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The inner-diffusion layer interface of an HCM12A sample oxidized in 600 �C supercritical water (SCW)
was analyzed using EFTEM and EELS. The EFTEM analysis showed the presence of chromium-rich zones
linked with the porosity within the inner layer, as well as a nanometric iron–chromium separation, which
may be linked with the presence of both Fe3O4 and FeCr2O4 in this layer. The diffusion layer was charac-
terized by large chromium-rich oxides located at the tempered martensite lath boundaries, which sug-
gested the preferential grain boundary diffusion of oxygen and the preferential oxidation of the
chromium carbides present at these boundaries. The metal grains of the diffusion layer contained nano-
metric chromium-rich spinel oxides. The presence of large chromium-rich oxide precipitates in the dif-
fusion layer appears to help improve the corrosion resistance of these alloys.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

As part of the Generation IV forum, the Supercritical Water
Reactor is envisioned for its high thermal efficiency and simplified
core [1] and is designed to operate at high outlet temperature (be-
tween 500 �C and 600 �C). Consequently, the goal is to find clad-
ding and structural materials that can perform at these elevated
temperatures for extended exposures. Because of their resistance
to irradiation and stress corrosion cracking, ferritic–martensitic
steels, such as HCM12A, are candidate materials for the supercrit-
ical water reactor [2]. Nevertheless, the process of uniform corro-
sion of HCM12A has to be better understood in order to better
predict and control it.

The oxide layers formed on HCM12A during exposure to super-
critical water have been previously studied using scanning electron
microscopy (SEM), X-ray diffraction (XRD), and electron backscat-
ter diffraction (EBSD) [2–4]. These studies have shown that
HCM12A forms a dual layer structure at 500 �C with Fe3O4 in the
outer layer and spinel (Fe,Cr)3O4 in the inner layer with some evi-
dence of Cr2O3 [4]. At 600 �C a diffusion layer is also observed, con-
taining a mixture of oxide precipitates and metal grains [2].

The present article follows a previous experiment, which ana-
lyzed the oxide layer microstructure of HCM12A using microbeam
synchrotron radiation diffraction and fluorescence, and studied the
influence of the base alloy microstructure on the advancement of
the oxide front using energy filtered transmission electron micros-
ll rights reserved.
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copy (EFTEM) [5]. That study showed that the carbides present at
the tempered martensite lath boundaries were oxidized preferen-
tially, leading to the formation of chromium-rich oxide precipitates
along these boundaries in the diffusion layer [5]. The present arti-
cle shows a more detailed analysis of the inner and diffusion layers
of an HCM12A sample exposed to 600 �C for 2 weeks in supercrit-
ical water (SCW), using EFTEM and electron energy-loss spectros-
copy (EELS) in order to better understand the advancement of
the inner layer into the diffusion layer. The focus is to obtain a
micrometric and nanometric distribution of elements in these
two layers as well as their oxide microstructure.

1.2. Previous EELS characterization of iron oxides

Several EELS studies have been performed on iron oxides, show-
ing differences in the EELS spectra from FeO, Fe3O4 and Fe2O3 [6–
10]. The study of both the oxygen and the iron edges can generate
information on the oxide phase being analyzed. Since it is difficult
to distinguish between the various iron oxide phases using only
the iron edge, we focused our analysis on the oxygen edge, which
also gives information on the oxidation state of iron and the iron
oxide phase the oxygen atoms belong to. Colliex et al. have studied
the iron oxides using EELS [6].

Fig. 1 shows the variations of the oxygen edge spectrum
corresponding to the different iron oxide phases [6]. The oxygen
edge contains four main peaks referred to as (a–d) (marked in
the a-Fe2O3 quadrant) in Fig. 1. The relative height and position
of these peaks give information on the electronic structure and
coordination chemistry of the absorbing O atoms and can also help
measure the valence state of iron, the average interatomic dis-
tances between the absorbing O atom and its nearest neighbors,
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Fig. 1. EELS oxygen edge spectra for the different iron oxides: FeO, Fe3O4, c-Fe2O3 and a-Fe2O3 [6].
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the relative covalency of the FeAO bond and the coordination
number. The pre-peak (a) results from the transition of an electron
from the O 1s shell to the unoccupied hybridized O 2p/Fe 3d states.
As a result the intensity of this peak determines the number of
unoccupied 3d states from the Fe atoms bonding with the absorb-
ing O atom, thus indirectly measuring the valence state of the iron
atoms [6]. The intensity of this peak is higher in FeO than in Fe2O3

