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Corrosion behavior of a ferritic/martensitic steel
HCM12A exposed to harsh environments
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Abstract

The corrosion behavior of a 12%Cr ferritic/martensitic steel, HCM12A, exposed separately in supercritical water
(SCW) and lead–bismuth eutectic (LBE) was evaluated focusing on the microstructure of the corrosion products that
develops in the first 333–1000 h. The effect of an yttrium-coating layer on the corrosion resistance of the steel was also
studied. Detailed comparison of the corrosion results, including oxide scale layer structure, oxide grain morphology, tex-
ture development, and distribution of phases and alloying elements, between as-heat treated and Y-coated samples, and
between SCW- and LBE-exposed environments, are reported. Scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM/EDS), X-ray diffractometry (XRD), and electron backscatter diffraction (EBSD) were employed for these
analyses. The outer oxide scale, magnetite, was detached/dissolved into LBE but not in SCW. Exposure results indicate
that the Y-coating improved the corrosion resistance, as represented by a smaller weight gain, thinner oxide scale, and
prevention of the oxide scale from detachment into LBE compared as compared to that which occurred on the non-Y trea-
ted samples.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

With the rapid increase in the demand for energy,
it is indispensable to develop nuclear energy as one
of the prominent energy supplies. A new generation
of innovative nuclear energy systems known as Gen-
eration IV is now under development for enhancing
their future role. The supercritical-water-cooled
reactor system (SCWR) and lead-cooled fast reactor
system (LFR) are two among the concepts selected
for the Generation IV systems. The SCWR operates
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above the thermodynamic critical point of water
(22.1 MPa, 374 �C), resulting in improved econom-
ics with high thermal efficiency. The LFR employs
a long-life core cooled with liquid lead or lead–bis-
muth eutectic (LBE), leading to improved prolifera-
tion resistance and physical protection. A significant
challenge facing the SCWR and the LFR is the
selection and development of structural and clad-
ding materials suitable for long-term use in such
highly corrosive environments. Corrosion in these
environments can manifest itself in several forms
including dissolution such as Ni in lead [1], com-
pound formation, and liquid metal penetration
along grain boundaries (for the LFR) [2]. Several
factors contribute to the corrosion mechanisms:
.
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temperature and thermal gradient, exposure time,
flow rate, material compositions, and coolant chem-
istry, in particular its oxygen content.

Ferritic/martensitic (F/M) steels have been
widely studied and developed for applications in
the energy industry. The performance of FM steels
in various energy systems has been reviewed by
Klueh and Harries [3]. In this alloy family, alloy
HCM12A (12Cr–2W–0.4Mo–1Cu–V, Nb) is one
of the third generation 12Cr ferritic steels with tem-
pered martensite [4], which was originally developed
for heavy section components such as headers and
steam pipes for use at temperatures up to 620 �C
and pressures up to 34 MPa [5] with good resistance
to thermal shocks [6]. HCM12A is one of the lead-
ing candidate F/M steels for Generation IV systems,
e.g., SCWR and LFR (as well as the sodium-cooled
fast reactor), due to its high strength and favorable
corrosion resistance. To be employed in these harsh
environments, materials’ performance is critical.
The performance of HCM12A exposed to steam
in subcritical water indicated a parabolic growth
rate of duplex oxide scales consisting of a Cr-free
outer layer (magnetite) and a Cr-rich inner layer
(spinel) [7,8]. Preliminary result on the performance
of HCM12A exposed to SCW at 500 �C and
25 MPa with a �25 ppb dissolved oxygen concen-
tration lead to a similar result without noticeable
exfoliation [9]. The study of the performance of
HCM12A exposed in LBE containing 10�6 wt% of
oxygen at temperatures <550 �C indicates good
resistance against corrosion by the formation of
spinel layer on the base metals, though the outer
porous oxide formed on the steels was detached
and/or dissolved into LBE [10]. At temperatures
above 600 �C, the oxide layer thickness diminished
with increasing temperature due to the formation
of wustite in an environment with favorable oxygen
partial pressure [10].

