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ABSTRACT
The microstructure of the oxide layers formed on ferritic-martensitic steels
exposed to supercritical water was characterized as a means to understand the oxidation
mechanism of such alloys in supercritical water. This is of interest because a supercritical
water reactor design is envisioned as one of the Generation IV reactors. Three alloys
were studied: 9CrODS, HCM12A and HT9. 9CrODS is an oxide dispersion strengthened
steel that contains nano-particles of Y2O3. These alloys were corroded in the supercritical
water corrosion loop at the University of Wisconsin at two temperatures (500ºC and
600ºC) during different exposure times. Both 9CrODS and HCM12A were corroded at
both temperatures during 2, 4 and 6 weeks. HT9 was only corroded at 500ºC during 1 and
3 weeks.
The oxide microstructure was characterized by using synchrotron microbeam Xray diffraction and fluorescence using the APS synchrotron facility at the Argonne
National Laboratory. This technique has a high spatial resolution enabling a detailed
analysis of the oxide structure. Both elemental information with the fluorescence data and
microstructural information with the diffraction data are acquired simultaneously.
The three alloys had similar oxide microstructures with Fe3O4 in the outer oxide
layer, with a mixture of FeCr2O4 and Fe3O4 in the inner oxide layer, and with a diffusion
layer often containing chromium rich oxide precipitates. The oxide precipitates in the
diffusion layer were mainly FeCr2O4 in the 600ºC samples, but in the 500ºC samples the
diffusion layer contained few oxide precipitates and was a solid solution of oxygen ahead
of the oxide. The corrosion resistant interface was characterized by chromium enrichment
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in the fluorescence data and the presence of Cr2O3. In most cases this interface was the
inner oxide-diffusion layer interface. Nevertheless, in the 9CrODS 600ºC 4 and 6 week
samples, the corrosion resistant interface shifted to the diffusion layer-metal interface,
where a uniform Cr2O3 ribbon had formed. The presence of such a Cr2O3 ribbon is
thought to have an important role in the oxidation resistance of the material.
HCM12A and HT9 had similar corrosion behaviors but 9CrODS formed the most
protective oxide even though it contains the least amount of chromium. The enhanced
corrosion resistance of the 9CrODS is likely due to the fine dispersion of the Y2O3 nanoparticles. Finally, an oxidation mechanism was proposed, where the outer oxide layer is
formed by outward diffusion of iron cations, and the inner oxide layer is formed by
inward diffusion of oxygen anions.
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Chapter 1
Introduction

1.1 Nuclear power in the imminent future

1.1.1 The Generation IV forum
As the world’s energy needs and environmental consciousness are increasing
extremely fast, people are starting to look more favorably at nuclear power. Nuclear
power is indeed one of the substantial energies that do not produce greenhouse gases. To
further enhance the capabilities of nuclear power, several new future reactors are being
studied as part of the Generation IV forum.
The Generation IV forum, which assembled ten countries under the incentive of
the US Department of Energy, elaborated a global research plan to design generation IV
nuclear reactors to be implemented around 2030 [1]. The general objectives for these new
reactors are sustainability, economic competitiveness, safety and reliability, and
proliferation resistance and physical protection. The sustainability objective concerns
essentially recycling and reprocessing in order to extend the fuel resources for the largest
amount of time. Six innovative nuclear power plant designs were chosen to fulfill these
goals, each with a different emphasis on some of these desired goals.
The six designs were the following:
a) Gas-cooled Fast Reactor system (GFR)
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b) Lead-cooled Fast Reactor system (LFR)
c) Molten Salt Reactor system (MSR)
d) Sodium-cooled Fast Reactor (SFR)
e) Supercritical-Water-cooled Reactor system (SCWR)
f) Very High Temperature Reactor system (VHTR)
In the following section we discuss one of these reactors, the supercritical water
reactor since this thesis focuses on the corrosion problems associated with this reactor.

1.1.2 The Supercritical-Water-cooled Reactor (SCWR)
The Supercritical Water cooled Reactor is designed to function above the critical
point of water (374ºC and 22.1 MPa). The supercritical phase has both the properties of a
gas and that of a liquid. For example, it has the diffusivity of a gas but can dissolve
material like a liquid. A large number of properties are affected by the shift to
supercriticality such as: density, hydrogen bonding, ionization product dielectric constant,
heat capacity and transport properties

[2]

. The important varying property is the density

since it can vary from 0.1 to 0.8 g.cm-3, and thus enable the supercritical reactor to
function either as a thermal reactor or as a fast reactor.
In general, the reactor should function at outlet temperatures between 500ºC and
600ºC, at a pressure of about 25 MPa. The design of this power plant is similar to that of
a BWR since there is only one cycle. The schematic of this design is shown in Figure 1-1.
The supercritical water flows through the core into the turbine and back into the core.
This simplified design makes the SCWR very attractive economically. Moreover, the
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SCWR is expected to have a thermal efficiency of about 44%, which is a major
improvement compared to current light water reactors (LWR), which can only achieve
about 35%. Consequently, the SCWR is one of the Generation IV designs that is the most
economically attractive. Moreover, since it can run both in the fast and thermal spectrum;
it can be good for sustainability because by running the plant in the fast spectrum, the
used fuel could be recycled to produce energy.
Nevertheless, there are major materials issues that would have to be addressed
before such a plant is built. Since the reactor is to function at high temperatures,
corrosion is a major issue, and not much data exist on the behavior of the candidate
materials in supercritical water. Several alloys are candidates for the fuel and cladding
structural materials: austenitic stainless steel, ferritic-martensitic alloys and oxide
dispersion-strengthened alloys. It is also clear that alloy composition has a major impact
on corrosion resistance. It is thought that such differences are caused by the different
structure of the protective oxides formed on the different alloys[2]. Consequently, it is the
role of this thesis to enlighten some aspects of the oxide structure formed on ferriticmartensitic and oxide dispersion-strengthened alloys exposed to the supercritical
environment.
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Figure 1-1: Design of the Supercritical Water Reactor[1]

1.2 9-12% Cr Ferritic-martensitic alloys

1.2.1 History of ferritic-martensitic steels for nuclear reactors[3, 4]
The development of ferritic-martensitic steels for nuclear applications is linked to
the development of fast breeder and fusion reactors. Until the 1970s, the material used in
fast breeder reactors was austenitic stainless steel, but this material is susceptible to void
swelling induced by irradiation[5]. This caused ferritic-martensitic steels to be considered
as they have high thermal conductivity, low expansion coefficient, and excellent
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irradiation resistance to void swelling[3]. At the same time, these alloys were considered
for the first wall and blanket structures of fusion reactors[3]. The main effort in the
development of new alloys for this type of application led to the creation of “low or
reduced-activation” ferritic-martensitic steels that had a lower activation when under the
high energy neutron irradiation flux found in fusion reactors, as well as better resistance
to radiation damage caused by helium.
At the time, the most common alloy of this type in the United States was the
Sandvik HT9. Nevertheless, new alloys were then developed that had a better creep
resistance as well as better overall properties compared to HT9. These alloys are 9-12%
Cr ferritic-martensitic steels. The alloys studied in this thesis belong to that category.

1.2.2 Metallurgy of 9-12%Cr ferritic-martensitic steels[3]
Figure 1-2 shows the iron rich corner of the Fe-Cr phase diagram for a low carbon
alloy (0.1%)[6]. In order to form ferritic-martensitic steels the first step is to austenitize
the alloy at temperatures ranging from 850º to 1200ºC. At these temperatures, depending
on the alloying elements present or the alloy is fully austenitic or it contains both
austenite and δ-ferrite. Then the alloy is air cooled or rapidly quenched to room
temperature. During this process, the austenite transforms to martensite but the δ-ferrite
remains. The alloy is then tempered at a temperature around 750ºC to obtain the
appropriate combination of strength, ductility and toughness.
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Figure 1-2: Effect of chromium on the constitution of Fe-Cr-C alloys containing 0.1%
Carbon[6]
Depending on the percentage of δ-ferrite during austenitization the alloy will
become a ferritic-martensitic steel with more or less ferrite. The amount of ferrite present
during austenization depends on the proportion of austenite-stabilizing elements, such as
C, N, Ni, Mn, Cu, and Co, in comparison to the ferrite-forming elements such as Cr, Mo,
Nb, V, W, Si, Ti, and Al. The alloys studied in this thesis have a high chromium content
(9-12%Cr) and low carbon content (on the order of 0.1%). Consequently, in order to
stabilize the austenite that will then transform into martensite, austenite-stabilizing
elements have to be added.
Carbon is one of the main austenitizing elements since it is cheap and very
effective but it is not always used in high quantities because it reduces the toughness and
corrosion resistance, and forms metallic carbides which are not always desired[3]. Nickel
is a less effective austenitizing agent than carbon or nitrogen but should be used in very
small quantities for nuclear applications since it has a high residual radioactivity when
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under neutron irradiation. Manganese is even less effective than nickel but could be
preferred to nickel for the reason above. Nevertheless, high-manganese steels often
become brittle under thermal aging and irradiation[3]. Finally, cobalt is expensive it is also
easily activated by neutron irradiation. Moreover, the ferrite forming elements tend to
precipitate with the austenite stabilizers, by forming carbides or nitrides for example, thus
removing them from the solution and thus inhibiting the austenite stabilization.
Consequently, a mixture of all these elements often have to be used in order to stabilize
the austenite phase.

1.3 Previous studies on the corrosion of 9-12% Cr ferritic-martensitic steels
exposed to supercritical water
Even though ferritic-martensitic steels have been studied for some time, it is only
recently, with the objective of the Generation IV supercritical water reactor in mind, that
studies have been undertaken on the corrosion of these alloys exposed to supercritical
water. The corrosion of ferritic-martensitic alloys exposed to supercritical water
containing 25 ppb of dissolved oxygen [2, 7-10] generally forms a dual oxide structure but a
third layer is sometimes found depending on the alloy and the temperature of the
corrosion environment. In this research work three alloys were studied: 9CrODS,
HCM12A, and HT9. HT9 and HCM12A have a dual oxide layer even though an internal
oxidation layer is sometimes seen for HCM12A. On the other hand, 9CrODS shows a
very distinct and uniform three-layer structure at 600ºC [11, 12]. If the amount of dissolved
oxygen in the supercritical water is increased to 2 ppm, an extra Fe2O3 layer is observed
at the surface on top of the outer Fe3O4 layer[7,

10]

. Since all the alloys studied in this
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thesis were corroded with an amount of dissolved oxygen around 25 ppb, it is unlikely
this extra layer will have to be considered.
The oxide layer formed on ferritic-martensitic steels in supercritical water, was
observed as follows by Tan et al.[10]: an outer layer containing only large columnar grains
of Fe3O4 and an inner layer containing small spinel equiaxed grains of FeCr2O4 or
(Fe,Cr)3O4 as well as some traces of Cr2O3. The outer layer is often porous or shows two
sub-layers: a porous one near the solution-oxide interface and a denser sub-layer near the
outer-inner oxide layer interface. The pore distribution was studied and the critical pore
depth, which is the limit between the porous and non-porous sub-layers, corresponds to
the oxygen partial pressure at which the diffusion of the iron cations shifts from
interstitial to vacancy diffusion mode[9]. The inner layer is enriched in chromium in
comparison to the base alloy. This is in agreement with the chromium rich phases found
in that layer. Because of this chromium enrichment, the inner layer is likely the barrier
layer for the oxidation since the chromium rich phases have been shown to slow down
the diffusion of oxygen inside the metal by decreasing the diffusion coefficient of
oxygen[13]. In some cases, an internal oxidation layer can be present. It consists of a
mixture of both chromium rich oxide grains (FeCr2O4 or Cr2O3) and base alloy grains[11,
12]

.
Tan et al. have performed a thermodynamic study of the possible phases present

in the oxide scale as a function of the oxygen partial pressure and the chromium
content[10]. Figure 1-3 shows the composition diagram of the Fe-Cr-O system at 500ºC
0.1 MPa. Thus the thermodynamic phases that are present from the metal to the surface
are: Fe, Fe + Cr2O3, Fe + FeCr2O4 (spinel), and finally magnetite.
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Figure 1-3: Calculated PO2—composition diagram for the Fe–Cr–O system at 500ºC and
0.1 MPa. The dashed line demonstrates the oxidation path.[10]
It is generally assumed that the original alloy surface is the outer oxide-inner
oxide layer interface. This is because this interface is straight and distinct separation, and
because the outer layer contains no chromium. The overall mechanism for oxide
formation is as follows: the iron cations migrate outwards from the metal to the surface of
the alloy thus forming the outer layer of Fe3O4 and the oxygen anions migrate inwards
from the surface to the metal thus forming the inner layer. Figure 1-4 shows a schematic
of the oxidation mechanism in ferritic-martensitic steels. Only the iron cations migrate
outwards since the diffusion of chromium cations is much too slow. This mechanism is
coherent with the hypothesis that the interface between the outer layer and the inner layer
is the original alloy surface. Ampornrat and Was[2] calculated the activation energy for
oxide growth of certain ferritic-martensitic alloys and have shown that this activation
energy (~172-189 kJ.mol-1) is similar to that of oxygen diffusion through the grain
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boundaries of Fe3O4 (~167 kJ.mol-1). Thus, the limiting factor in the oxidation of these
alloys seems to be the inward diffusion of oxygen into the metal. Furthermore, the inner
layer is always thinner than the outer layer which suggests that the iron outward
migration is faster than the oxygen inward migration, which makes the oxygen diffusion
the limiting step for the oxidation. This study also showed that the diffusion of oxygen
through spinel phases is much slower than through magnetite again suggesting that the
inner layer is the barrier layer.