due to the decrease of the fraction of Fe2+. More Fe2+ means more
electrons in the hybridized O 2p/Fe 3d orbitals and therefore less
unoccupied states, and less transitions to these states from the O
1s [6]. Additionally, the more ionic the FeAO bond is, the more oxy-
gen electrons stay in the 2p state, resulting in less transitions to
that state from the O 1s state [6]. Thus a higher peak (a) suggests
a more covalent bond with more exchange of electrons between
the oxygen and iron atoms. The peak (b) relates to the transition
from the O 1s to the unoccupied hybridized O 2p/Fe 4s and 4p
states. The relative position of peak (b) compared to (a) relates
mainly to the bond length, with a smaller energy difference corre-
sponding to longer bond lengths. Finally, peak (c) corresponds to
the coordination of the oxygen atom, since both Fe3O4 and c-
Fe2O3 contain a mixture of tetrahedral and octahedral coordination
while both FeO and a-Fe2O3 contain only octahedral configura-
tions. Consequently, the presence of peak (c) suggests a partially
tetrahedral configuration.

2. Experimental procedures

2.1. Alloy studied and corrosion experiment

The alloy used for this study was HCM12A, which is a modern
ferritic–martensitic alloy. Table 1 shows the elemental composi-
tion of this alloy. The samples used in this study were normalized
at 1050 �C for 1 h, air-cooled, then tempered for 7 h at 770 �C and
Table 1
Elemental composition of HCM12A in wt.%.

Alloy C N Al Si P S V Cr

HCM12A .11 .063 .001 .27 .016 .002 .19 10.83
air-cooled. This metallurgic process creates alloys with a martens-
itic lath structure and in which all the carbon in solution has pre-
cipitated as Cr23C6 along the lath and prior austenite grain
boundaries [11].

The corrosion experiments were performed in the supercritical
water corrosion loop at the University of Wisconsin. The supercrit-
ical loop is described in more detail in other articles [12,13]. The
pressure used was 25 MPa, the temperature was 600 �C and the
dissolved oxygen content was �25 ppb. The sample used for this
study was exposed for 2 weeks. Fig. 2 shows a cross-sectional
backscattered scanning electron microscopy (SEM) image of the
sample, from which a transmission electron microscopy (TEM)
sample was prepared using the focused-ion beam (FIB). The loca-
tion of the FIB sample is shown by a dashed box at the inner-diffu-
sion layer interface.

2.2. Sample preparation and EFTEM/EELS technique

The TEM samples were obtained from 3 mm disk cross-sec-
tional samples using the focused-ion beam (FIB). The preparation
of the 3 mm disks is described in previous articles [14,15]. The
FIB process enables us to locate a specific area in the oxide layer
for study and creates a TEM sample with a relatively large (about
5 lm � 10 lm) area of electron transparency. The samples were
prepared using the in situ lift-out procedure [16] using a FEI Quan-
ta 200 3D Dual Beam Focused Ion Beam [17]. The samples were
thinned to electron-transparency using an ion beam voltage of
30 kV with the current dropping from 7 nA to 30 pA during the
process. Fig. 3 shows a low magnification TEM image of the
HCM12A sample analyzed in this article centered on the inner-dif-
fusion layer interface.

The TEM analysis of the sample was performed using a JEOL
LaB6 2010 at 200 kV. The energy filtered imaging (EFTEM) and
Mn Fe Ni Cu Nb Mo W Others

.64 Bal. .39 1.02 .054 .3 1.89 B: 31 ppm



Fig. 2. Cross sectional SEM backscattered image of the oxide formed on HCM12A
exposed to 600 �C SCW for 2 weeks.