Although limited results on the corrosion beha-
vior of HCM12A exposed in SCW and LBE have
been reported so far, systematic comparison on
the corrosion induced by SCW and LBE has not
yet been performed. In the present study, the corro-
sion behavior of HCM12A exposed in SCW and
LBE is evaluated and compared focusing on the
microstructure of the corrosion products. In addi-
tion, the beneficial effect of Y additives against
high-temperature oxidation has been recognized
for many years [11] due to its propensity to form a
very stable oxide, but the knowledge on its effect
on an alloy’s corrosion in SCW is limited. The effec-
tiveness of a thin coating layer of yttrium on the
corrosion resistance of HCM12A exposed to SCW
and LBE was tested and the results are reported
here.

2. Experiments

The material, HCM12A, used in this study was
procured from Sumitomo Metal Industries, Ltd.
with composition (wt%) provided by the supplier:
10.83Cr, 1.89W, 1.02Cu, 0.64Mn, 0.39Ni, 0.30Mo,
0.27Si, 0.19V, 0.11C, 0.063N, 0.054Nb, 0.016P,
0.002S, 0.001Al, 3.1 · 10�5 B, and Fe as balance.
The HCM12A was received after being annealed
at 1050 �C and tempered at 770 �C. Rectangular
samples were cut from the as-received alloy and
polished to 1 lm surface finish. SCW and LBE
exposure tests were performed in the University of
Wisconsin SCW loop and the Los Alamos National
Laboratory LBE development of lead-alloy technol-
ogies and applications (DELTA) loop, respectively.
The detailed construction and system capabilities of
this SCW loop are described in Refs. [12,13]. The
samples and test conditions are listed in Table 1.
In both cases, the oxygen was continuously
refreshed during the test. The 10 ppb O in the Pb–
Bi was measured using a solid state YSZ oxygen
sensor with a Bi/Bi2O3 reference test section heaters
were slowly ramped down after the exposure test.
The corrosion behavior of the samples was charac-
terized by means of gravimetry, scanning electron
microscopy/energy dispersive X-ray spectroscopy
(SEM/EDS), X-ray diffractometry (XRD), and elec-
tron backscatter diffraction (EBSD).

An electronic balance with an accuracy of 0.1 mg
was used for the measurement of weight change of
SCW-exposed samples. The weight change of
samples exposed in LBE was not measured due to
the difficulty in keeping the oxide scale intact during
removal of the attached Pb–Bi alloy and the high
relative error that excess Pb–Bi left on surfaces
would produce.

The corrosion phenomena of SCW- and LBE-
exposed samples were analyzed using a LEO 1530
field-emission SEM integrated with EDS. Corrosion
products on the exposed samples were protected by
a deposited Ta-coating layer for preparing cross-
section samples. To obtain good quality EBSD
patterns, the cross-section samples were polished
with SiC abrasive paper to 1200 grit followed by
diamond paste, alpha alumina, and colloidal silica
solutions in sequence. The EBSD analysis was



Table 1
Samples and test conditions of SCW and LBE exposures

Test Sample T (�C) Pressure (MPa) Oxygen (ppb) Flow (m/s) Time (h)

SCW AR �600 �25 �25 �1 333, 667, 1000
Y

LBE AR �530 N/A �10 �1.2 600
Y

Note: AR, as-received samples (normalized at 1050 �C and tempered at 770 �C); Y, samples coated with yttrium via sputtering deposition
followed by Xe+ bombardment to improve the adhesion between the coating layer and the matrix (effective thickness �0.3 lm).
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performed on a LEO 1530 FEGSEM incorporated
with a TSL orientation imaging microscopy (OIM)
system MSC2200. The SEM was operated at
20 kV, and the automatic EBSD area scan was per-
formed using a hexagonal grid with a step size of
0.1 m. To allow identification of the existing phases
with the EBSD analytical software, crystallographic
data files were established based on the XRD anal-
ysis in this work in addition to the available data-
base included in the software. For phase analysis
with EBSD, a voting scheme and the confidence
index (CI) established by TSL were used [14]. A
high number of votes and higher CI values indicate
a higher possibility that the phase is correctly
identified.
Fig. 1. Weight gain as a function of oxide scale thickness for as-
received (AR) and yttrium-coated (Y) HCM12A samples exposed
in SCW at 600 �C for 333, 667 and 1000 h.
3. Results and discussion

