
1.9 um for HT-220-3 (750 nm o-Fe,05 + 1100 nm spinel oxide).
Also, the depth profiles in Figs. 10 and 11 indicate that Ga has been
lost from the GZO on both alloys, particularly deeper within the
GZO0 coating and especially in the case of HT9-229-3.

As shown in Fig. 12, virtually none of the reduced Zr originally
in the film remains in the lower valence state (peak at 179.7 eV is
absent) after 7.2 ks heating in air and, as shown in the 3-D plots in
Figs. 13 and 14, the Fe that winds up in the GZO coating as a result
of heat treatment is in reduced form (peak at 706.9 eV between cy-
cles 0 and 15). This result, which occurred for both HT9-229-1 and
HT-229-3, is similar to the behavior of the YSZ films (which also
initially contained small amounts of reduced Zr) reported previ-
ously [1] and is explained by the following single replacement
reaction during heating:

4 Fe,CrO4 + Zr — 2Fe + 20-Fe, 03 + 2FeCr,04 + Zr0, (1)

Fe2p,;,
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Fig. 14. Variation of XPS Fe2p;/, peaks with depth during the first 40 sputtering
cycles for HT9-229-3 sample with GZO coating, after heating in air at 923 K for
7.2 ks. The sputter depth per cycle was different between cycle intervals 1-20 and
21-40, although it was maintained nearly the same within each interval. For
reference, the accumulated sputter depth was 367 nm at 20 cycles and 1690 nm at
40 cycles.
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Fig. 15. Variation of XPS Ga2ps, peaks with depth during the first 15 sputtering
cycles for HT9-229-1 sample with GZO coating, after heating in air at 923 K for
7.2 ks.

We believe that the same reaction occurs within the GZO coating in
the present study during heating. The Fe2ps), region in Figs. 13 and
14 illustrates the varying oxidation state of Fe as a function of film
thickness that is consistent with (a) a thin layer of o-Fe,05 right at
the surface (peak at ca. 710.0 eV in the first few cycles), (b) the pres-
ence of reduced Fe within the GZO coating (peak at 706.9 eV up to
cycle 15 as discussed previously), and (c) a thick buried iron-con-
taining oxide layer underneath (peak at ca. 710.0 eV in cycles after
15). The difference in thickness of the buried oxide layer for HT9-
229-1 and HT9-229-3 is also apparent in the figures. As shown in
Fig. 15, the Ga3ps/, region indicates that the loss of Ga in the GZO
coating (see the depth profiles in Figs. 10 and 11) is accompanied
by an increase in oxidation state of the remaining Ga (peak at
1118.3 eV). Similar results for the Ga in the GZO coating were ob-
served for both HT9-229-1 and HT9-229-3, although the Ga3p;,
peaks for HT9-229-3 were weaker because of the smaller amount
of Ga remaining in the coating (Fig. 11).
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3.3. Role of gallium

The above results indicate that Ga, when present in a reduced
valence state, lowers the passivity of coatings on HT-9 significantly
during heating at 923 K compared to YSZ films studied previously
[1]. Moreover, the annealing conditions of the HT-9 prior to coating
appear to be important, with higher annealing temperature and
time (HT9-229-3) enhancing oxidation when the GZO coating
was present.

During heat treatment, a significant portion of the Ga migrated
out of the GZO coating. Given that Ga melts at 303 K, it is possible
that the transport is toward the surface via the liquid phase and
material loss is explained by evaporation. However, it is also pos-
sible that the Ga migrated toward the metal/metal oxide interface
and participated directly in oxidation reactions that explain the
thick buried layer of corrosion products. The buried oxides, which
included both a-Fe,03 and a Fe-Cr oxide spinel, approached or ex-
ceeded a micron in thickness after 7.2 ks and were significantly
thicker in the case of HT9-229-3. Some of the Ga also remained
in the film in an oxidized state, either incorporated in the GZO lat-
tice or as a separate gallium oxide phase.

The migration of Ga toward the metal/metal oxide interface
would be consistent with previous reports on the corrosion of
stainless steels in contact with both liquid gallium [19,20] and gal-
lium oxides [21]. However, what happens once the Ga is trans-
ported to the interface is not certain from this study. Based on
the cited work, the Ga may penetrate the metal along grain bound-
aries and cause intergranular corrosion. This means that the Ga
could serve two roles: lowering the passivity of the film and (sub-
sequent to migration) enhancing intergranular corrosion of the
base metal. The influence of annealing conditions on oxide growth
and composition (generally thicker oxide films were observed with
higher-temperature, longer-time, annealing) might also be partly
explained by the impact of different annealing conditions on the
Cr distribution in the alloy, especially along grain boundaries,
although this is speculation in the absence of higher-resolution
transmission electron microscopic measurements. The bulk con-
centration of the Cr does not appear to be influenced significantly
by the different annealing conditions. The Cr/Fe at.% ratio in the
bulk metal calculated from XPS depth profiles varies between
0.13 to 0.17 for all samples with no apparent correlation with
annealing conditions, coating application, or subsequent heat
treatment.