Figure 1-4: Schematic of the mechanism of oxide formation in ferritic-martensitic steels
9CrODS is an alloy that stands out from the rest of the ferritic-martensitic steels
studied because it is an oxide dispersion strengthened (ODS) alloy. This means that it
contains a fine dispersion of nano-particles of yttrium rich oxides dispersed in the alloy’s
matrix. This precipitate dispersion gives the alloy stronger mechanical properties and
higher corrosion resistance. In corrosion studies in supercritical water it was shown that
the weight gain of 9CrODS is much lower than that of other ferritic-martensitic steels[12].
It has been suggested that this is due to the fact that yttrium segregates to the grain
boundaries, thus helping chromium to segregate there too, thereby slowing down the
diffusion of ions by forming Cr2O3 at the grain boundaries[11]. Moreover, 9CrODS steel
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often has a smaller grain size than non-ODS alloys which causes the diffusion of
chromium to these grain boundaries to be more significant. Also the diffusion of
chromium to the matrix-oxide interface where chromium rich phases have been
characterized is enhanced[12,

14]

. In addition, Chen et al have shown that the 9CrODS

600ºC sample exhibits a distinct internal oxidation layer, in which chromium rich phases
precipitate and form a 1μm uniform layer at the internal oxidation layer-metal interface,
thus stopping inward diffusion of oxygen[12].
Even though there have been some studies of the structure of oxide layers formed
on ferritic-martensitic steels in supercritical water, there is still not enough knowledge
about the phases formed in the different oxide sub-layers. A very good technique to
obtain this knowledge is microbeam synchrotron radiation diffraction and fluorescence,
as has previously been done for zirconium alloys[15]. The majority of the studies on
ferritic-martensitic steels exposed to supercritical water characterized the oxide layer
using weight gain measurements, electron microscopy (both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)) as well as energy
dispersive spectroscopy (EDS) and electron backscatter diffraction (EBSD). The present
study uses microbeam synchrotron radiation diffraction and fluorescence to characterize
very precisely the oxide structure of the alloys. To complete this study, electron
microscopy and EDS-mapping has also been used.

Chapter 2
Experimental Procedures

2.1 Description of the alloys studied

2.1.1 Composition of the alloys
Three alloys were studied in this work: 9CrODS, HCM12A and HT9. The
samples were corroded in the supercritical loop at the University of Wisconsin at
different temperatures and for different exposure times. Both 9CrODS and HCM12A
were corroded at 500ºC and 600ºC and at both these temperatures were exposed for 2, 4
and 6 weeks.
The three alloys studied are ferritic-martensitic steels, and thus they are low
carbon iron-chromium alloys containing about 9-12% chromium and about 85% iron.
The remaining alloying elements are essentially carbon, vanadium, manganese, silicon,
nickel molybdenum and tungsten. Table 2-1 shows the chemical composition of the three
alloys. The three alloys contain different amounts of chromium, which is the element that
has the most influence on the corrosion resistance of an alloy[3]. Normally, the higher the
chromium content, the better corrosion resistance an alloy has. 9CrODS contains 8.6%
chromium, HCM12A 10.83% and HT9 11.94%. The other elements present in small
quantities, will determine the ferrite to martensite ratio of the alloy, as explained
previously in chapter 1.
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Table 2-1: Elemental composition of 9CrODS, HCM12A and HT9 in weight percent
Element

9CrODS

HCM12A

HT9

Iron
Chromium
Carbon
Nitrogen
Aluminum
Silicon
Phosphorus
Sulfur
Titanium
Vanadium
Manganese
Cobalt
Nickel
Copper
Niobium
Molybdenum
Tungsten
Others

87.97
8.6
0.14
0.048
<0.5
0.003
0.21
0.05
0.06
2
Y: 0.28 / O: 0.14

84.22
10.83
0.11
0.063
0.001
0.27
0.016
0.002
0.19
0.64
0.39
1.02
0.054
0.3
1.89
B: 31 ppm

84.36
11.94
0.21
0.005
<0.01
0.3
0.013
0.005
<0.01
0.3
0.69
0.03
0.62
0.02
1.03
0.48

As stated in section 1.2.2, certain elements are ferrite stabilizers whereas others
are austenite stabilizers. According to the total amount of ferrite stabilizers compared to
austenite stabilizers, the alloy can be completely ferritic, completely martensitic or a
ferrite-martensite mixture. In order to define the nature of the alloys studied we can
calculate the chromium equivalent and nickel equivalent of the alloying elements, as
stated in Klueh and Harries[3]. The chromium and nickel equivalents calculations are
defined in Eq. 2.1 and Eq. 2.2:
Ni equivalent (wt%) = (%Ni) + (%Co) + 0.5(%Mn) + 0.3(%Cu)
+ 30(%C) + 25(%N)
Cr equivalent (wt%) = (%Cr) + 2(%Si) + 1.5(%Mo) + 5(%V)
+ 1.75(%Nb) + 0.75(%W) + 1.5(%Ti) + 5.5(%Al)

Eq. 2.1
Eq. 2.2
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In order for ferrite to form in martensitic steels, a balance must be found between
the ferrite stabilizing and austenite stabilizing elements, because the austenite stabilizers
not only stabilizes austenite but also inhibit the formation of ferrite. Consequently, a
ferrite chromium equivalent can be calculated making a balance between the austenite
and ferrite stabilizing agents. For δ-ferrite to form in high chromium martensitic steels,
this ferrite chromium equivalent must be above 9 wt%[3]. The calculation for this new
chromium equivalent is shown in Eq. 2.3:
Cr equivalent (wt%) = (%Cr) + 6(%Si) + 4(%Mo) + 11(%V) + 5(%Nb)
+1.5(%W) + 8(%Ti) +12(%Al) – 4(%Ni) – 2(%Co)
– 2(%Mn) – (%Cu) – 40(%C) – 30(%N)

Eq. 2.3

The chromium and nickel equivalents and the ferrite chromium equivalent were
calculated for the three alloys studied and are summarized in Table 2-2. The first
chromium equivalent and the nickel equivalent can then be plotted in a SchaefflerSchneider diagram to define the structure of the alloy[16]. Figure 2-1 shows the SchaefferSchneider diagram for the three alloys studied: 9CrODS, HCM12A and HT9.
Table 2-2: Chromium and nickel equivalents for the three alloys studied: 9CrODS,
HCM12A, and HT9
Equivalent
Nickel equivalent
(wt%)
Chromium equivalent
(wt%)
Ferrite Cr equivalent
(wt%)

9CrODS

HCM12A

HT9

4.285

5.891

7.426

10.511

14.2875

15.945

7.628

9.727

9.39

The Schaeffer-Schneider diagram shows that 9CrODS is a fully martensitic alloy,
which is in agreement with a ferrite chromium equivalent lower than 9 wt%. On the other
hand, both HCM12A and HT9 contain a mixture of martensite and ferrite, but HCM12A
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contains more ferrite. On the other hand, according to the Schaeffer-Schneider diagram,
HT9 shows an additional austenite phase. Consequently, because of their different
composition, the three alloys exhibit different microstructures, with varying amounts of
ferrite, martensite and austenite.

Figure 2-1: Schaeffer-Schneider diagram for the three alloys studied: 9CrODS, HCM12A
and HT9. Modified from Schneider[16].

2.1.2 Manufacturing process of the alloys
The three alloys were manufactured in Japan and then sent to the University of
Wisconsin for the corrosion experiment. HCM12A was supplied by Sumitomo Metal
Industries, Ltd., and 9CrODS by Japan Atomic Energy Agency. The company that
manufactured HT9 is unknown. Both HCM12A and HT9 were manufactured using
conventional alloy fabrication processes. This process includes two main steps:
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normalization and tempering. During normalization, the alloys are heated up at high
temperatures on the order of 1000ºC in order to achieve a complete solid solution. This is
the austenization step. During cooling, the austenite transforms into martensite which
makes the alloy brittle. In order to improve the ductility of the alloy, the alloy is
tempered. In this step, the alloy is heated to temperatures on the order of 500-800ºC. This
temperature is kept low enough so that austenization does not occur. During tempering,
the carbon atoms that were trapped in the martensite are able to diffuse, thus decreasing
the amount of martensite. As the carbon diffuses, it may form carbides with either iron or
chromium atoms, as well as with vanadium, titanium and tungsten depending on theses
elements’ alloying content. If chromium carbides are formed, this can create a low
chromium content zone near the boundary that can have an influence on the diffusion of
oxygen near the grain boundaries. In these two processes, the two important parameters
are the temperature and the time of exposure at that temperature.
HT9 was normalized at 1040ºC for one hour and then air cooled before being
tempered at 740ºC during 45 minutes, and then air cooled. HCM12A was normalized at
1050ºC for one hour, followed by air cooling, followed by a temper for 7 hours at 770ºC,
and then air cooled. At these tempering temperatures, the martensite laths become more
like equiaxed sub-grains, and Cr23C6 can precipitate. For HCM12A, since it was
tempered at a temperature of 770ºC for more than one hour, all the carbon in solution
precipitates in Cr23C6 [3]. These precipitates can be seen as white spots along the grain and
sub-grain boundaries in the SEM images taken of that sample, as shown in Figure 2-2.
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Figure 2-2: SEM image of HCM12A alloy exposed to supercritical water.
In comparison to both HCM12A and HT9, the manufacturing process for
9CrODS is more complex. This process is described schematically in Figure 2-3[17, 18].
The alloying elements are mixed together in powder form (~80μm particles) along with a
very fine Y2O3 powder (~18nm particles) to form oxide dispersion strengthening
particles. The elemental powders are mixed mechanically using an attrition-type ball mill
spinning at 220 revolutions per minute for 48 hours in argon gas atmosphere. The
mechanically alloyed powders (MA powders) are then sealed in cans under vacuum of
0.1 Pa at 673K. After hot-extrusion and forging at 1423K, the bars are normalized at
1323K (1050ºC) for one hour, air cooled, and tempered at 1073K (800ºC) for one hour
before being air cooled. This produces a martensitic alloy in which yttrium rich oxide
nano-particles are uniformly dispersed.
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Figure 2-3: Manufacturing process of ODS steels for cladding[18].

2.2 Supercritical corrosion loop and corrosion conditions

2.2.1 Description of the supercritical loop
The corrosion experiments were performed at the University of Wisconsin, in a
natural circulation supercritical water corrosion loop. The schematic of the loop is given
in Figure 2-4. The pressure was 25 MPa and the dissolved oxygen content was 25 ppb.
The temperature and time of exposure depended on the sample. Two temperatures were
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used: 500ºC and 600ºC. For both 9CrODS and HCM12A the exposure times were 2, 4
and 6 weeks and for HT9 they were 1 and 3 weeks.
The description of the supercritical loop is given in detail in the articles by
Sridharan et al[19,

20]

. The loop is a rectangular loop that is 3 meters tall and 2 meters

wide, and has a maximum input of 100kW. The heat transfer fluid used to obtain
supercritical water is molten lead and it surrounds the tube containing the supercritical
water in two locations. The water chemistry is controlled by extracting water from the
loop which also contains a filter to control the conductivity.

Figure 2-4: Schematic of the supercritical water corrosion loop at the University of
Wisconsin[19]
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2.2.2 Weight gain measurements
As the samples were corroded in the supercritical loop, the weight gain was
measured for different exposure times. The weight gain serves as a measure of the rate of
oxidation (kinetics of oxidation) if it is assumed that the increase in weight of the samples
is due only to the intake of oxygen. In the studies of corrosion in supercritical water, it is
assumed that there is no or negligible spallation, and therefore the kinetics of oxidation
are measured through weight gain measurements[2].
Figure 2-5 shows the measured weight gain for the three alloys as a function of
exposure time in supercritical water with a temperature of 500ºC. Among the alloys
studied, HT9 has the highest chromium content and thus should have the best corrosion
resistance, and 9CrODS having the smallest chromium content should have the worst
corrosion resistance. Nevertheless, the oxide dispersion strengthened (ODS) alloy has the
lowest weight gain as shown on Figure 2-5. Between HCM12A and HT9, HT9 shows the
lowest weight gain and also has the highest chromium content, suggesting that the link
between corrosion resistance and chromium content can only be applied to non-ODS
steels. Additionally, it appears that the oxidation rate of 9CrODS and HCM12A has
increased between the 4 and 6 week samples, which is characterized by a change in the
slope of the two curves.
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Figure 2-5: Weight gain measurements from the University of Wisconsin for 9CrODS,
HCM12A and HT9 against exposure time in 500ºC supercritical water

2.3 Sample preparation
The characterization of the oxide layers was performed using two methods:
synchrotron X-ray microbeam diffraction and fluorescence, and scanning electron
microscopy. For both these techniques cross sectional samples were prepared in order to
study the oxide microstructure, as a function of the oxide position from the oxide-solution
interface to the oxide-metal interface. The cross sectional samples are 3 mm discs with a
thickness of about 1-2 mm and were prepared in manner described previously [21, 22]. The
samples received from the University of Wisconsin consisted of small portions of
rectangular shaped coupons that had been corroded in supercritical water at certain times
and temperatures. The portions received had an oxide layer on both sides of the coupon.
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The process of obtaining the characterization ready cross sectional samples from these
coupon parts is described schematically in Figure 2-6.