3.1. Gravimetry of SCW-exposed samples

Weight gain and oxide scale thickness of the
exposed samples, which were measured using a
balance and from cross-section SEM images,
respectively, are shown in Fig. 1. It is clear that
Y-coated samples have smaller weight gain and
thinner oxide scale than as-received samples. The
data of as-received and Y-coated samples approxi-
mately follow a linear function as shown in Fig. 1.
An offset between the data and the fitted line may
indicate the possibility of scale exfoliation, phase
formation/transformation, or porosity development
[7]. Data following a linear function indicate stable
growth of an oxide scale formed on as-received and
Y-coated samples. The weight gain of the oxide
scale formed on as-received and Y-coated samples
approximately follows the equations of x2.19 =
0.13Æt (R2 = 0.94) and x2.54 = 0.10Æt (R2 = 0.99),
respectively, where x is weight gain in mg/cm2, t is
time in h, and R2 denotes the fitting quality with 1
for a perfect confidence fit. The thickness versus
time of the two types of samples possesses similar
functions. Thus, the oxidation of as-received sam-
ples approximately follows a parabolic rate law,
while the oxidation of Y-coated samples follows a
rate law between parabolic and cubic. The thin
Y-coating layer decreased the rate constant of the
oxidation but did not significantly alter the oxides’
properties such as composition and porosity. The
Y additives slowing down oxidation rate is consis-
tent with the observation of Y in an Fe–25Cr alloy
[15]. Although the oxidation kinetics provide some
insight on the oxide scale behavior in a short period
of time (1000 h), tests with longer exposure time are
necessary to get good lifetime prediction. Since the
weight gain of the samples is mainly induced by
oxygen incorporated in the oxide scale, the slope
of the fitted line indicates the average density of
oxygen in the oxide scale, e.g., 1.18 g/cm3 in
Fig. 1. This oxygen density is less than the calcu-
lated average oxygen density in the oxide scale,
1.37 g/cm3, based on chromite (FeCr2O4, 4.79
g/cm3) and magnetite (Fe3O4, 5.15 g/cm3), which
implies the presence of porosity in the oxide scale.
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3.2. Phases formed in the oxide scale on

SCW-exposed samples (XRD)

XRD was performed to analyze phases created
due to SCW exposure. Both as-received and Y-
coated samples exposed to three different durations
(333, 667, and 1000 h) possess similar XRD patterns
with magnetite as the major component. The oxide
scale on Y-coated samples was partially removed to
ensure the analyzed regions close to the Y-coated
layer (denoted as Y-int1) and the interface between
the spinel and the matrix (Y-int2) were analyzed.
The identified phases are listed in Table 2. The
International Centre for Diffraction Data (ICDD)
database were used to identify these phases such
as magnetite (M, PDF [19–629]), spinel (S, PDF
[34–140]) YFeO3 (PDF [39–1489]), Cr1.3Fe0.7O3

(PDF [35–1112]), and ferrite (PDF [34–396]). It is
clear that the Y-coating introduced the presence of
YFeO3 (‘Y-int1’). The presence of Cr1.3Fe0.7O3 at
‘Y-int2’ also existed in as-received samples.

3.3. Oxide morphology of SCW-exposed samples
(SEM)

The SEM plan-view images as shown in Fig. 2
exhibit oxide morphology of as-received and
Y-coated samples after exposure to SCW for about
667 h. The SEM images with low magnification
show some dents and humps on as-received
(Fig. 2(a)) and Y-coated (Fig. 2(c)) samples, respec-
tively. The enlarged SEM images (Fig. 2(b and d))
show faceted oxide grains, some erosion on the fac-
ets, and cracks along the boundaries of the oxide
grains on both of the samples. SEM plan-view
images were not acquired for LBE-exposed samples
due to the adhesion of Pb–Bi on the surface.

3.4. Oxide layer structure (SEM/EDS)

The corrosion results of as-received samples
exposed in SCW and LBE are shown in the cross-
section SEM images (Fig. 3). The oxide scale on
the SCW-exposed sample is mainly composed of
two layers, the outer magnetite and the inner spinel.
The spinel layer is slightly thinner than the magne-
Table 2
Phases present in the oxide scale of SCW-exposed as-received (AR) an