Fig. 3. Low magnification bright-field TEM image of the inner-diffusion layer
interface of the HCM12A sample prepared using the FIB. Locations of where EELS
spectra were acquired are shown. The dotted white line represents the inner-
diffusion layer interface.
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electron energy loss spectra (EELS) were obtained on the same
microscope equipped with a Gatan Tridiem™ energy filter. Fig. 4
shows a typical EELS spectrum, with the background of the oxy-
gen edge removed, taken from the HCM12A sample and showing
the oxygen K edge (532 eV), and the chromium (575 eV) and iron
(708 eV) L edges. The iron and oxygen EFTEM maps were obtained
by acquiring three images through an energy filter window of
�30 eV for 30 s each: one image taken post-edge and two pre-
edge images used for background subtraction. The chromium
maps were more difficult to obtain due to the presence of the oxy-
gen edge right before the chromium edge: the energy window
was narrowed to �15 eV and one pre-edge image was taken right
before the chromium edge while the other was taken before the
oxygen edge.
An EELS spectrum is obtained by bombarding the sample with
electrons of constant energy (in our case 200 keV). Some of these
electrons lose energy to the sample and others go through with
unaltered energy (zero-loss). The amount of energy lost by these
electrons depends on the elements present and their crystallo-
graphic configuration in the matrix, since each element absorbs
the electron’s energy at a specific energy, forming an electron en-
ergy loss edge. Thus EELS enables the detection of elements by
the edge location, and when analyzing the fine structure of this
edge can help determine the crystallographic phase and oxidation
state of the element. All the EELS spectra were acquired with a res-
olution of 0.05 eV/channel.
3. Results

The TEM sample used for this study was prepared so that it in-
cluded both the inner (IL) and the diffusion layer (DL) along with
the IL–DL interface. The results are divided into two parts: the first
part focuses on the inner layer (IL) and the second on the diffusion
layer (DL).
3.1. Analysis of the inner layer

3.1.1. EFTEM analysis
The inner layer contains small equiaxed grains and small pores

distributed throughout the layer as was shown in previous articles
[3,4,17]. The FIB sample preparation can affect the sample surface
during thinning and can create elongated holes in the sample. In
this case, only the upper left-hand corner of the sample shown in
Fig. 3 appears affected by the FIB process but the other pores were
observed using the SEM during the sample preparation process so
do not correspond to an artifact. Larger pores are observed right at
the IL–DL interface and no pores are seen in the diffusion layer.

The overall grain structure and pore distribution appear uni-
form throughout the layer, but EFTEM images of this layer reveal
an uneven distribution of elements on a nanometric and micro-
metric scale. Fig. 5 shows the oxygen, iron and chromium maps
for most of the inner layer of the sample. While the oxygen level
is homogeneous, the levels of iron and chromium are not. The dif-
ference of contrast observed in the oxygen map is due to variations
in thickness of the sample and not to variations in oxygen content.
The iron and chromium maps are complementary, in the sense that
chromium-rich regions and depleted in iron and vice versa. These
maps highlight the presence of chromium-rich regions that appear
to be linked with the pores located in the inner layer since a strong
chromium signal is observed around pores and some narrow chro-
mium-rich regions appear to link pores together, as highlighted in
the schematic. This suggests that iron migrates preferentially from
these areas and that the outward migration of iron forms the pores.
Therefore these pores are most likely the result of a coalescence of
iron vacancies.

Furthermore, on a smaller scale, in between the chromium-rich
regions linked to inner layer porosity, detailed examination shows
that the iron and chromium distribution is also not uniform. Fig. 6
shows higher magnification oxygen, chromium and iron EFTEM
maps that highlight this nanometric separation of chromium and
iron. The small chromium-rich regions are about 100–200 nm in
length and about 30 nm in width and appear to be aligned either
along the oxide growth direction or perpendicular to it. This ele-
mental segregation is consistent with the presence of both FeCr2O4

and Fe3O4 in the inner layer, as observed from the synchrotron dif-
fraction data presented in previous articles [5,14].