Figure 2-6: Schematic of the process of mounting cross-sectional samples and a
schematic of a cross sectional sample.
The coupon parts are cut using a diamond saw to obtain small rectangular strips
of about 2 mm in width. This strip contains two oxide surfaces but one of the two was
sacrificed as the strip was mechanically thinned in order to obtain a thickness of about 0.3
mm. The mechanical thinning was achieved by using crystal bond to protect the oxide
layer studied, while the other side was mechanically polished using 400 grit silicon paper.
Once the strip was thin enough, it was placed inside the slot of the molybdenum rod,
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which was itself placed in a 3mm brass tube. Everything was then glued together using
Gatan G-1 epoxy.
The molybdenum rod maintains mechanical stability of the sample and decreases
the volume fraction of epoxy used. The molybdenum rod has a diameter of 2.26 mm and
a length of about 40 mm. The slit in the rod is about 0.4-0.5 mm wide. The brass tubes
have an external diameter of 3 mm and an internal diameter of 2.3 mm and about the
same length as the molybdenum rods. The Gatan G-1 epoxy was cured at 80ºC for 15-20
minutes. Once the sample has been mounted in such a way, the rods are cut into small
discs that are about 1-2 mm thick using a diamond saw.
The small cross sectional discs are polished to obtain a mirror polish. 400 and 600
grit silicon carbide paper was used first on both sides in order to obtain two parallel
surfaces. Then one side was polished further using Allied 8” 1200 grit silicon carbide
adhesive discs followed by 1 micron colloidal silica and 0.5 micron diamond paste. These
mirror polished samples were then used directly for the synchrotron experiments and
were subsequently mounted on SEM stubs with silver paint for SEM observation.

Figure 2-7 shows a mirror polished 3 mm disc alongside a mounted samples in the brass
tube and molybdenum rod glued together with epoxy.
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Figure 2-7: Picture of the mounted brass tube with the molybdenum rod alongside a
mirror polished 3 mm disc similar to the ones used in the synchrotron experiments, and
for SEM imaging.

2.4 Synchrotron X-ray diffraction and fluorescence

2.4.1 Description of the Advanced Photon Source Synchrotron
The main characterization technique used to study the microstructure of the oxide
layers formed on ferritic-martensitic steels exposed to supercritical water was
synchrotron radiation microbeam X-ray diffraction and fluorescence at the Advanced
Photon Source (APS) located at the Argonne National Laboratory near Chicago, Illinois.
The APS is a third generation synchrotron whose brilliance is orders of magnitudes
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higher than conventional Cu-Kα and Mo-Kα X-ray diffraction machines. Figure 2-8
shows a comparison of the brilliance between different X-Ray sources.

Figure 2-8: Comparison of X-Ray brilliances from different X-Ray sources in the UnitedStates: Advanced Light Source (ALS), Berkeley, CA; Advanced Photon Source (APS),
Argonne, IL; National Synchrotron Light Source (NSLS), Upton, NY; and Stanford
Synchrotron Research Laboratory (SSRL), Stanford, CA. [http://www.aps.anl.gov/]
Synchrotron radiation as an X-ray source is unique in that it produces very high
brilliance over a range of energies or wavelengths. The high photon flux enables us to
detect small volume fractions of phases that would otherwise not be detected. Moreover,
at the APS the beamline used was the 2-ID-D beamline which can be focused to a 0.2μm
spot. This beamline is described in the next section. In our experiments, the brilliance is a
more important parameter than the flux. Both parameters measure the number of photons
per second within a narrow energy bandwidth. The flux is a measure of the number of
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photons passing through a specific area and therefore is more appropriate for unfocused
beams. The brilliance on the other hand focuses on the intensity (photons per second per
unit area) and directionality of the X-ray beam through its divergence (milliradians
squared). The combination of high brilliance ad sub-micron spatial resolution allows for
unique characterization of the oxide layers.

2.4.2 Description of the 2-ID-D beamline
The 2-ID-D beamline is devoted to sub-micron high resolution X-ray studies. The
X-rays are produced by the deceleration of the electrons present in the synchrotron as
they pass through the insertion device of the beamline. This deceleration is accompanied
by the emission of X-rays but since the deceleration occurs on the tangential coordinate
of the acceleration vector of the electron, the X-rays are emitted in a straight line along
the tangent to the storage ring. For the 2-ID-D beamline, the insertion device that is used
to produce the X-rays is an undulator. Once the X-rays are emitted from the undulator,
they go through a silicon double plate monochromator that allows the X-ray energy or
wavelength to be varied in the range of 5 to 32 keV. The resulting monochromatic beam
is then focused by using Fresnel zone plates. These zone plates contain concentric rings
that are alternatively opaque and transparent. When the beam hits the plates, it diffracts
around the opaque rings, and if the rings are properly spaced, the diffracted light will
constructively interfere on the sample surface with the desired focus. The zone plate used
at the 2-ID-D beamline has a diameter of 145 μm with an outermost zone width of 0.9
μm, a thickness of 900 nm and a focal length of 10 cm at 8 keV. Figure 2-9 shows a
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schematic of the 2-ID-D beamline and Table 2-3 gives the specifications for the
beamline.

Figure 2-9: Schematic of the production of the focused micro-beam of the 2-ID-D
beamline at the APS facility in Argonne National Laboratory. [http://www.aps.anl.gov]

Table 2-3: Specifications of the 2-ID-D beamline [http://www.aps.anl.gov]
Energy
Range
5-32
keV

Monochromator
Resolution
Type
Kohzu Si (111)

1.4x10-4

Flux

Source

10-11 at 10
keV

Undulator

Beam size
horiz x vert
0.1μm x 0.1μm
(focused)

2.4.3 Description of the experiments
Figure 2-10 shows a schematic of the experimental setup. One of the major
advantages of this experiment and the beamline facility is the simultaneous capture of
chemical and elemental data by X-ray fluorescence, and of microstructural and phase
information by X-ray diffraction. The experiment consists in scanning step by step
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through the oxide layer, and we simultaneously obtain both the elemental and
microstructural information as a function of the position in the oxide layer.

Figure 2-10: Microbeam synchrotron X-ray diffraction and fluorescence setup.
A Newport Kappa diffractometer was used during the experiments and the
diffraction data was collected by a CCD detector. The fluorescence data was recorded
using a Ge(Li) Canberra solid state detector. In order to collect the fluorescence data,
energy regions of interest (ROIs), corresponding to the K or L lines of the elements of
interest, were specified at the beginning of each experiment. The elements of interest are
the elements that are expected to be present in the material. For this study, these elements
were: iron (Fe), chromium (Cr), aluminum (Al), silicon (Si), yttrium (Y), molybdenum
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(Mo), lead (Pb), argon (Ar), titanium (Ti), vanadium (V), manganese (Mn), cobalt (Co),
nickel (Ni), and copper (Cu).
Depending on the distance between the CCD detector and the sample, the twotheta range of diffracting angles captured by the CCD varies. The closer the CCD is to
the sample, the larger the two-theta range, and the larger the fraction of the diffraction
ring captured. In the experiments run, the CCD to sample distance was about 22 cm and
an incident angle theta of 16º which enabled us to have a two-theta range between 24º
and 39º. The incident angle is approximately in the middle of the 2-theta range and is
kept constant throughout all the acquisitions.
After having properly calibrated and aligned the sample and detectors, the beam
was scanned through the oxide layer. The step size in most cases was 0.2 μm, and 1 μm
in a few cases. The footprint of the beam on the sample was about 0.2 μm x 2 μm. The
acquisition time for each step was about 1 minute with an X-ray fluorescence acquiring
time of 30s. For all the samples, the energy of the X-ray beam used was ~9.5 keV which
corresponds to a wavelength of 1.305 Å. The diffraction data is captured as a TIFF image
and then has to be integrated in order to be analyzed.

2.4.4 Integration of the CCD images
For the data collected in July 2006, the program used was developed by A.
Yilmazbayhan and is described in detail in her thesis[21]. The data is collected as TIFF
images where each pixel stores the information on the intensity. This intensity
information is then converted into text format using the program IPLAB before being
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processed by the program, called 2DConvert, written by A. Yilmazbayhan, to result in
intensity versus 2-theta diffraction data. This is done by taking a slice of the image and
summing all the intensity along one 2-theta angle. The result is a spectrum of intensity
peaks as a function of 2-theta. A schematic of the process is shown in Figure 2-11.

Figure 2-11: Schematic of the integration process used to obtain analyzable data from the
diffraction TIFF images collected at the APS synchrotron facility.
For the data collected in August 2007, we used an alternative and easier to use
program created by the Argonne National Laboratory (ANL), called CCD Sum Sdiapp.
The only difference between the two programs was the fact that in the ANL program the
Lorentz-Polarization factor was not taken into account. Consequently, once the program
was run we applied that factor to the data to obtain the data that we used for our analysis.
The data from each diffraction pattern was analyzed by using PeakFit 4.0[23]. The process
was as follows: first the background was removed by using the best background fit, then
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peaks were fitted using the Pearson VII profile function. In this peak shape both the full
width at half maximum and the full width at tenth maximum can be varied. Although
there were background problems, the overall summation of the peaks fitted resulted in a
good match with the experimental data with a R2 value of more than 0.99.
The major phases present in the samples studied are Fe bcc, Fe3O4, FeCr2O4,
Cr2O3 and (Cr,Fe)2O3. The peaks corresponding to FeCr2O4 and Fe3O4 are very close
because the crystallographic structure of these two phases differs only by a slight
variation of the unit cell parameter. This presents a challenge for the fitting of oxides
phase peaks formed on Fe-Cr alloys. Since chromium has a smaller atomic radius than
iron, the unit cell parameter of FeCr2O4 is slightly smaller than that of Fe3O4. However,
these two phases can be effectively distinguished by using the PeakFit program to fit the
diffracted intensity. In the same way, Cr2O3 and (Cr,Fe)2O3 phases exhibit similar
diffraction angles. The diffraction angles for the major peaks corresponding to the
expected phases are shown in Table 2-4.
Table 2-4: Diffraction angles for Fe3O4, FeCr2O4, Cr2O3 and Fe bcc with their relative
intensities.
Fe3O4
2-theta Intensity
(220):
30
25.41
(311):
100
29.87
(222):
8
31.23
(400):
20
36.225

FeCr2O4
2-theta Intensity
(220):
33
25.45
(311):
100
29.94
(222):
7
31.32
(400):
22
36.31

Cr2O3
2-theta Intensity
(104):
100
28.34
(110):
93
30.51
(006):
7
33.47
(113):
35
34.91
(202):
6
37.17

Fe bcc
2-theta Intensity
(110):
100
37.38
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2.5 Scanning Electron Microscopy (SEM)
Although unique information can be obtained using synchrotron X-ray diffraction
and fluorescence to analyze the microstructure of oxide layers, the technique works in a
blind way. It is indeed impossible to know where on the sample the scan was acquired
and to relate the information obtained to particular features in the oxide layer.
Consequently, the microbeam synchrotron analysis has to be complemented by scanning
electron microscopy, which gives “eyes” to the X-ray data.
The SEM used was a FEI Quanta 200 ESEM (environmental scanning electron
microscope). The scanning electron microscope (SEM) was equipped with an energy
dispersive spectroscopy (EDS) system, which enabled the acquisition of elemental data
which could confirm the fluorescence data. As stated in the sample preparation section,
the samples analyzed with the SEM were prepared in the same way as the microbeam Xray diffraction and fluorescence samples, but they were additionally mounted upon SEM
stubs using carbon tape. The samples were examined under high vacuum (10-7 bars) using
backscattered electron (BSE) imaging at an energy of 20 kV. BSE imaging is highly
dependent on the atomic number Z of the material since the primary electrons coming
from the beam are reflected or backscattered out of the material. The higher the atomic
number Z the brighter the resulting image. Thus, the contrast is essentially a chemical
contrast dependent on the atomic number Z.
Conventional SEM imaging was also accompanied by the use of EDS and
especially EDS-mapping. EDS-mapping creates an elemental image of the conventional
SEM image. A region where an element is abundant will correspond to a bright area in
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the EDS-map and vice-versa. This creates a distribution of the main elements throughout
the oxide layer but can also be used by zooming on a special feature and determining its
chemical composition. This is the equivalent for the SEM image of what the fluorescence
data was for the X-ray diffraction. Figure 2-12 shows an example of chromium, iron and
oxygen EDS-maps taken for the internal oxidation layer of 9CrODS 600ºC 6 weeks.

Figure 2-12: Chromium, Iron and Oxygen EDS-maps of 9CrODS 600ºC 6 weeks.
Using all the information obtained from the various characterization techniques
described, we were able to assess the relationship between the evolution of the
microstructure of the oxide layer and the oxidation behavior. The results obtained are
described in chapter 3.

Chapter 3
Experimental Results
This chapter presents the experimental results for the three alloys studied using all
the methods described in chapter 2. This section is divided into three parts each
corresponding to an alloy: the results for 9CrODS are presented first, followed by
HCM12A and by HT9. For both 9CrODS and HCM12A, the samples corroded at 600ºC
are described and compared first, followed by the analysis of the 500ºC samples. The
main results are from diffraction analysis, with complementary fluorescence and SEM
examination. The powder diffraction files for the phases discussed in this chapter are
shown in Appendix A. The comparison between the alloys is performed in chapter 4.

3.1 Oxide layers formed on 9CrODS exposed to supercritical water

3.1.1 Samples exposed at 600ºC

3.1.1.1 9CrODS 600ºC 2 weeks
The first 9CrODS sample described was corroded in supercritical water at a
temperature of 600ºC during 2 weeks. Figure 3-1 shows a SEM image of the sample.
There are three distinct layers in this sample: a dense outer layer, a porous inner layer and
an internal oxidation layer (or diffusion layer). This last layer is formed by the diffusion
of oxygen ahead of the oxide and contains a mixture of both oxide and metal grains. It is
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characterized by the presence of oxide precipitates. The thickness of the outer layer is
about 22 μm, that of the inner layer about 9-10 μm, and that of the diffusion layer 30-32
μm.