Condition AR Y Y

Phase Magnetite Magnetite M
tite layer. The sharp interface between the magnetite
and the spinel is believed to be the initial surface of
the sample prior to exposure. In addition to the two
layers, an internal oxidation layer is present at most
of the interface between the spinel and the matrix.
Compared to the oxide scale formed on the SCW-
exposed sample, the internal oxidation layer is a
continuous layer beneath the spinel layer formed
on the LBE-exposed sample. The spinel layer on
the LBE-exposed sample is thinner than that on
the SCW-exposed sample. The same oxide phases
and layer structure formed on as-received samples
exposed in both SCW and LBE environments indi-
cate that the materials were exposed to similar ther-
modynamically favorable oxygen partial pressures;
the different oxide layer thickness on SCW- and
LBE-exposed samples indicates different oxidation
kinetics induced by the exposed temperatures and
oxygen partial pressures. The major difference of
the oxide layer structure formed on HCM12A
exposed in SCW and LBE environments is the mag-
netite layer. Compared to the porous magnetite
layer on the SCW-exposed sample, detachment of
most of the magnetite layer occurred on LBE-
exposed sample, which is consistent with the litera-
ture report [10]. The detachment of the magnetite
layer may be caused by the nature of the LBE flow
which has dynamic pressure and shear stress on the
oxide scale surface much higher than SCW because
of the high density of LBE.

Detailed comparison of the SEM/EDS results of
Y-coated samples exposed in SCW and LBE is
shown in Fig. 4. A two-layer oxide scale, consisting
of outer magnetite and inner spinel layers, was
formed on the SCW-exposed sample. A light gray
band in the magnetite layer close to the interface
of the magnetite and the spinel is the Y-coating
layer. This was confirmed by the EDS line-scan
and the map of Y as shown in Fig. 4(a). The Y-spec-
tra in the EDS line-scan of the minor elements are
truncated to ensure an easier view of the other ele-
ments. Based on the XRD result (‘Y-int1’), YFeO3

formed at the Y-coating layer. This is reasonable
since the growth of the magnetite layer is controlled
by the outward diffusion of Fe. The Y-coating layer
was transformed into Y2O3 due to its high affinity
d Y-coated (Y) samples

-int1 Y-int2

agnetite (spinel), YFeO3 Spinel, ferrite, Cr1.3Fe0.7O3



Fig. 2. Secondary electron images at different magnification of (a, b) as-received (AR) and (c, d) Y-coated (Y) samples exposed to SCW at
600 �C for 667 h. A typical erosion morphology on Y-coated samples is shown as an inset in (c).

Fig. 3. Cross-section SEM images of SCW- (667 h) and LBE-exposed (600 h) as-received HCM12A samples. The labels on the images are
corresponding to magnetite (M), spinel (S), internal oxidation layer (IO), and matrix (Mx).
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for oxygen, and moved outwards by the Fe diffusion
from its original location at the interface of the
magnetite and the spinel. Some of the outward
diffusing Fe ions were trapped by Y2O3 forming
YFeO3 due to favorable thermodynamics. The effect
of the Y-coating layer on the local microstructure
and species diffusion is being further studied using
analytical high-resolution microscopes. The Y-coat-
ing layer separates the magnetite layer into two sub-
layers: a thick outer porous layer (�22 lm) and a



Fig. 4. SEM/EDS results of Y-coated samples exposed in (a) SCW and (b) LBE for 667 and 600 h, respectively. The labels on the SEM
images are consistent with those in Fig. 3.
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thin inner dense layer (�4 lm). The spinel layer is
more complex compared to the magnetite layer.
The EDS line-scans indicate that chromium and
most of the minor alloying elements stopped in the
spinel layer without diffusion into the magnetite.
According to the EDS line-scans and maps, Cu,
Ni, and Cr are enriched in the spinel layer with
Cu close to the spinel–magnetite interface, and Ni
and Cr close to the spinel–matrix interface. The
Cr-enrichment at the region close to the spinel–
matrix interface is consistent with the XRD result
(‘Y-int2’), where Cr-rich oxide forms, e.g.,
Cr1.3Fe0.7O3. In addition to the magnetite and the
spinel layers, an internal oxidation layer is present
at a few regions beneath the spinel layer. The distri-
bution of the internal oxidation layer in Y-coated
sample is not as common as that in the as-received
sample. Cracks were observed in the oxide scale,
which were not stopped by the Y-coating layer.
These cracks may be the same as the ones observed
at the oxide surface shown earlier in the plan-view
SEM images (Fig. 2). The cracks were not observed
in our previous study on HCM12A exposed in SCW
at 500 �C [9].