Fig. 7 shows the oxygen, chromium and iron EFTEM maps for the
second half of the sample containing the inner-diffusion layer inter-
face and part of the diffusion layer. A more detailed analysis of the



Fig. 4. Typical EELS spectrum, with the oxygen edge background removed, showing the oxygen, chromium and iron edges.

Fig. 5. Oxygen, chromium and iron EFTEM maps for the inner layer of the HCM12A 600 �C 2-week sample.
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diffusion layer of this sample is presented in Section 3.2 but we focus
here on the interface. Moving from the inner layer to the diffusion
layer, we note that this interface is characterized by a chromium-
rich region followed by a region depleted in chromium but contain-
ing iron and marked with a white dashed-line rectangle in the chro-
mium map of Fig. 7. This is consistent with the synchrotron
diffraction data that showed peaks associated with chromium-rich
phases such as FeCr2O4 and a small amount of Cr2O3 alongside the
FeO peak seen at this interface as was shown in a previous article [5].

3.1.2. EELS analysis
The EFTEM maps were used to locate areas of interest for the

EELS analysis, which consisted of the comparison of phases in chro-
mium rich and iron rich regions. These areas were mainly located
right at the IL–DL interface designated as hole 1 (spectra 1–3) and
hole 2 (spectra 4–5) in Fig. 3 and the EELS spectra obtained should
be compared to the ones obtained by Colliex et al. shown in Fig. 1
[6]. A few additional spectra (spectra 7 and 8) were acquired from
further inside the inner layer.

Fig. 8 shows the hole 1 region with chromium, iron and oxygen
EFTEM maps (the spectra locations are marked in the chromium
map), and three of the oxygen edge spectra: spectrum 1 (defective
Fe3O4), spectrum 2 (Fe3O4), and spectrum 3 (FeCr2O4). Fig. 9 shows
the EFTEM maps and three spectra for the hole 2 region: spectrum
4 (Cr2O3), spectrum 5 (defective Fe3O4), and spectrum 6 (Fe3O4).
Finally, Fig. 10 shows spectrum 7 (close to FeO) and spectrum 8



Fig. 6. Chromium, iron and oxygen EFTEM maps of the middle of the inner layer of the HCM12A 600�C 2-week sample showing the nanometric Fe–Cr separation.

Fig. 7. Oxygen, chromium and iron EFTEM maps for the inner-diffusion layer interface and part of the diffusion layer of the HCM12A 600 �C 2-week sample.
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(defective Fe3O4) taken further in the inner layer as seen in
Fig. 3.

The regions containing no chromium resulted in spectra with
characteristics corresponding to the spectrum of Fe3O4 with a dis-
tinctive peak (c), a narrow peak (a) with an amplitude near half
that of peak (b), and narrow peak (d). Nevertheless, some small dif-
ferences were observed enabling the distinction between defective
Fe3O4 (containing a higher Fe2+ to Fe3+ ratio compared to stoichi-
ometric Fe3O4) and Fe3O4. The average amplitude of peak (a) rela-
tive to peak (b) was measured for the different spectra and resulted
in an average value of 0.68 for the stoichiometric Fe3O4 spectra
(spectra 2 and 6), in agreement with the values found in the liter-
ature [6,10]. For these same spectra, the average peak (b) to peak
(a) energy difference is of 9.78 eV. In contrast, the defective
Fe3O4 spectra have an average amplitude ratio of 0.63 and an aver-
age peak energy difference of 9.61 eV. The defective Fe3O4 contains
a higher fraction of Fe2+, which contains more 3d electrons than
Fe3+, resulting in less unoccupied O 2p/Fe 3d states and thus a low-
er peak (a). The FeAO bond is overall larger in FeO than in Fe3O4,
suggesting larger FeAO bonds when Fe2+ is involved (in agreement
with the increasing energy difference from FeO to Fe2O3).