Figure 3-1: SEM image of 9CrODS exposed to 600ºC supercritical water during 2 weeks
The inner oxide-diffusion layer interface is jagged and especially porous, whereas
the diffusion layer-metal interface is remarkably straight. The diffusion layer-metal
interface is a straight line because it represents the location where the solubility limit of
the oxygen in the metal is exceeded. The oxide particles can form when the concentration
of oxygen (to which corresponds a certain value of the oxygen partial pressure) is above
the solubility limit. It is thought that a diffusion profile exists ahead of the oxide and that
when that profile exceeds the solubility limit, oxide particles form.
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Although the interface is essentially straight, in some regions of the diffusion
layer, like the one arrowed “A” in the SEM image, a small oxide ribbon has formed
perpendicularly to the advancing oxygen flow that seems to slow down the diffusion of
oxygen or at least the precipitation of oxide beyond this ribbon. This ribbon is likely
formed by the coalescence of the oxide precipitates present in the diffusion layer and is
thought to be the beginning of the Cr2O3 ribbon found in the 9CrODS 600ºC 4 week
sample, as described in the next section.
The outer oxide-inner oxide layer interface is sharp and straight and, as mentioned
above, is thought to be the original metal-solution interface[12]. The outer layer is formed
by the outward migration of iron ions, and the inner and diffusion layer are formed by the
inward diffusion of oxygen. Consequently, the outer layer only contains iron and oxygen,
as confirmed by the fluorescence data. Figure 3-2 shows the fluorescence data obtained
for iron and chromium during a microbeam synchrotron measurement.

Figure 3-2: Iron and chromium fluorescence data acquired at the synchrotron using a 1μm
scan step size.
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The fluorescence plot in Figure 3-2 shows that the inner oxide is enriched in
chromium. In particular, the region near the inner oxide-diffusion layer interface exhibits
a chromium peak. The outer oxide layer does not contain any chromium which agrees
with the hypothesis that only iron ions migrate outwards from the metal leaving the inner
layer depleted in iron. In the diffusion layer, the iron is somewhat depleted but increases
gradually to reach the iron content of the metal. A few localized iron depletion peaks are
linked to some localized chromium enrichment peaks. It is likely that these localized
concentration peaks correspond to the oxide precipitates found in the diffusion layer.
In order to determine the crystal structure of the phases present in the oxide
layers, it is necessary to analyze the X-ray diffraction data. For this sample, two runs
were performed: one with a 1 μm step size throughout the oxide layers, and one with a
finer step size of 0.2 μm which focuses on the inner layer and the beginning of the
diffusion layer. In this study, we will only show the diffraction data obtained using the
0.2 μm step size. The data collected was analyzed using the methods described in chapter
2, and all the X-ray diffraction patterns thus obtained were plotted together using the
program Matlab, thus creating a diffraction map of the oxide layers. Such a plot for
9CrODS 600ºC 2 weeks is shown in Figure 3-3.
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Figure 3-3: Diffraction intensity versus two-theta angle and the distance to the outer-inner
layer interface of 9CrODS 600ºC 2 weeks.
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This plot shows the peaks associated with the major phases present in the sample.
The iron (110) peak shows a high intensity up to the beginning of the inner layer where
this intensity decreases abruptly. This is coherent with the fact that there are no more iron
metal grains in the inner layer but only oxide grains. The oxides observed in the inner
oxide layer have the structure of FeCr2O4 or Fe3O4. The peaks from these two phases can
only be seperated using detailed PeakFit analysis. Figure 3-3 underlines the fact that right
at the inner-diffusion layer interface, where there is a chromium enrichment in the
fluorescence plot, peaks associated with Cr2O3 are observed. Since Cr2O3 inhibits the
diffusion of oxygen, this small layer is likely to play an active role in the corrosion
resistance of the material. As will be seen below, in this chromium enrichment region,
there is no Fe3O4 present and only FeCr2O4 which is coherent with the higher chromium
content.
Figure 3-4 shows the fit performed using PeakFit for scan 59 which is located at
the summit of the chromium enrichment peak of the fluorescence data in Figure 3-2. The
main peak is at an angle of 29.92º which corresponds to the main FeCr2O4 peak and next
to it is a Cr2O3 peak at 30.47º. In this scan there is a peak at 35.19º which could
correspond to the carbide Fe2C (35.18º (30% intensity), 35.96º (100%), and 36.83º
(46%)) even though we do not see the peak at 36.83º. There is a peak at 36.49º but this
one is more likely to be the carbide Fe5C2 which has peaks at (36.51º (100%), 37.06
(100%), 35.96º (21%), and others that we do not see). Carbides such as these are formed
during the manufacturing process and therefore it is coherent to find carbides in the metal
or at the metal-oxide interface. Nevertheless, if these peaks corresponded to carbides it
would be more logical to see these peaks throughout the metal and diffusion layer, and
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not just at the beginning of the inner layer. In the SEM picture of Figure 3-1 the carbides
might be the small white spots seen in the metal, in the diffusion layer and in the inner
part of the inner layer, as we will also see in the study of HCM12A. Consequently, even
though the peaks correspond pretty well, it seems unlikely that these peaks correspond to
carbides. A much stronger peak than the one found in this sample is observed at the same
two-theta angle for the 9CrODS 600ºC 4 week sample. This peak is thought to be
associated with an intermediate oxide phase which could be FeO whose 100% intensity
peak (the (200) peak) is located at a two-theta angle of 35.29º. Moreover, Fe0.98O has its
100% intensity peak (the (102) peak) at a diffraction angle of 36.60º. Consequently, it is
highly probable that this peak is associated with the FeO phase even though this
association remains unsure.

Figure 3-4: Fit of the diffraction peaks for scan 59 of 9CrODS 600ºC 2 weeks.
In the diffusion layer peaks associated with both metal grains and oxide grains are
observed. The oxide grains correspond to FeCr2O4 and sometimes Cr2O3 is present. There
is no Fe3O4 in the diffusion layer. Consequently, the oxide precipitates in the diffusion
layer are all chromium rich. This is likely due to the fact that chromium is
thermodynamically favored to oxidize before iron. Figure 3-5 shows a scan in the
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diffusion layer fitted using PeakFit, in which only the iron bcc peak (37.5º), three
FeCr2O4 peaks (25.33º, 29.91º, and 36.30º) and one Cr2O3 peak (28.32º), are observed.

Figure 3-5: Diffraction pattern taken from the diffusion layer of the 9CrODS 600ºC 2
week sample and fitted using PeakFit.

3.1.1.2 9CrODS 600ºC 4 weeks
The sample described in this section is a 9CrODS sample that was corroded in
supercritical water at a temperature of 600ºC during 4 weeks. Figure 3-6 shows an SEM
micrograph of the oxide layers formed on this sample. The thickness of the outer oxide
layer is 37-39 μm, that of the inner oxide layer about 23 μm, while the thickness of the
diffusion layer varies around 22 μm (it can be as small as 15 μm and as large as 27 μm in
certain regions).
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Figure 3-6: SEM image of 9CrODS exposed to 600ºC supercritical water during 4 weeks
The oxide layers in this sample, especially the diffusion layer, are quite different
from those observed in the 9CrODS 600ºC 2 week sample. During the additional
exposure time, the outer layer has almost doubled in size and has formed two sub layers:
a porous sub-layer near the corrosive solution and a dense sub-layer towards the inner
oxide. Although the inner oxide layer is denser on the whole, many pores remain,
especially at the inner oxide-diffusion layer interface. The inner oxide layer also seems to
be divided into two sub-layers: a dense sub-layer near the outer-inner layer interface and
a more porous sub-layer near the inner oxide-diffusion layer interface. However, the most
marked difference in the oxide evolution is in the diffusion layer. A dark ribbon is now
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observed at the diffusion layer-metal interface, and has been identified as rich in Cr2O3,
as shown below.
Figure 3-7 shows the fluorescence data obtained for iron and chromium during a
microbeam synchrotron measurement. The small oxide ribbon seen at the diffusion layermetal interface corresponds to a chromium rich region. The region into the metal that is
beyond this layer appears to be devoid of oxides, which would be in agreement with the
large Cr2O3 content slowing down the diffusion of oxygen beyond this ribbon. In
addition, the diffusion layer has become porous, and its thickness is now about the same
as that of the inner layer. In the 9CrODS 600ºC 2 week sample, the diffusion layer was
twice the thickness of the inner oxide layer. Nevertheless, the total thickness of both the
inner and diffusion layer has stayed approximately the same around 40 μm. The
thicknesses observed in the fluorescence plot are in good agreement with the SEM
micrograph: the outer oxide layer measures 38 μm, the inner layer 23 μm and the
diffusion layer 27 μm.
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Figure 3-7: Iron and chromium fluorescence data acquired using a step size of 1 μm.
The fluorescence plot of 9CrODS 600ºC 4 weeks differs from that of 9CrODS
600ºC 2 weeks by the location of the chromium enrichment peak, located at the diffusion
layer-metal interface in the 4 week sample, whereas it was located at the inner oxidediffusion layer interface in the 2 week sample. This chromium peak corresponds to the
dark oxide ribbon present at the diffusion layer-metal interface. Both the diffusion layer
and the inner oxide layer are enriched in chromium compared to the metal, with a higher
chromium content in the inner layer. The intensity of the chromium and iron fluorescence
signals vary significantly in the diffusion layer, which is likely linked to the presence of a
mixture of metal and oxide grains, and to the presence of pores.
EDS-mapping was used to analyze the microstructure of the dark ribbon at the
diffusion layer-metal interface. Figure 3-8 shows chromium, iron and oxygen EDS-maps
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taken in the SEM. Those maps show iron depletion, and chromium and oxygen
enrichment at the ribbon, in agreement with the observation of chromium rich oxides
such as Cr2O3 in this ribbon. They also show that, compared to the diffusion layer, the
inner oxide layer contains more oxygen, less iron and about the same amount of
chromium. Little oxygen is observed in the metal beyond the ribbon indicating that this
ribbon may play an active role in the corrosion resistance of the material by hindering
diffusion of oxygen.

Figure 3-8: EDS map of the inner and diffusion layers of 9CrODS 600ºC 4 weeks
The presence of Cr2O3 and chromium rich oxides in the ribbon is confirmed by
the microbeam X-ray diffraction data. Figure 3-9 shows the fluorescence data for a scan
using a finer step size of 0.2 μm. It is possible to notice that the chromium enrichment
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peak in the fluorescence data is actually composed of two peaks. The diffraction patterns
taken from both sides of the chromium enrichment peak show different diffraction peaks:
on the metal side the peaks observed correspond only to Cr2O3, whereas on the diffusion
layer side, the peaks correspond to both FeCr2O4 and Cr2O3, with FeCr2O4 as the
strongest intensity peak.

Figure 3-9: Fluorescence plot of 9CrODS 600ºC 4 weeks acquired using a step size of
0.2μm along with two fits of diffraction peaks done with PeakFit. The bottom fit
corresponds to a diffraction pattern in the chromium enrichment peak near the metal and
the top one to a diffraction pattern in the juxtaposed enrichment peak near the diffusion
layer.
To determine the microstructure of the various oxide layers it is necessary to
analyze the diffraction data. Figure 3-10 shows a Matlab plot of the diffraction intensity
as a function of the diffraction angle (two-theta) and the distance, using fine step size of
0.2 μm.
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Figure 3-10: Matlab plot of the diffraction intensity versus two-theta and distance of
9CrODS 600ºC 4 weeks.
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The Matlab plot in Figure 3-10 starts in the metal (bottom) where only the iron
bcc peak is observed. It then continues into the Cr2O3 ribbon where only Cr2O3 (circled in
red) and iron bcc peaks are observed with the intensity of the iron bcc peak being greatly
reduced. After the Cr2O3 ribbon, the diffusion layer is observed, where FeCr2O4 peaks are
observed along side with the iron bcc peak. Here and there a few Cr2O3 peaks are
observed. The oxide peaks in the diffusion layer are of smaller intensity than that of the
oxide peaks found in the oxide ribbon, and the diffraction patterns are similar to those in
the diffusion layer of the 9CrODS 600ºC 2 week sample. At the inner oxide-diffusion
layer interface, Cr2O3 (110) peaks are observed as well as the FeCr2O4 peaks, and the
intensity of the iron bcc peak decreases abruptly. As the inner oxide layer is approached,
the intensity of the FeCr2O4 peaks increases they become mixed with Fe3O4 peaks. The
emergence of the Fe3O4 peak is visible as a shift of the 29.94º peak (corresponding to
FeCr2O4) towards 29.87º (corresponding to Fe3O4). Figure 3-11 shows a blowup of the
relevant two-theta region of the diffraction patterns. Finally, slightly inside the inner
oxide layer, an unknown peak circled in green is observed. The phase corresponding to
this peak is possibly FeO as described later on, but this association remains unsure.
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Figure 3-11: Zoom of the diffraction intensity plot on the 29.94-29.87º peak showing the
shift from 29.94º (FeCr2O4) near the metal towards 29.87º (Fe3O4) in the inner layer.
The (110) Cr2O3 peaks (at two-theta of 30.5), found at the beginning of the inner
layer, might be associated with the remnants of the chromium enrichment peak observed
in the fluorescence plot for the 9CrODS 600ºC 2 week sample. Further into the inner
oxide layer, a cluster of peaks is observed around two-theta of 35º (circled in green in
Figure 3-10). This peak cluster spreads over a distance of about 4 μm which appears to be
located right after the porous region at the inner oxide-diffusion layer interface. By
performing a Peakfit analysis, the cluster is found to be composed of three seperate
peaks: 34.99º, 35.17º, and 35.38º. These peaks are linked to other peaks which appear in
the same location within the scan such as a peak at 25.68º, a small peak at 27.15º, and
several peaks near 36º: 36.0º, 36.14º and 36.45º. The two-theta locations of these peaks
corresponds reasonably well to carbides such as Fe2C, Fe5C2, or TiC; but the
identification of these peaks as seems unlikely because these peaks are only present in the
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inner part of the inner oxide layer and are not observed in the metal. Since the location of
these peaks corresponds to the interface between the two sub-layers in the inner layer, it
is more plausible that they are associated with an intermediate oxide phase. This
intermediate oxide phase could be a kinetic phase that is not thermodynamically stable
but forms in certain conditions before dissolving, and could perhaps take the form of FeO
whose 100% intensity peak is at a diffraction angle of 35.29º corresponds to the (200)
plane. The fact that this cluster of peaks was also observed in the same location in the
inner oxide layer in the sample that was run during the experiment at the synchrotron in
July 2006, strongly suggests that these peaks are associated with an oxide phase present
in that location of the oxide. An example of a diffraction pattern collected where this
peak appears is shown in Figure 3-12. We observe the association between the 35º and
36º peaks which can be due to the fact that Fe0.98O has its 100% peak (corresponding to
the (102) plane) located at 36.6º. In the same way, these peaks seem associated with a
smaller peak around 30.3º (also circled in red) which could be associated with the 80%
intensity peak (corresponding to the (111) plane) of FeO located at 30.39º. The presence
of FeO has been observed in other studies as for example by Tan et al in the HCM12A
alloy[8]. Consequently, FeO is a very plausible phase that can be associated with these
peaks. Nevertheless, the location of these peaks are slightly off compared to the values
found in the powder diffraction files of Appendix A, therefore it is not possible to
conclude on the phase associated with these peaks.
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Figure 3-12: Diffraction pattern collected for 9CrODS 600ºC 4 weeks at the location
where the unknown phase at a diffraction angle of 35.2º appears.