The oxide layer structure of the Y-coated sample
exposed to LBE is similar to that exposed to SCW
but without the outer magnetite sub-layer and with
a continuous internal oxidation layer. Based on the
results of the effect of the Y-coating layer on the
oxide scale on the SCW-exposed sample (Fig. 4(a))
and the effect of LBE on the magnetite layer on
the as-received sample (Fig. 3), it could be deduced
that there is an outer magnetite sub-layer which was
detached into the LBE. The inner magnetite sub-
layer having a thickness similar to that formed on
the SCW-exposed sample is protected by the Y-
coating layer which should be an Y-Fe oxide, e.g.,
YFeO3, as on the SCW-exposed sample due to the
similar oxygen concentration in SCW and LBE,
and due to the similarity of the oxide layer structure.
The protective effect against corrosion provided by
the Y-coating layer is expected to be better than that
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provided by the spinel layer on the as-received sam-
ple (Fig. 3) due to its higher thermodynamic stabil-
ity. However, the Y-coating layer is discontinuous
at some locations (not shown in Fig. 4(b)). The
regions with discontinuous Y are associated with
the loss of most of the magnetite layer resulting in
the exposure of the spinel layer in a manner similar
to the as-received sample exposed to LBE. Optimi-
zation of the coating process will likely improve
the continuity of the Y-coating layer. Bi-enriched
Pb–Bi was observed at some locations close to the
interface of the spinel and the magnetite, but the
amount is limited as evidenced by the SEM image
in Fig. 4(b) which was captured after sputtering
with a focused-ion-beam. The Bi-enriched penetra-
tion region was also observed by Kondo et al.
[16]. The EDS line-scans and maps indicate that
the internal oxidation layer is characterized by
diminished oxygen compared to the outer oxide
scale, and some Fe depletion and Cr enrichment
compared to the matrix. The pronounced internal
oxidation layer on LBE_exposed samples compared
to SCW-exposed samples is believed to be induced
by the oxygen partial pressure gradient in the oxide
scale, which may be affected by the penetrated LBE,
favoring the preferential oxidation of Cr. In addi-
tion, the EDS line-scans and maps exhibit the
enrichment of Cr and Cu at the regions close to
the interfaces of the spinel–magnetite and the spi-
Fig. 5. EBSD maps of Y-coated samples exposed in (a) SCW and (b) LB
in Figs. 3 and 4, sM denotes the inner sub-layer of magnetite.
nel–internal oxidation layer, and with stronger
enrichment at the later interface. Ni is only enriched
at places close to the interface of the spinel–internal
oxidation layer. The enrichment locations of these
elements are different from those in the oxide scale
on the Y-coated sample exposed to SCW.

3.5. Grain structure and phase distribution of the

oxide (EBSD)

To understand the effects of SCW and LBE on
grain structure and phase distribution in the oxide
scale, EBSD analyses were performed. Fig. 5 shows
the EBSD maps of Y-coated samples exposed in
SCW and LBE for 667 and 600 h, respectively.
Magnetite and spinel were not differentiated during
the EBSD analysis due to their similar crystal
structure. As shown in the SCW-exposed sample
(Fig. 5(a)), the magnetite layer is divided into two
sub-layers by the Y-coating layer identified as
YFeO3. The outer magnetite sub-layer is mainly
composed of large columnar grains along the
growth direction of the oxide scale. The inner mag-
netite sub-layer is mainly composed of small equi-
axed grains as in the spinel layer. A mixture of
ferrite and spinel exists at the region close to the
interface of the spinel and the matrix. The outer
sub-layer of magnetite on the LBE-exposed sample
was detached into the LBE. As shown in the EBSD
E for 667 and 600 h, respectively. In addition to the labels as used
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map of the LBE-exposed sample (Fig. 5(b)), some
sparse magnetite grains remain in the outer
sub-layer. The spinel and internal oxidation layers
are mainly composed of spinel phase with some fer-
rite mixture, especially in the internal oxidation
layer.