The spectra containing both iron and chromium with a chro-
mium to iron ratio near 3 (such as spectrum 3) are quite different
from the Fe3O4 spectra showing a relatively high amplitude ratio
between peak (a) and (b). This ratio is equal to 0.89 on average
and the peak energy difference is around 9.41 eV. The high ampli-
tude ratio is due to the electron configuration of chromium, which
contains two electrons less in the 3d band when oxidized, com-
pared to Fe3+. Consequently, there are more unoccupied O 2p/Fe
3d states for the O 1s transition entailing a more intense peak
(a). Concerning the lower energy difference, as the Cr replaces iron
in the octahedral sites, it pushes the Fe2+ ions into the tetrahedral
sites, which expands the unit cell to accommodate the larger Fe2+

ion, making the FeAO bonds larger. Additionally, chromium has a



Fig. 8. Cr, Fe, and O EFTEM maps from hole 1 region and corresponding EELS spectra.

Fig. 9. Cr, Fe, and O EFTEM maps from hole 2 region and corresponding EELS spectra.
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smaller radius that iron in the octahedral site. Therefore the overall
bond length with the cations from the oxygen point of view is long-
er than the bond lengths in Fe3O4.

Spectrum 4 contains almost only chromium with a chromium
to iron ratio close to 6, which may be associated with a Cr2O3 phase
containing a small amount of iron. The spectrum differs from the
other chromium-rich spectra, showing a large energy difference
between peak (b) and peak (a), and an amplitude ratio close to 1.
The amplitude ratio is 0.955, which is much higher than for other
spectra. This is due to the absence of Fe2+, and thus more unoccu-
pied hybridized O 2p/Fe 3d states. The energy difference is
10.38 eV, once again much larger than for all the other spectra,
and close to the value corresponding to Fe2O3 presented by Colliex
et al. [6]. This greater energy difference suggests an increased cov-
alency of the CrAO bond and a shorter bond length of the oxygen
atom with the neighboring cations. Catti et al. have shown that the
CrAO bond in Cr2O3 is more covalent than the FeAO bond in Fe2O3

with an electron transfer of about 0.675|e| for Cr2O3 and only
0.382|e| for Fe2O3 [18]. As described by Colliex et al., when the
amount of Fe2+ decreases, the energy difference between peak (a)
and (b) increases due to shorter bond lengths so it is normal to ob-
serve such an increase if the probed area is Cr2O3 [6].



Fig. 10. Oxygen edge spectra in different areas further into the inner layer.
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Finally, spectra 7 and 8 taken further into the inner layer are
from iron-rich areas containing chromium-to-iron ratios of 0.6
and 0.3, respectively. Spectrum 8 corresponds to a defective
Fe3O4 spectrum with the presence of a relatively strong peak (c),
a peak (a) to (b) amplitude ratio of 0.64 and an energy difference
of 9.38 eV. Consequently, it exhibits similar features to spectra 1
and 3 for example, corresponding to a Fe3O4 structure containing
a higher Fe2+ ratio and therefore longer FeAO bonds, and so a
shorter energy difference. Spectrum 7 shows different features
compared to the rest of the spectra studied for this alloy since its
peak (a) to (b) amplitude ratio is 0.6 and its energy difference is
8.65 eV, both of which are much smaller than for other spectra.
These characteristics are similar to those shown for FeO in the arti-
cle by Colliex et al. [6], which suggests that this spectrum could be
associated with FeO. The spectrum is indeed similar to the one for
FeO displayed in Fig. 1, containing almost no peak (c) as would be
expected for the totally octahedral symmetry found in FeO. This
reinforces the conclusion that FeO is present in the layer, confirm-
ing in the synchrotron diffraction data.
Fig. 11. SEM backscattered image of the diffusion layer of the HCM12A 600 �C 2-
week sample.
3.2. Analysis of the diffusion layer

A previous article had shown that in the diffusion layer oxide
precipitates preferentially formed along the tempered martensite
lath boundaries where chromium carbides are present in the base
alloy [5]. Fig. 11 shows an SEM backscattered image of the diffu-
sion layer of the HCM12A 600 �C 2-week sample exhibiting the
preferential oxidation along the lath boundaries. In this Figure,
the oxide precipitates are oriented according to the orientation of
the laths present in the base metal. This shows the influence on
the oxidation process of the base metal microstructure, which is
outlined by the white chromium carbides. These large micrometric
precipitates correspond to the chromium-rich oxides present near
the edges of the sample in the EFTEM image of Fig. 7.