3.1.1.3 9CrODS 600ºC 6 weeks
9CrODS 600ºC 6 weeks was corroded at a temperature of 600ºC in supercritical
water during 6 weeks. Figure 3-13 shows an SEM micrograph of the oxide layers formed
on this sample. The outer layer is about 36-39 μm thick, the inner layer is 20-24 μm thick
and the diffusion layer varies around 20 μm, ranging from 16 to 25 μm. Overall, the
thicknesses of the oxide layers are similar to those observed in the 9CrODS 600ºC 4
weeks except that both the inner oxide and the diffusion layer are wavier.
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Figure 3-13: SEM image of 9CrODS exposed to 600ºC supercritical water during 6
weeks
Even though the oxide layers of 9CrODS 600ºC 6 weeks have similar thicknesses
and morphology as 9CrODS 600ºC 4 weeks, there are still some differences. First, the
outer layer is more porous and seems more prone to spall or flake off. Nevertheless this
porosity and oxide cracking is limited to the sub-layer of the outer layer situated near the
corrosion solution. The other sub-layer near the inner oxide layer is dense as it was for
9CrODS 600ºC 4 weeks. The inner layer is also still formed of two sub-layers: one dense
near the outer layer and one porous near the diffusion layer. The difference from 9CrODS
600ºC 4 weeks, is that the porosity is more spread out over the sub-layer and the
separation between the two sub-layers is highlighted by the presence of lines of pores in
the middle of the inner layer, as shown in Figure 3-13. Moreover, it appears that these
porous lines are associated with some periodicity in the dense sub-layer of the inner oxide
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layer. The inner-diffusion layer interface is jagged and it seems as if small dendrites are
extending from the inner oxide layer into the diffusion layer. In the diffusion layer, the
dark Cr2O3 ribbon is thicker in some regions and in other parts forms two layers of this
ribbon separated by metal. Overall, the diffusion layer is porous, especially in the part
near the inner layer.
Since the thicknesses and the morphology of the layers of 9CrODS 600ºC 6
weeks are similar to those of 9CrODS 600ºC 4 weeks, it seems the oxidation process has
slowed down between the 4 and 6 weeks compared to between the 2 and 4 weeks. The
fact that the outer layer did not grow between 4 and 6 weeks is incoherent with the
continuation of oxidation if one assumes that the oxide is adherent. Nevertheless, as it
seems that the outer layer spalls off, a very plausible explanation is that the diffusion rate
has slowed down to the point that the amount of iron ions that diffuse to the solutionoxide interface is just enough to compensate for the spalling or dissolution that takes
place there. In this scenario, there would be no net growth of the outer layer.
In the same way as the morphology of the oxide layers is similar for 9CrODS
600ºC 4 weeks and 6 weeks, both fluorescence plots have many similarities. The
fluorescence plot for 9CrODS 600ºC 6 weeks, obtained with a 0.2 μm step scan, is shown
in Figure 3-14. Several features are observed in this fluorescence plot. Like in the
9CrODS 600ºC 4 week sample, the main feature is the localized chromium enrichment,
corresponding to the dark oxide ribbon at the diffusion layer-metal interface. In the
diffusion layer, wavy elemental content is observed, as well as slight chromium
enrichment compared to the metal. The waviness of the elemental content continues up to
the middle of the inner oxide layer, thus separating the inner oxide layer into two sub-
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layers. The outer layer measures 37μm, the inner layer 24μm and the diffusion layer
19μm.

Figure 3-14: Iron and chromium fluorescence data for 9CrODS 600ºC 6 weeks acquired
using a step size of 0.2 μm.
In the diffusion layer, the fluorescence intensity plot is more wavy than that in the
9CrODS 600ºC 4 weeks; this is likely caused by the formation of more chromium rich
oxide precipitates in the diffusion layer, and by increased porosity. The fluorescence
intensity plot in the sub-layer of the inner layer that is closest to the diffusion layer is also
wavy. This may be lined, both to the fact that this sub-layer is a transition layer between
the dense inner oxide of the other sub-layer and the mixture of oxide and metal grains of
the diffusion layer and to the high porosity observed there. Consequently, it is possible
that the sub-layer near the diffusion layer still contains a small amount of metal grains,
thus making the inner oxide-diffusion layer interface less distinct. This hypothesis is
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reinforced by the fact that even though the intensity of the iron bcc peak decreases
abruptly at the inner-diffusion layer interface, some intensity remains until the middle of
the inner oxide layer, where a chromium enrichment peak is observed in the fluorescence
plot, and corresponding to the interface between the two sub-layers of the inner oxide
layer.
Further indication that there is a change in oxide character at this location is given
by diffraction analysis, which shows the presence of Cr2O3 (circled in red) at this
location. Figure 3-15 shows a Matlab plot of the diffraction intensity as a function of the
diffraction angle (two-theta) and the distance from the outer oxide-inner oxide layer
interface, using fine step size of 0.2 μm. The phases present in the oxide layers of
9CrODS 600ºC 6 weeks are similar to those seen in the 9CrODS 600ºC 4 weeks sample.
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Figure 3-15: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of 9CrODS 600ºC 6 weeks.
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As in the 9CrODS 600ºC 4 weeks sample, in the region corresponding to the dark
oxide ribbon at the diffusion layer-metal interface, mainly peaks associated with Cr2O3
are observed. This is shown in Figure 3-15 by the high intensity of the 28.3º peak
corresponding to the diffraction of the (104) Cr2O3 peak (circled in red). Detailed
diffraction analysis shows that peaks associated with the less intense FeCr2O4 phase are
also present in this oxide ribbon. Figure 3-16 shows a diffraction pattern from that region,
along with the fitting and indexing.

Figure 3-16: PeakFit of a scan from the chromium enrichment peak present at the
diffusion layer-metal interface.
As the diffusion layer is investigated beyond the oxide ribbon, the peaks
associated with the oxide phases appear in a spotty manner, alternating with metal peaks.
Contrary to 9CrODS 600ºC 4 weeks, Fe3O4 is also present in the diffusion layer so that
the shift of the 29.9º peak, observed when crossing the inner oxide-diffusion layer
interface in the 4 week sample, was not seen here. Figure 3-17 shows this shift in the
main FeCr2O4-Fe3O4 peak. This plot underlines that most of the oxide is in the form of
Fe3O4 since the majority of the peaks diffracted with an angle of about 29.87º (Fe3O4)
rather than 29.94º (FeCr2O4). Consequently, instead of exhibiting peaks associated with
FeCr2O4 the 6 week sample exhibits only peaks associated with a Fe3O4-Cr2O3 mixture.
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Figure 3-17: Zoom of the diffraction intensity plot on the 29.94-29.87º peak.
Another feature that stands out in the diffraction data plot of Figure 3-15, is a
peak around 31.93º situated just after the Cr2O3 ribbon at the diffusion layer-metal
interface. It is not clear what this peak corresponds to. In the raw data the intensity of this
peak appears as a spot pattern (not a ring) and seems to be associated, in angular position
and morphology, with the peak at 33.5º and perhaps a peak at 34.9º which could both
correspond to Cr2O3. A diffraction pattern showing this peak is shown in Figure 3-18. A
two-theta angle of 31.93º could perhaps correspond to the carbide Cr23C6 which has a
peak at an angle of 31.77º but other peaks corresponding to this phase and which should
be present in this two-theta region are not observed (especially the 100% intensity peak at
37.1º). Nevertheless, it is possible that Cr23C6 is associated with Cr2O3 because the
chromium from the carbide might be used to from the oxide. Another possibility is TiO2
which has a peak at 31.85º. This is a likely possibility since there is 0.21% of titanium in
the composition of 9CrODS. Moreover, since the main peaks for this phase are not in the
two-theta range studied, the 31.85º peak is the one of highest intensity (20%) in the range
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studied. This can also explain why TiO2 is only seen in this location: it is possibly in
other locations but with the wrong orientation in order to diffract enough in the two-theta
range studied. Finally, the last possibility for this peak is Fe0.98O, which is associated
with peaks at two-theta angles of 31.88º (80% intensity peak of the (101) plane), of
30.05º (80% intensity peak of the (003) plane), and of 36.6º (100% intensity peak of the
(102) plane). The (003) and (102) peaks are nevertheless not observed. Consequently,
TiO2, Cr23C6, and Fe0.98O are possibilities but it seems more likely that it corresponds to
either Cr23C6, since this phase can be formed during the manufacturing of the alloy, or
Fe0.98O, since it is a more likely oxide than TiO2.

Figure 3-18: Diffraction pattern acquired at the APS synchrotron for 9CrODS 600ºC 6
weeks at a distance of about 34 μm from the outer-inner layer interface.
In the inner layer, apart from the usual FeCr2O3 / Fe3O4 peaks, additional peaks
are observed near the middle of the inner layer, at the interface between the two sublayers. Both a strong peak at about 30.38º (as mentioned above) corresponding mainly to
a (Cr,Fe)2O3 phase, and some small broad peaks around 35.1º are seen. Figure 3-19
shows a fitted diffraction pattern from this region, which is located just after the
chromium enrichment peak found in the fluorescence plot of Figure 3-14. The 30.38º
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peaks is likely to correspond to a (Cr,Fe)2O3 phase, which is a Cr2O3 phase containing a
certain amount of iron. Nevertheless, it is intriguing to find this strong peak after the
chromium enrichment and not at the same location. Consequently, this peak might be
associated with another phase, possibly FeO. FeO is associated with two peaks in the
two-theta range studied: the 80% intensity (111) peak at 30.39º, and the 100% intensity
(102) peak at 35.29º. Both these angles are very close to the ones found in the diffraction
pattern which suggests that FeO might be present in that location. In the SEM image, this
location corresponds to that of the line of pores, therefore the presence of pores might be
linked with the observation of FeO.

Figure 3-19: Fluorescence data for titanium showing the titanium enrichment at the
location of the 35.1º peak in the middle of the inner layer. A fit using PeakFit is plotted
alongside to show the peaks.
To conclude for 9CrODS 600ºC samples, the oxide microstructure changes
significantly from the 2 week sample to the 4 week sample. The chromium enrichment
corresponding to precipitation of a relatively large amount of Cr2O3 shifts from the innerdiffusion layer interface in the 2 week sample to the diffusion layer-metal interface in the
4 week sample. This shift is accompanied by the precipitation of a dark oxide ribbon at
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the diffusion layer-metal interface. The 4 and 6 week samples are similar in morphology
and microstructure except the 6 week sample contains more Fe3O4 and Cr2O3.

3.1.2 9CrODS exposed to supercritical water at 500ºC
For the 9CrODS samples corroded at a temperature of 500ºC, only two samples
were studied using microbeam diffraction and fluorescence: 9CrODS 500ºC 4 and 6
weeks. Nevertheless, SEM images of 9CrODS 500ºC 2 weeks were taken and can help
the analysis and comparison with the 9CrODS samples that were exposed to supercritical
water at 600ºC.

3.1.2.1 9CrODS 500ºC 2 weeks
The 9CrODS 500ºC 2 week sample was only studied using the SEM to take
images. An elemental analysis using EDS mapping was undertaken but did not reveal
anything remarkable. Figure 3-20 shows an SEM micrograph of the oxide layers formed
on the 9CrODS 500ºC 2 week sample. It exhibits a two layer structure with an outer layer
of 4.8 μm and an inner layer of about 3.5 μm. Nevertheless, there is also a layer between
the inner layer and the metal which shows a different contrast in the SEM compared to
the contrast of the metal. It is likely due to the diffusion of oxygen ahead of the oxide
without precipitation of oxides because no separate contrast is observed. Therefore, it is
likely that this is a solid solution of oxygen and corresponds to the diffusion layer. There
are no oxide precipitates like in the 9CrODS samples corroded at 600ºC, which reinforces
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this hypothesis. The inner oxide-diffusion layer interface is jagged (thickness varies from
3 to 4 μm), and shows a high density of pores. The outer oxide layer shows cracks and a
few pores, and seems to be spalling off.