In addition to the major phases (ferrite, magne-
tite/spinel, and YFeO3), some trace amounts of
phases, e.g., Cu at the magnetite–spinel interface,
Ni and Cr1.3Fe0.7O3 at the spinel–matrix interface,
and FeO in the internal oxidation layer, were iden-
tified in SCW-exposed samples by EBSD spot mode
with their locations guided by the EDS maps as
shown in Fig. 4. The observation of Cr1.3Fe0.7O3

at the interface of spinel–matrix is consistent with
the XRD results (‘Y-int2’). Cu and Ni were not oxi-
dized due to the low oxygen partial pressure in the
spinel layer, which favored Cr preferential oxidation
but not Cu and Ni. The LBE-exposed sample pos-
sesses similar observations. According to the Fe–O
phase diagram, FeO should form at temperatures
above �570 �C. It has been reported that FeO forms
at regions closest to the interface of oxide-matrix on
12%Cr steels exposed in Ar–50%H2O, e.g., 12Cr–
Mo–V steel at 550 �C and Fe–12Cr–4Co model
alloy at 600 �C [17]. The presence of FeO in the
Table 3
Inverse pole figures (IPFs) and texture intensity for different layers/pha

SCW LBE

Magnetite (outer sub-layer)

Magnetite (inner sub-layer)

Spinel/(spinel internal oxidation)

Matrix
internal oxidation layer in SCW-exposed samples
was confirmed by EBSD spot mode. FeO was not
observed in LBE-exposed sample due to the lower
exposure temperature.

Inverse pole figures (IPF) and texture intensity of
the different layers/phases in Fig. 5 are listed in
Table 3. The matrix (ferrite) of the samples exposed
in SCW and LBE does not show the distinct 11 0
texture generally observed in body-centered-cubic
materials. For the sample exposed in SCW, 111
texture emerges with the formation of face-
centered-cubic phases, spinel and magnetite. Weak
1 11 texture was also observed in the XRD study.
Texture becomes diversified from the spinel layer
to the outer sub-layer of magnetite with the growth
of the oxide scale. The evolution of the texture
formed in the sample exposed in LBE is similar to
that exposed in SCW. However, distinct 1 11 texture
does not exist in the spinel and internal oxidation
layers for the spinel phase. This is due to the rela-
tively extensive mixture of spinel and ferrite in the
internal oxidation layer. The maximum intensity
of the textures in different layers/sub-layers indi-
cates that the texture intensity decreases as one pro-
ceeds from the matrix (ferrite) to the outer regions
of the oxide scale.
ses as shown in Fig. 6

Texture intensity
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4. Conclusions

The corrosion behavior of a 12%Cr ferritic/mar-
tensitic steel HCM12A with and without an yttrium
surface coating exposed to SCW and LBE was stud-
ied by means of gravimetry, XRD, SEM/EDS, and
EBSD. The Y-coated sample exposed in SCW
demonstrated improved corrosion resistance, as
measured by its decreased weight gain and thinner
oxide scale compared to the as-received sample.

The oxide scale formed on both SCW- and LBE-
exposed samples is mainly composed of a two-layer
structure: the outer magnetite and the inner spinel.
The magnetite layer is porous compared to the spi-
nel layer. Cracks were observed in the oxide scales
formed on both as-received and Y-coated samples
exposed to SCW. An internal oxidation layer also
exists at the interface of the spinel and the matrix.
It is a continuous layer (along the oxide–metal inter-
face) on LBE-exposed samples. On the contrary, the
internal oxidation layer on SCW-exposed samples is
discontinuous, especially for the Y-coated sample
having the smallest internal oxidation layer. The
Y-coating layer divides the magnetite layer into
two sub-layers: the outer porous thick sub-layer
and the inner compact thin sub-layer. The outer
magnetite sub-layer is composed of large columnar
grains along the oxide scale growth direction. The
inner magnetite sub-layer is similar to the spinel
layer being composed of small equiaxial grains.
One of the major differences between LBE- and
SCW-exposed samples is that the outer magnetite
layer on LBE-exposed samples was detached into
the LBE. The Y-coating layer prevented the inner
magnetite sub-layer from detachment, which may
be desirable for enhanced corrosion resistance. In
addition to the nature of SCW and LBE, the expo-
sure temperature and oxygen partial pressure played
an important role on oxide formation.

In addition to the major phases, ferrite, magne-
tite, and spinel, other phases, such as YFeO3 at
the Y-coating layer, and Cr1.3Fe0.7O3 and Ni at
the interface of spinel–matrix/internal oxidation
layer, were identified by means of XRD and/or
EBSD. These observations are consistent with the
elemental enrichment, e.g., Cu, Cr, and Ni, at the
corresponding locations. FeO was observed in
the internal oxidation layer on SCW-exposed sam-
ples but not on LBE-exposed samples. Weak 111
texture was observed in the oxide scale. The texture
intensity decreased with the growth of the oxide
scale.
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