The iron rich region in the center of Fig. 7 corresponds to a metal
grain outlined by the large chromium rich precipitates on either side.
This region is characterized by a nanometric iron–chromium segre-
gation forming small chromium-rich oxide precipitates about 10 nm
in width and 100–200 nm in length. Fig. 12 shows a close-up of these
precipitates using EFTEM chromium, iron and oxygen maps. The
nanometric precipitates are aligned perpendicular to each other.

These precipitates were analyzed using selected area electron
diffraction in the TEM. Fig. 13 shows the highly-ordered [001] Fe-
bcc and [011] spinel diffraction patterns with a corresponding
dark-field image outlining the small nanometric spinel oxide pre-
cipitates. The dark-field image clearly shows the elongated chro-
mium-rich oxide particles observed previously using EFTEM.
Since these particles were seen to be chromium-rich in the elemen-
tal EFTEM mapping, the spinel phase is most likely FeCr2O4. Conse-
quently, the diffusion layer consists of a mixture of chromium-rich
oxide precipitates forming along the grain and lath boundaries, and
metal grains containing within them much smaller FeCr2O4 parti-
cles aligned perpendicularly one to another and with a well defined
orientation relationship with the bcc iron matrix. This orientation
relationship appears to be the Baker–Nutting orientation relation-
ship typical of fcc particles in a bcc matrix: {001}spinel//{001}bcc

and <100>spinel//<110 > bcc, which leads to the formation of
square-shaped plates due to a large misfit along the [001]spinel//
[001]bcc. The formation of these plates would explain the rectangu-
lar shape of the particles observed in the TEM images.

These observations are consistent with a mechanism of oxide
advancement in two steps: firstly phase separation occurs in the
diffusion layer during the formation of small FeCr2O4 precipitates
within the metal grain (iron–chromium segregation due to negligi-
ble solubility of oxygen in iron [19,20]), and secondly the remaining
iron surrounding these particles oxidizes to form a mixture of Fe3O4

and FeCr2O4 when the inner layer advances in the diffusion layer.
4. Discussion

The results shown above give some insight on the advancement
of the oxide front and the formation of the diffusion layer. The



Fig. 12. Close-up of the nanometric chromium-rich oxide precipitates using EFTEM chromium, iron and oxygen maps.

Fig. 13. Highly ordered [001] Fe-bcc and [011] spinel patterns (c) with corresponding (a) bright-field and (b) dark-field images taken with a spot from the spinel pattern
(circled).
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oxide in the diffusion layer forms preferentially along the tem-
pered martensite lath boundaries, which suggests that the oxygen
diffuses primarily through these boundaries. This is how the oxy-
gen permeates the metal and therefore the oxidation process is
influenced by the base metal microstructure. Previous studies have
suggested that the rate-limiting step in the corrosion of ferritic–
martensitic alloys in SCW is the outward diffusion of iron and
not the diffusion of oxygen [2,21,22]. This is consistent with the
presence of the diffusion layer observed in these samples and the
lath boundaries provide an extensive network of short-circuit dif-
fusion paths for the oxygen, which quickly diffuses to the oxide-
metal interface. The chromium carbides along these lath bound-
aries are oxidized to form chromium-rich oxides such as Cr2O3 or
FeCr2O4 present in the diffusion layer [14,21].