Figure 3-20: SEM image of 9CrODS exposed to 500ºC supercritical water for 2 weeks.

3.1.2.2 9CrODS 500ºC 4 weeks
The 9CrODS 500ºC 4 week sample was characterized using both SEM and
microbeam diffraction and fluorescence. Figure 3-21 shows an SEM micrograph of the
oxide layers formed on this sample. The oxide exhibits a two layer structure with a solid
solution diffusion layer similar to that seen in the 9CrODS 500ºC 2 week sample. The
diffusion layer is here again characterized by a contrast difference between the diffusion
layer and the metal. The outer oxide layer is about 6-7 μm thick, and the inner oxide layer
is between 3.5-4.5 μm thick with an average at 4μm. The outer oxide layer is denser and
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shows less signs of spalling than the outer oxide layer of the 9CrODS 500ºC 2 week
sample. Nevertheless, the outer oxide layer does contain a significant amount of pores.
The inner layer also appears much denser than the 9CrODS 500ºC 2 week sample, but
also contains pores, especially at the inner layer-metal interface.

Figure 3-21: SEM image of 9CrODS exposed to 500ºC supercritical water for 4 weeks.
Overall, the morphology is less complex than that observed in the 9CrODS 600ºC
samples and so is its microstructure. The fluorescence data is shown in Figure 3-22.
Although the fluorescence data do not show any localized chromium enrichment peak,
the inner layer is enriched in chromium similarly to what was observed for the 9CrODS
600ºC samples. The interface between the inner oxide layer and the metal is broad and
the chromium content decreases gradually from the inner layer to its level in the metal.
Nonetheless, a slight iron depletion compared to the iron content in the metal, can be seen

64
right after the inner oxide layer-metal interface. This depletion could be associated with a
diffusion layer that is not especially visible in Figure 3-21. This “diffusion layer” is not
enriched in chromium like in the 9CrODS 600ºC samples, and appears to consist solely
of a solid solution of oxygen in the metal because of the lack of contrast with the metal,
and because of slight iron depletion. Nevertheless, although it seems from both the SEM
image and the fluorescence data that there are no oxide precipitates in the oxide layer, the
diffraction data shows very small oxide peaks. However, the intensity of the oxide
precipitate diffraction peaks observed is much lower than that of the samples corroded at
600ºC.

Figure 3-22: Iron and chromium fluorescence data for 9CrODS 500ºC 4 weeks acquired
using a step size of 0.2 μm.
Even though the iron and chromium fluorescence plot does not exhibit particular
features, the titanium plot shows titanium enrichment at the inner oxide-diffusion layer
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interface. Nevertheless, this titanium enrichment does not appear to correspond to any
special diffraction peak. Figure 3-23 shows a plot of the fluorescence data as a function
of distance in the oxide.

Figure 3-23: Titanium fluorescence intensity for 9CrODS 500ºC 4 weeks with a step size
of 0.2 μm
The microbeam diffraction data is shown in Figure 3-24.
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Figure 3-24: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of 9CrODS 500ºC 4 weeks.

67
Although in the SEM image and the fluorescence data it seems that the diffusion
layer is a solid solution of oxygen in the metal, oxide peaks continue to be observed in
the diffusion layer. These peaks correspond to Cr2O3 (both the (104) and (110) peaks are
present at respective angles of 28.34º and 30.5º) and to Fe3O4 ((311), (400), (200) and
(222) peaks respectively at angles of 29.87º, 36.22º, 25.41º, and 31.23º). Some peaks
associated with FeCr2O4 appear sporadically in the diffusion layer and the inner oxide
layer. FeCr2O4 appears mainly at the outer oxide-inner oxide layer interface as shown by
the zoom of the Matlab plot on the 29.9º peak in Figure 3-25. In the diffusion layer, the
peak is broad and consists of a combination of both the (311) Fe3O4 peak (at an angle of
29.87º), and the (311) FeO.Cr2O3 (at an angle of 29.77º (PDF# 04-0752)) which has a
different unit cell parameter than FeCr2O4. This FeO.Cr2O3 peak disappears in the outer
oxide layer. In the inner oxide layer, we find the same peaks for Fe3O4 and FeO.Cr2O3
except with stronger intensity. There are few peaks associated with Cr2O3 in the inner
layer and they appear sporadically, whereas in the diffusion layer they appear more
consistently. Finally, in the outer oxide layer only peaks associated with Fe3O4 are
observed.
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Figure 3-25: Zoom of the diffraction plot on two-theta region of 29.9º for 9CrODS 500ºC
4 weeks.
In the metal and in the diffusion layer it is also possible to observe a peak at twotheta of 31.88º, which corresponds to the (420) Cr23C6 peak (normally at 31.77º). The fact
that this peak is observed throughout the metal and diffusion layer reinforces the
possibility that this peak could be associated with Cr23C6, which is formed during the
manufacturing of the alloy. Although we rarely observe the 100% peak at two-theta of
37.1º, this chromium carbide peak is the most likely indexing for this diffraction peak. If
chromium carbides are present in both the diffusion layer and the inner oxide layer, this
suggests that less chromium is available for oxidation in the matrix. This hypothesis is in
agreement with the observation of Fe3O4 as the main oxide phase throughout the oxide
layers.
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3.1.2.3 9CrODS 500ºC 6 weeks
9CrODS 500ºC 6 weeks was also characterized using both the SEM for
morphology and microbeam diffraction and fluorescence. The SEM image of this sample
is shown in Figure 3-26.

Figure 3-26: SEM image of 9CrODS 500ºC 6 weeks.
This sample exhibits a three layer oxide structure with an outer oxide layer
measuring about 6.5-7.5 μm, an inner oxide layer measuring about 4-4.5 μm and a
diffusion layer measuring about 6 μm. The diffusion layer has a similar morphology to
that of the inner oxide layer. At their interface, a line of large pores is observed (some
pores can reach a size of 1.6-2.5 μm). The diffusion layer was characterized by observing
the slight difference in contrast between the inner oxide layer and the diffusion layer, and
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by measuring the thicknesses of the layers observed in the X-Ray diffraction and
fluorescence data with the thicknesses in the SEM image. The outer oxide layer appears
more stable with less cracks and spallation than for the 9CrODS 500ºC 4 weeks but it is
still porous. The inner oxide layer is a bit darker in color compared to the diffusion layer
suggesting that it could contain more oxide precipitates than the diffusion layer. Both this
difference in contrast and the high porosity found at the inner oxide-diffusion layer
interface help separate the inner oxide layer from the diffusion layer. The inner oxide
layer exhibits many white spots, which could be carbides, or remnants of metal grains,
especially near the outer-inner layer interface.
The diffusion layer is very different in aspect to that of the 9CrODS 600ºC
samples and resembles more closely to the inner layer. The diffusion layer-metal
interface does not contain a dark oxide ribbon but is constituted of a dendritic interface.
Small dendrites emerge from the diffusion layer and circle around oxide grains that are
then consumed by the oxide. This suggests that the formation of the oxide takes place
first at the grain boundaries of metal grains, followed by the oxidation of the metal grain.
As peaks associated with Cr23C6 were seen in the 9CrODS 500ºC 4 week sample, these
might create paths along which the oxide can form. We tried to analyze those dendrites
using EDS-mapping but this technique does not have a good enough resolution for such
small features. The microbeam diffraction and fluorescence will give us better insight on
this matter.
Figure 3-27 shows the fluorescence plot for 9CrODS 500ºC 6 weeks.
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Figure 3-27: Iron and chromium fluorescence data for 9CrODS 500ºC 6 weeks acquired
using a step size of 0.2 μm.
As in all the other samples studied, the outer layer contains only iron and the inner
layer is enriched in chromium. In the diffusion layer the chromium and iron content
change almost linearly from their level in the inner layer to that in the metal. Apart from
the diffusion layer, the fluorescence plot does not exhibit notable features, such as
localized chromium enrichment peaks.
The microbeam diffraction data collected at the synchrotron is shown in Figure 3-28 .
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Figure 3-28: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of 9CrODS 500ºC 6 weeks.

73
The diffraction data show the location of the main oxide phases Fe3O4, FeCr2O4
and Cr2O3. Cr2O3 is present almost continuously, but in small quantities, in the diffusion
layer and in the beginning of the inner layer. The other oxide peak present is a peak at
29.90º which is halfway between the FeCr2O4 and Fe3O4 (311) peaks at 29.94º and 29.87º
respectively. This suggests that this peak is associated with a phase such as (Fe,Cr)3O4, of
the form Fe1+xCr2-xO4 with x between 0 and 2. This peak shifts towards higher two-theta
thus corresponding to FeCr2O4 towards the inner oxide-outer oxide interface. Figure 3-29
shows a blowup of the diffraction map on the 29.9º two-theta region. The oxide peaks
situated at two-theta of 29.94º and 36.3º reach their maximum intensity at this interface
where it is only in the form of FeCr2O4. Since chromium rich oxides lower the diffusion
coefficients of both iron and oxygen, and since FeCr2O4, which is a chromium rich oxide,
is present at the outer oxide-inner oxide interface, it appears that this interface might be
the one playing an active role in the corrosion resistance of the material. The presence of
this phase would hinder the diffusion of oxygen into the inner oxide and thus hinder the
oxidation of the metal.
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Figure 3-29: Zoom of the diffraction plot on two-theta region of 29.9º for 9CrODS 500ºC
6 weeks.
The diffraction data highlights the presence of carbides in this sample. Starting in
the metal and continuing in the diffusion layer a small TiC peak can be observed at a
two-theta of 35.01º, which is associated with the TiC 35.1º (200) peak. The 9CrODS
alloy contains a significant amount of titanium, so it is likely that TiC forms during the
manufacturing process of the alloy. Additionally, we observe a peak around 31.93º
(circled in green) in the middle of the inner oxide layer which could possibly be
associated with the (101) Fe0.98O. This hypothesis is reinforced by the presence in the
same location of a peak around two-theta of 35.2º (also circled in green), which is likely
to be associated with FeO. Nevertheless, since the two-theta angles observed differ from
the ones from the powder diffraction files, it is impossible to be positive. This last peak
likely corresponds to the same phase as the one seen in the 9CrODS 600ºC 4 week
sample. Figure 3-30 shows a fit made using PeakFit showing both unknown oxide peaks,
which could correspond to FeO and Fe0.98O.
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Figure 3-30: PeakFit in the middle of the inner layer in the 9CrODS 500ºC 6 week
sample.

3.1.3 Summary of 9CrODS
In order to summarize the differences of each 9CrODS sample studied and thus
underline the influence of the time of exposure and of temperature on the oxide
microstructure, certain aspects of this microstructure are displayed in Table 3-1.
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Table 3-1: Summary of the oxide microstructure of the 9CrODS samples studied.
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If we compare the samples corroded at 600ºC and the ones corroded at 500ºC,
there are major differences. The first one is that the oxide layers are much thinner in the
500ºC samples which is coherent with the fact that diffusion coefficients are much lower
at 500ºC than at 600ºC, thus inhibiting the oxide growth. Second, the diffusion layer
shows a completely different morphology due to the fact that there is much less oxide
precipitation in this layer when formed at 500ºC compared to the samples corroded at
600ºC. Even for the 9CrODS 500ºC 6 week sample (where there is oxide precipitation in
the diffusion layer), the morphology is different since the appearance of the diffusion
layer resembles more closely to the inner layer than the diffusion layer in the 600ºC
samples. The diffusion layer-metal interface of the 9CrODS 500ºC 6 week sample is
especially different from that of the 600ºC samples since it consists of small oxide
dendrites growing around metal grains. In the 9CrODS 600ºC samples, the oxide does not
precipitate around the metal grains and no relationship between the oxide precipitation
and the metal grain boundaries is apparent. Consequently, in the 500ºC samples, the
oxide formation is characterized by grain boundary diffusion compared to bulk diffusion
in the 600ºC samples. Furthermore, in the 500ºC samples no chromium enrichment is
observed at the inner oxide-diffusion layer interface or the diffusion layer-metal interface.
Cr2O3 precipitates in very small quantities uniformly. Finally, whereas in the 600ºC
samples the interface playing an active role in corrosion resistance was located where
chromium enrichment was observed (inner oxide-diffusion layer interface for the 600ºC 2
week sample and the diffusion layer-metal interface for the 600ºC 4 and 6 week samples),
in the 500ºC samples this active interface is situated at the outer oxide-inner oxide
interface where FeCr2O4 precipitates.
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3.2 Study of HCM12A at different times of exposure and temperatures

3.2.1 HCM12A exposed to supercritical water at 600ºC

3.2.1.1 HCM12A 600ºC 2 weeks
HCM12A 600ºC 2 week sample was corroded at a temperature of 600ºC during 2
weeks. Figure 3-31 shows an SEM micrograph of the oxide layers formed on this sample.
Similarly to 9CrODS, this sample exhibits a three layer structure with the following
thicknesses: an outer layer of about 25 μm, an inner layer with a thickness varying from
15 μm to 21 μm and a non-uniform diffusion layer with a thickness varying from 0 to 14
μm. The non-uniformity of these layers is one of the most notable characteristics of the
oxide layer formed on HCM12A.