3.4. Interpretation of Raman spectra

Re-examination of Figs. 6 and 7 in light of the XPS depth profil-
ing data leads to an important consideration concerning the use of
LRS for the screening of cladding and oxide fuel materials in an
accelerated test, which was the primary motivation for this work.
When the spectra were normalized to the 412 cm™! band from
o-Fe,05 for each of the two sets of HT-9 samples, it appears that
more spinel oxide (broad peak at ca. 685 cm™!) forms when HT9-
229-1 is coated with GZO (compared to the uncoated sample)
whereas less spinel forms when HT9-229-3 is coated with GZO
(compared to the uncoated sample). This could lead to the errone-
ous conclusion that the GZO coating is more protective for HT9-
229-3 than for HT9-229-1. As shown in the XPS depth profiles in
Figs. 8-11, HT9-229-1 actually oxidized to a slightly less extent
when the coating was present (compare Figs. 8 and 10), compared
to HT9-229-3 which oxidized by over a magnitude more when the
coating was present (compare Figs. 9 and 11). Moreover, the
amount of oxidation products under the GZO coating was signifi-
cantly greater for HT9-229-3 when the coating was present than
without it, which appears to be directly opposite the behavior sug-
gested by the Raman spectra in Fig. 7.

The reason for the apparent inconsistency between the LRS and
XPS data highlights the challenge of using Raman spectra quantita-
tively when a true reference intensity is unavailable. In our work,
the Raman spectra were normalized with respect to the 412 cm™!
band arising from o-Fe,03. This peak was selected as a reference
peak because it was strong in all of the spectra and relatively nar-
row. It is not a true reference however, because the amount of o-
Fe,03 varied from sample to sample and its distribution as a func-
tion of depth also varied. Both of these characteristics should influ-
ence the intensities of the a-Fe,03 peaks and their contribution was
not distinguished by LRS. Rather, XPS was used to discern them. The
alternative approach of not scaling the Raman intensities at all is
also fraught with difficulty since the absolute intensities of all peaks
in a spectrum are subject to variations in sample position when a
series of samples are studied, as they were in this study. One cannot
quantify, for example, the relative amount of spinel oxide from
sample to sample by comparing the absolute intensity of the
685 cm ! peak. Without further consideration of the scattering
properties of each sample, our best explanation for the Raman spec-
tra is that the large quantity of a-Fe,03 formed on HT9-229-3, both
on top of and under the GZO coating, makes the relative amount of
spinel oxide look smaller since it is buried significantly deeper
within the oxide layer under the GZO coating. In conclusion, while
the Raman spectra serve an important purpose in identifying the
composition of the oxides that comprise the oxidation products in
all of the HT-9 samples studied in this work, the complex layered
structure of the oxides, particularly on samples with the GZO coat-
ing, made it difficult to analyze the spectra quantitatively without
the supporting information from XPS.

4. Conclusions

Raman spectra acquired on HT-9 samples, with and without a
Ga-containing zirconia coating, showed that heat treatment at
923 K in air produced oxidation products both on top of the coating
and under it. The amount of oxidation products was similar to or
greater than that measured on uncoated samples and significantly
greater than observed previously on samples coated with YSZ. The
oxidation products were layered and composed mainly of a-Fe,03
and Fe-Cr oxide spinel. The spinel oxide formed under the zirconia
coating and closer to the metal than the a-Fe,03. Reduced Zr in the
coating was found to oxidize during heat treatment in a single
replacement reaction that also resulted in the formation of low-
er-valence Fe in the film. Coincidently, the Ga was found to migrate
out of the coating and oxidize. In light of our previous work on HT-
9 coated with YSZ, we are led to the conclusion that the presence of
Ga in the zirconia coating makes it significantly less protective. In
regard to our assessment of the materials screening approach,
using laser Raman spectroscopy alone is not recommended if there
is suspicion that the oxidation products form in layers. The tech-
nique needs to be combined with other methods that allow for
depth profiling of composition. For systems that prove to be rela-
tively simple in composition and structure, it is possible that suffi-
cient calibration with XPS data could enable Raman spectroscopy
as a stand-alone screening tool. However, the complexity of the
behavior of samples in this study indicates that one should be care-
ful in applying this approach on all systems, even those that have
been well-characterized using other techniques.
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