Fig. 14 shows a schematic of the advancement of the inner layer
into the diffusion layer. Once the oxygen has diffused along the
lath boundaries, and surrounds the metal grains, it begins to dif-
fuse inside this metal grain. Since the oxygen solubility in iron is
negligible [19,20], this forces an iron–chromium segregation
through the formation of nanometric chromium-rich spinel oxides.
The oxygen potential being low, only chromium-rich oxides can
form [2,4,19,20]. As more of these small oxide particles form with-
in the metal grain, the oxygen potential within the metal grain in-
creases until it reaches the critical oxygen level necessary to form
Fe3O4. At this point the iron present in the rest of the metal grain
becomes oxidized, which constitutes the advancement of the inner
layer into the diffusion layer. This creates an iron-rich region right
at the inner-diffusion layer interface as observed in Fig. 7. This
newly oxidized iron will then diffuse outwards to form the outer
layer, enriching the new inner-diffusion layer interface in the pro-
cess, and going through the previous chromium-rich inner-diffu-
sion layer interface, which will thus disappear. The presence of
additional oxidized iron locally leads to more iron-rich spinel
oxide, which is consistent with the EELS analysis showing the pres-
ence of defective Fe3O4 containing a slight excess of Fe2+. Addition-
ally, the oxidized chromium present in the nanometric chromium-
rich spinel oxides diffuse very slowly compared to iron and chro-
mium stabilizes the spinel structure by its presence in the octahe-
dral sites of the structure [23–27]. Consequently, chromium will
undergo minimal diffusion once it is oxidized, which could explain
the presence of the small nanometric chromium–iron elemental
separation observed in the inner layer linked with the formation



Fig. 14. Schematic of the advancement of the inner layer into the diffusion layer.
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of the small spinel precipitates within metal grains in the diffusion
layer. The size and orientation of these precipitates is consistent in
both layers.

With this in mind, it is interesting to investigate the influence of
the diffusion layer on the oxidation behavior of ferritic–martensitic
alloys. For example, ODS steels corrode at a lower rate than con-
ventional ferritic–martensitic steels and exhibit a much thicker dif-
fusion layer [28–31]. When comparing the weight gain in SCW of
the 9CrODS alloy (9 wt.% Cr) compared to that of NF616 (9 wt.%
Cr) and HCM12A (12 wt.% Cr), the 9CrODS steel showed a lower
weight gain than that of the two other alloys even though it con-
tained less chromium than HCM12A for example [29,30]. Addition-
ally, the ODS alloys form more and larger chromium-rich oxide
precipitates (especially Cr2O3) in the diffusion layer, which can af-
fect the corrosion behavior [29,30]. This suggests that a thicker and
more chromium-rich diffusion layer leads to slower corrosion, thus
showing the importance of this layer in the corrosion process. This
influence on the oxidation behavior can be explained by the pres-
ence of large chromium-rich precipitates located at lath bound-
aries, which slow down the outward iron diffusion by preventing
grain boundary diffusion. Additionally, most of the oxygen in the
diffusion layer is used to oxidize chromium, therefore limiting
the amount of oxidized iron that will diffuse outward to form the
outer layer.

5. Conclusions

The advancement of the oxide front was analyzed through the
TEM investigation of the inner-diffusion layer interface of an
HCM12A sample oxidized in 600 �C SCW for 2 weeks. The EFTEM
and EELS analysis of this sample led to the following conclusions
concerning the understanding of the corrosion process of ferritic–
martensitic alloys:

1. The inner layer contains chromium-rich zones linked with the
porosity suggesting that the pores originate from the outward
migration of iron.

2. A nanometric iron–chromium elemental separation is observed
in the inner layer, which could be associated with the presence
of both Fe3O4 and FeCr2O4.
3. The EELS analysis showed the presence of defective Fe3O4 con-
taining an excess of Fe2+ near the inner-diffusion layer interface,
which may be associated with the advancement of the inner
layer into the diffusion layer.

4. The diffusion layer is characterized by the presence of large
chromium-rich oxide precipitates along the tempered martens-
ite lath boundaries due to the preferential grain boundary diffu-
sion of oxygen. The chromium carbides present at these
boundaries are oxidized to form the chromium-rich oxides.

5. As oxygen diffuses within the metal grain, small nanometric
chromium-rich oxide precipitates (mainly FeCr2O4) form due
to the negligible solubility of oxygen in iron. These precipitates
may be associated with the iron–chromium separation
observed in the inner layer.

Consequently, both the inner and the diffusion layers exhibit a
complex structure with a non-uniform distribution of elements.
The results give some insight on the corrosion mechanism and
especially on the advancement of the inner layer into the diffusion
layer. It appears that the diffusion layer plays an active role in
slowing down the outward diffusion of iron ions and therefore
influences the corrosion behavior of these alloys.
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