Figure 3-31: SEM images of HCM12A 600ºC 2 week sample.
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The morphology of the oxide layers formed on HCM12A differs from that of the
oxide layers formed on 9CrODS. The alloy microstructure is revealed in the SEM image
through white spots outlining the prior austenite metal grains and outlining laths inside
these grains. These white spots are likely to be carbides formed along metal grain
boundaries and along lath boundaries between ferrite and martensite during the
manufacturing of the alloy. These features in the metal were not observed in the SEM
images of 9CrODS. This difference in the alloy morphology is likely due to different
microstructures: 9CrODS is a purely martensitic alloy whereas HCM12A is a mixture of
ferrite and martensite.
The outer oxide layer of HCM12A 600ºC 2 weeks is composed of large columnar
grains similar to those found in 9CrODS, and appears flakier than that of 9CrODS 600ºC
2 weeks because of the presence of cracks. The inner oxide layer is porous throughout the
layer and does not form two sub-layers like in the 9CrODS 600ºC 4 and 6 weeks.
Additionally, there is no preferential pore location at the inner oxide-diffusion layer
interface, as observed in the 9CrODS samples. Finally, the diffusion layer is non-uniform
and exhibits a thin Cr2O3 ribbon at the diffusion layer-metal interface in certain regions.
The Cr2O3 ribbon formed is thinner than that formed on 9CrODS after 4 and 6 weeks
exposure times, and is present only in certain locations along the diffusion layer-metal
interface. In the diffusion layer of the HCM12A 600ºC samples, the oxide precipitates
form along the orientation of the metal grains, and appear to follow the lines of the white
carbides. Figure 3-32 shows close-ups of the diffusion layer where a relationship between
the alloy microstructure and the oxide precipitates is observed. Even when the diffusion
layer is absent, the inner oxide layer forms small oxide dendrites along lines of white
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spots. Moreover, the oxide layer stops along a metal grain boundary and does not seem to
be able to advance into the metal. It appears the presence or absence of a diffusion layer
is associated with the orientation of the laths and carbide lines. If these are in the
direction of the oxygen flow, a diffusion layer will form; if they are perpendicular to the
orientation of the oxygen flow, no diffusion layer will form. Consequently, these white
spots, which may correspond to carbides, appear to play an active role in the formation of
the oxide.

Figure 3-32: SEM images of the diffusion layer and its absence of HCM12A 600ºC 2
weeks.
The phases present in these oxide layers will be studied using the microbeam Xray diffraction and fluorescence data collected at the APS synchrotron facility. Figure 333 shows the iron and chromium fluorescence data acquired using a 0.2 μm step size.
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Figure 3-33: Iron and chromium fluorescence data for HCM12A 600ºC 2 weeks acquired
using a step size of 0.2 μm.
The fluorescence data show features similar to those observed in the 9CrODS
samples: the outer oxide layer contains only iron, the inner oxide layer is enriched in
chromium, and the diffusion layer is a transition region, between the inner oxide and the
metal, where the chromium content decreases from its level in the inner oxide to that in
the metal. In the same way, as observed some 9CrODS samples, the inner oxide layer is
divided into two sub-layers. The elemental content in the sub-layer near the inner oxidediffusion layer interface oscillates more than in the sub-layer near the outer oxide-inner
oxide interface. At the interface between these two sub-layers, a small localized
chromium enrichment is observed, suggesting the presence of chromium rich phases at
that location. It is more difficult to distinguish the transition between the inner oxide
layer and the diffusion layer in the fluorescence plot of HCM12A than in similar plots for
the 9CrODS samples. This is due to the fact that the inner oxide layer is jagged, and it
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advances into the diffusion layer along small oxide dendrites (similar to what was
observed for 9CrODS 600ºC 6 weeks). Since the microbeam footprint on the surface is
about 2 μm, the data collected averages all the features within this 2 μm range, causing
the interface to be less distinct. Finally, a slight chromium enrichment is observed at the
diffusion layer-metal interface. Once again this enrichment is broad because of the
microbeam average over a 2 μm horizontal span, and the waviness of the diffusion layer.
Figure 3-34 shows a Matlab plot of the diffraction intensity as a function of the
distance from the outer oxide-inner oxide interface and of the diffraction angle two-theta.
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Figure 3-34: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HCM12A 600ºC 2 weeks.
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As in the 9CrODS samples, the main oxide peaks present are associated with the
FeCr2O4 and Fe3O4 phases, with sporadically strong Cr2O3 peaks. The diffusion layer
contains mainly FeCr2O4 and Cr2O3. At the broad chromium enrichment located at the
diffusion layer-metal interface, an increase in Cr2O3 content is inferred from the strong
peaks at 30.5º indexed as (110) Cr2O3. This peak is accompanied by smaller peaks around
34.6º-34.9º indexed as (Cr,Fe)2O3 and Cr2O3 (113) peaks. Figure 3-35 shows a diffraction
pattern of a scan, taken at the location of highest chromium enrichment, which was fitted
using PeakFit.

Figure 3-35: PeakFit of a scan located in the chromium enrichment at the diffusion layermetal interface.
In the inner oxide layer, peaks associated with Fe3O4 become dominant but
FeCr2O4 peaks remain present. This shift is observed by a gradual shift of the diffraction
angle of the (311) peak from 29.94º (FeCr2O4) to 29.87º (Fe3O4). At the beginning of the
inner oxide layer, strong peaks appear around a two-theta angle of 35.2º. These peaks are
very similar to the ones observed in the inner layer of 9CrODS 600ºC 4 weeks. It is not
clear what phase these peaks are associated with, but the most probable phase associated
with this peak is FeO. As observed in some of the 9CrODS samples, the main peak is
located at a two-theta diffraction angle of 35.15º-35.22º, and in the same pattern,
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additional peaks at two-theta angles of 36.4º and 36.6º are observed, which may be
indexed as coming from Fe0.98O (PDF# 39-1088). Figure 3-36 (top) shows a picture of a
diffraction pattern acquired at this location, showing the angular relationship between the
35.2º and 36.6º diffraction peaks. The lower portion shows the integrated diffraction
pattern along with its fit.

Figure 3-36: Diffraction pattern of HCM12A 600ºC 2 weeks at the location of appearance
peaks at a diffraction angle of 35.2º possibly associated with FeO.

3.2.1.2 HCM12A 600ºC 4 weeks with and without a yttrium coated surface
This sample was corroded in supercritical water at a temperature of 600ºC during
4 weeks. Two samples were corroded under these conditions: one on which a yttrium
surface coating was implanted before oxidation, and one without the yttrium surface
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coating. The sample containing the yttrium surface coating was the one studied using
microbeam synchrotron X-ray diffraction and fluorescence. Nevertheless, the
morphology of the oxide layer in both samples morphology was analyzed using the SEM.
Figure 3-37 shows an SEM micrograph of the oxide layers formed on the sample without
the yttrium surface coating, and Figure 3-38 shows two SEM micrographs of the sample
with the yttrium surface coating.

Figure 3-37: SEM image of HCM12A 600ºC 4 weeks without the yttrium surface
coating.
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Figure 3-38: SEM images of HCM12A 600ºC 4 weeks with the yttrium surface coating.
The thicknesses of the oxide layers formed on the sample without the yttrium
surface coating is about 28-31 μm for the outer oxide layer, 20-27 μm for the inner oxide
layer, and 5-10 μm for the diffusion layer. In the yttrium coated sample, the thickness of
the outer oxide layer is about 22-26 μm, and that of the inner oxide layer varies between
15 and 28 μm. In localized regions, the inner oxide can be thicker than the outer layer.
The diffusion layer of the yttrium coated sample is not uniform: in some regions no
diffusion layer is observed and in others a large one is observed. Therefore, the diffusion
layer thickness varies from 0 to 22 μm (observed in other SEM images than the ones
shown in Figure 3-38). Figure 3-39 shows close ups of diffusion layers formed on the
HCM12A 600ºC 4 week sample containing a yttrium surface coating. The comparison
between the thicknesses of the oxide layers formed on the sample with yttrium surface
coating, with those formed on the sample without the yttrium surface coating,
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demonstrates that the yttrium surface coating has a significant influence on the evolution
of the oxide structure and the corrosion resistance of the material. The yttrium coated
sample presents overall thinner oxide layers than those of the non-coated sample, and is
therefore more resistant to corrosion. Consequently, implanting a yttrium coating before
oxidation will enhance the corrosion resistance of the sample.

Figure 3-39: Diffusion layers observed on the HCM12A 600ºC 4 week sample containing
a yttrium surface coating.
The oxide layers formed on HCM12A 600ºC 4 weeks with and without a yttrium
surface coating appear similar in some respects, but with some key differences. In both
cases the inner oxide layer is thick and somewhat porous, with the oxide-metal interface
showing a “wavy” nature. It is clear from Figure 3-37, Figure 3-38, and Figure 3-39 that
this waviness is related to the microstructure of the base metal, in particular the
orientation of the former austenite grains, and the resulting lath orientation. When the
laths are oriented in the oxide growth direction, growth occurs more easily. Figure 3-37
and Figure 3-39 also show clearly that the lath structure is maintained in the diffusion
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layer, indicating a growth process that is strongly dependent on the metal microstructure.
In both cases, evidence of dendrite-like growth of the diffusion layer is observed along
lath boundaries.
The notable differences are first the porosity of the outer oxide layer, which is
much more marked in the sample without the yttrium surface coating. In the outer layer
of the yttrium implanted sample, a thin white line is observed, which corresponds to the
yttrium surface coating. The outer layer formed on the inward side of this line appears
dense and adherent, while on the outward side, the oxide is more porous. Second, the
diffusion layer is less continuous on the yttrium implanted sample, with some regions
showing it to be completely absent.
In Figure 3-38, the two SEM images of the sample with a yttrium surface coating
suggest that when the yttrium surface coating forms a bright and well defined white line,
it has an influence on both the morphology and the corrosion resistance of the sample, but
when it is relatively not as pronounced, as in the right image of Figure 3-38, the sample is
similar to that without the yttrium surface coating. For example, pores appear on the
inward side of the white line and the diffusion layer resembles more that of the noncoated sample.
EDS-mapping in the SEM was used to analyze the composition of this white line.
Figure 3-40 shows the EDS-maps for iron, oxygen, yttrium and molybdenum. The EDSmaps shows that this white line is rich in yttrium and molybdenum, and depleted in iron
and oxygen. This line corresponds to the yttrium surface coating that was implanted
before oxidation, but it has moved from its original position at the original solution-metal
interface, which is thought to be the outer oxide-inner oxide layer interface. According to
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Tan et al., this displacement is due to the iron ions migrating outwards and interacting
with the Y2O3 layer, thus forming YFeO3 and moving the line inside the outer oxide
layer[8]. To identify these phases in the white line and the overall phase layout in the
oxide, diffraction and fluorescence data is used.

Figure 3-40: EDS maps of the white line in the outer layer of the HCM12A 600ºC 4 week
sample.
Only the sample with a yttrium surface coating was analyzed using microbeam
synchrotron radiation diffraction and fluorescence. The iron and chromium fluorescence
data of the HCM12A 600ºC 4 week sample with a yttrium surface coating are shown in
Figure 3-41.
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Figure 3-41: Iron and chromium fluorescence data for HCM12A 600ºC 4 weeks with
yttrium surface coating acquired using a step size of 0.2 μm.
The fluorescence data present two main features: a localized chromium
enrichment at the inner oxide layer-metal interface and an iron depletion a the location of
the yttrium white line, as was observed using EDS-mapping. In the same way, the
fluorescence data for yttrium and molybdenum show a small enrichment at the location
of the white line thus confirming the EDS-mapping. The data collected do not show
evidence of a diffusion layer, in agreement with the SEM observation that, this layer was
often not present in the yttrium coated sample. Apart from the chromium enrichment at
the inner oxide layer-metal interface, no oscillation is observed in the fluorescence data
for the inner oxide layer that would divide this layer into two sub-layers, as observed for
9CrODS. The chromium content decreases gradually from the chromium enrichment at
the inner oxide layer-metal interface to its content at the outer oxide-inner oxide layer
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interface. Figure 3-42 shows the Matlab plot of the diffraction data for HCM12A 600ºC 4
weeks with the yttrium surface coating.

Figure 3-42: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HCM12A 600ºC 4 weeks with a yttrium surface
coating.
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The oxide layers formed on this sample are composed of the same phases as
usual. The inner oxide layer is a mixture of FeCr2O4 and Fe3O4, and Cr2O3 is observed at
the location where the chromium enrichment is observed at the inner oxide layer-metal
interface. At this interface only peaks associated with FeCr2O4 and Cr2O3 are observed,
therefore Fe3O4 appears after the chromium enrichment. Finally, the metal peak continues
in the beginning of the inner oxide layer even though its intensity has decreased
significantly at the inner oxide layer-metal interface. This is due to the fact that the metal
grains are gradually oxidized in the inner oxide layer.
Just after the chromium enrichment at the inner oxide layer-metal interface, a
peak around 31.9-32º appears (circled in green). Since in the same location, a peak at
two-theta of 36.67º is also observed, it is likely that this peak may be associated with
Fe0.98O. The raw diffraction pattern shows a single spot for the peak at two-theta of 31.9º
which suggests that the phase associated with it forms in big grains and therefore carbides
cannot be associated with this peak. In the same way, near the inner oxide-outer oxide
layer interface, a strong peak is observed at a diffraction angle of 37.2º (circled in green).
It is not completely clear which phase is associated with this peak, but since in the raw
diffraction pattern it corresponds to a single spot, it is unlikely that this represents
diffraction from carbide particles. Moreover, this peak is located near the outer oxideinner oxide interface which makes it even more improbable for it to be associated with a
carbide. Even though this single spot peak is similar to the one observed at an angle of
31.9º right after the chromium enrichment, Fe0.98O is not associated with any peak near
the two-theta angle of 37.2º.
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Finally, at the location of the white line in the outer oxide layer Y2O3 peaks are
observed, around a diffraction angle of 24.1º, 25º and 27.3º. These peaks correspond to
Y2O3 with a monoclinic unit cell (PDF# 47-1274) which has 100% intensity peaks at
two-theta angles of: 24.21º (111), 25.18º (401), 25.79º (40-2), 27.18º (310), and 27.82º
(11-2). Figure 3-43 shows a fitted diffraction pattern from this region. The Y2O3 (40-2)
and (11-2) are not observed. The peak at an angle of 27.92º is associated with the 100%
intensity (121) YFeO3 peak. Consequently, the displacement of the yttrium surface
coating from the original solution-metal interface to somewhere inside the outer oxide
layer is likely due to the absorption of iron ions by the Y2O3 film as these ions migrate
outwards. It is unclear which phase is associated with the peaks at diffraction angles of
24.89º, 25.03º and 27.34º, however it is highly probable that they correspond to yttrium
rich oxide phases, possibly distorted Y2O3 particles. For example, the peak at 24.89º may
be associated with Y2O3 with a cubic unit cell, whose 100% peak, corresponding to the
(111) plane, is located at an angle of 24.79º (PDF# 43-0661).

Figure 3-43: PeakFit of scan in the outer layer corresponding to the white Y2O3 line. The
two-theta range is 24º-28º and all the peaks except for the 25.4º peak (Fe3O4) correspond
to Y2O3 and YFeO3.
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3.2.1.3 HCM12A 600ºC 6 weeks
This sample was corroded in supercritical water at a temperature of 600ºC during
6 weeks and no yttrium surface coating was implanted on it. Figure 3-44 shows an SEM
micrograph of the oxide layers formed on this sample. The sample exhibits a three layer
structure with a uniform diffusion layer. The thicknesses of the layers are: 42 μm for the
outer oxide layer, an average of 32 μm for the inner oxide layer with variations from 28
to 38 μm, and about 10 μm for the diffusion layer.

Figure 3-44: SEM image of HCM12A 600ºC 6 weeks.
As observed for the HCM12A 600ºC 4 week sample without the yttrium surface
coating, the outer oxide layer of the HCM12A 600ºC 6 week sample is very porous and

96
appears to be spalling off. Even though a few pores are visible near the inner oxidediffusion layer interface, the inner oxide layer is much denser than that of both the
HCM12A 600ºC 4 week samples with and without the yttrium coating. As in the
previous HCM12A samples, the diffusion layer contains oxide precipitates that follow the
microstructure of the metal, especially along the carbides formed on prior austenite grain
boundaries and lath boundaries. Nevertheless, the main difference from HCM12A 600ºC
2 and 4 weeks is that the diffusion is now well developed and uniform.
Figure 3-45 shows the iron and chromium fluorescence data for this sample,
collected using a 0.2 μm step size.

Figure 3-45: Iron and chromium fluorescence plot for HCM12A 600ºC 6 weeks acquired
using a step size of 0.2 μm.
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The fluorescence data do not show a chromium enrichment either at the inner
oxide-diffusion layer interface or at the diffusion layer-metal interface. Throughout the
inner oxide layer, no variation of the chromium or iron content is observed, except near
the inner oxide-diffusion layer interface where small variations occur. Consequently, the
inner oxide layer can be divided in two regions: one in which the chromium content is
flat and one in which it oscillates. The transition from the inner oxide layer to the
diffusion layer is relatively sharp, which is due to the straight interface observed in the
SEM image.
Figure 3-46 shows the Matlab plot of the diffraction data as a function of both the
two-theta angle and the distance from the outer oxide-inner oxide layer interface.
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Figure 3-46: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HCM12A 600ºC 6 weeks.
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The diffraction data collected for the HCM12A 600ºC 6 week sample contained a
relatively large portion in the metal, thus enabling the analysis of the metal. The white
spots observed at the metal grain boundaries in the SEM images were characterized using
these data. Apart from the iron bcc peak, two additional peaks appear: one at a diffraction
angle of 37.12º and one at an angle of 31.81º. These two peaks can be indexed as the
(511) and (420) peaks of Cr23C6, respectively. Consequently, we can infer that the white
spots seen at metal grain boundaries are Cr23C6 carbides. Since chromium reacts faster
with oxygen than iron, the chromium in the grain boundary carbides is preferentially
oxidized to form Cr2O3. Since this oxide formation occurs preferentially along grain
boundaries, it creates a likely diffusion layer microstructure of grain boundary oxides and
metal grains. In agreement with the above, in the diffusion layer region only Cr2O3 and
FeCr2O4 are observed, both of which are chromium rich phases. Consequently, we can
assume that if chromium is found in sufficient quantity, the first oxides to form are Cr2O3
and FeCr2O4. Even though Cr2O3 would form faster, FeCr2O4 still forms because iron is
present in larger quantity in the alloy. Figure 3-47 shows a diffraction pattern from the
diffusion layer of HCM12A 600ºC 6 weeks.

Figure 3-47: PeakFit of a diffraction pattern from the diffusion layer of HCM12A 600ºC
6 weeks.
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In the inner oxide layer, Fe3O4 appears alongside FeCr2O4, and both phases are
observed until the outer oxide-inner oxide layer interface where only Fe3O4 remains.
Overall, few sporadic peaks associated with the Cr2O3 phase are observed at the middle
of the inner oxide layer, at the limit of the variation/non-variation regions of the
fluorescence plot of Figure 3-45. Additionally, the iron bcc (110) peak and the Cr23C6
peaks are observed in the diffusion layer and half-way into the inner oxide layer. Finally,
peaks occasionally appear at a diffraction angle of 37.1º, which could be associated with
either Cr23C6 or Cr7C3 carbides.

3.2.2 HCM12A exposed to supercritical water at 500ºC
From the HCM12A samples that were corroded at a temperature of 500ºC, only
one was analyzed using microbeam synchrotron radiation diffraction and fluorescence:
the sample corroded at 500ºC during 6 weeks. Nevertheless, SEM images were taken of
the 2 and 4 week samples, so these three samples will be discussed in this section.

3.2.2.1 HCM12A 500ºC 2 weeks
This sample was corroded in supercritical water at a temperature of 500ºC during
2 weeks. It has not been analyzed using microbeam synchrotron radiation diffraction and
fluorescence. Figure 3-48 shows an SEM micrograph of the oxide layers formed on this
sample.
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Figure 3-48: SEM image of HCM12A 500ºC 2 weeks. The oblique lines in the metal are
polishing artifacts.
The oxide formed on this sample exhibits a two layer structure with an outer
oxide layer about 7-8 μm thick and an inner oxide layer 5.5 μm thick. The outer oxide
layer is dense, but cracked, and appears to be spalling off. The inner layer is also
relatively dense but contains pores, mainly at the inner oxide layer-metal interface.
Moreover, white spots are observed in the inner layer but we were unable to associate
them with a certain phase. The inner oxide layer-metal interface is straight overall but
small oxide dendrites emanate from the inner oxide layer into the metal, following the
microstructure of the metal, in a similar manner to what was observed at 600ºC. Carbides
are not observed on the SEM images but since they were present in the 600ºC samples,
they should be present in the 500ºC samples since the carbides were formed during the
manufacturing of the alloy, and not during the oxidation experiment. Consequently, the
oxide dendrites emanating from the inner oxide layer probably follow grain boundary
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carbides as in the HCM12A 600ºC samples. Finally, no diffusion layer is observed and
no oxygen appears to be in solid solution within the metal ahead of the oxide layer as was
observed for the 9CrODS 500ºC 2 week sample. This is inferred by the absence of
contrast difference in the metal near the oxide.

3.2.2.2 HCM12A 500ºC 4 weeks
HCM12A 500ºC 4 weeks was oxidized in supercritical water at a temperature of
500ºC during 4 weeks. As for HCM12A 500ºC 2 weeks, no microbeam X-ray diffraction
and fluorescence data were acquired for this sample. An SEM image of the oxide layers
formed on this sample is shown in Figure 3-49. This sample exhibits a three layer oxide
structure with an outer oxide layer 7 μm thick, an inner oxide layer 5.5 μm thick and a
diffusion layer 2-2.5 μm thick. Consequently, the thicknesses of the outer and inner oxide
layers have not changed much between the HCM12A 500ºC 2 and 4 week samples. The
only difference is the presence of the diffusion layer formed of both oxide precipitates
and a solid solution of oxygen in the metal. This is inferred by the slight contrast
difference between the diffusion layer and the metal as well as the presence of small
oxide dendrites. The oxide precipitates are related to the microstructure of the metal as in
the other HCM12A samples, but the oxide dendrites are not as oblique manner as in the
other samples. Similarly to the HCM12A 500ºC 2 week sample, the outer and inner oxide
layers are relatively dense. Nevertheless a continuous line of pores has developed at the
inner oxide-diffusion layer interface.

103

Figure 3-49: SEM image of HCM12A 500ºC 4 weeks.

3.2.2.3 HCM12A 500ºC 6 weeks
This sample was corroded in supercritical water at a temperature of 500ºC during
6 weeks and is the only HCM12A 500ºC sample to have been analyzed using microbeam
synchrotron radiation diffraction and fluorescence. Figure 3-50 shows an SEM image of
this sample.
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Figure 3-50: SEM image of HCM12A 500ºC 6 weeks. The oblique lines in the metal are
polishing artifacts.
This sample exhibits a dual oxide structure with a 10-11 μm outer oxide layer and
a 8-8.5μm inner oxide layer. The diffusion layer is small, and appears to be mainly a solid
solution of oxygen diffusing ahead of the oxide containing a few dendritic oxide
precipitates. This is inferred from the contrast difference that exists between the diffusion
layer and the metal. Nevertheless, the diffusion layer is not as well defined as in the
HCM12A 500ºC 4 week sample since there are less oxide precipitates. The outer oxide
layer is dense but contains a few cracks, and it appears its outer half is spalling off. The
interface between the outer oxide and inner oxide layers is not as sharp and defined as it
is for other samples. The inner oxide layer is relatively dense but contains pores near the
inner oxide layer-metal interface.
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Figure 3-51 shows the iron and chromium fluorescence data collected using a 0.2
μm step size.

Figure 3-51: Iron and chromium fluorescence data for HCM12A 500ºC 6 weeks acquired
using a step size of 0.2 μm.
The fluorescence plot for this sample is quite simple since no features such as
localized chromium enrichment are observed at the inner oxide-diffusion layer interface.
Nevertheless, the iron fluorescence in the inner oxide layer shows small variations near
the inner oxide-diffusion layer interface, likely due to porosity, and which enables the
inner oxide layer to be divided into two parts: one where the iron content does not vary
near the outer-inner layer interface and one where the iron content varies slightly near the
inner-diffusion layer interface. The diffusion layer shows gradually decreasing chromium
content from the content in the inner layer to that in the metal, which is in agreement with
a solid solution of oxygen in the metal ahead of the oxide.
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Figure 3-52 shows a Matlab plot of the diffraction data for this sample as a
function of two-theta and the distance from the outer oxide-inner oxide layer interface.

Figure 3-52: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HCM12A 500ºC 6 weeks.
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The X-ray diffraction plot does not exhibit many features. Throughout the oxide
layers of this sample, peaks associated with Fe3O4 and iron bcc are observed. (Fe,Cr)2O3
is observed in some regions but the peaks associated with this phase are not intense.
Almost no Cr2O3 is found, so the main chromium rich phase is (Fe,Cr)2O3. Consequently,
both the outer oxide and inner oxide layers are made of Fe3O4, which contrasts with most
of the other samples studied where FeCr2O4 was observed in the inner oxide layer.
However, the inner oxide layer is enriched in chromium as in the other samples. The iron
peak continues throughout the inner layer until the outer oxide-inner oxide layer
interface. In the same way, Fe3O4 continues a bit into the diffusion layer corresponding to
the dendrites seen in the SEM image of Figure 3-50.

3.2.3 Summary of HCM12A
A summary of different aspects of the oxide layers is given in Table 3-2.
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Table 3-2: Summary of the HCM12A samples.
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For the HCM12A 600ºC samples, the increasing exposure time creates an outer
oxide layer with increasing porosity and spallation, whereas the diffusion layer changes
from a non-uniform layer to a uniform layer with oxide precipitates aligning themselves
along the metal’s microstructure and carbides. When no diffusion layer is observed, small
Cr2O3 ribbons separate the diffusion layer from the metal. Nevertheless, this line is
thinner than the Cr2O3 ribbon found in the 9CrODS 600ºC samples. Consequently, the
corrosion resistant interface does not shift from the inner oxide-diffusion layer interface
to the diffusion layer-metal interface as it does for 9CrODS. For all the HCM12A
samples studied, the inner oxide-diffusion layer is the region containing chromium rich
phases and occasionally a chromium enrichment in the fluorescence data, thus it is likely
that the corrosion resistant interface corresponds to the inner oxide-diffusion layer
interface. Overall, the oxide structure does not vary much with the exposure time; there is
just a growth of the oxide layers. The implantation of a yttrium surface coating before
oxidation appears to slow down the oxidation process.
The main difference between the HCM12A 600ºC and 500ºC samples is the
absence of FeCr2O4 in the inner oxide layer of the 500ºC samples. The 500ºC samples
also exhibit thinner oxide layers. In the 500ºC samples, only Fe3O4 is found in both oxide
layers and little Cr2O3 is formed. Since in the 9CrODS samples corroded at 500ºC, Fe3O4
was also the main phase present, the chromium diffusion coefficient is likely too low,
which inhibits the precipitation of chromium rich precipitates.
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3.3 Study of HT9 at 500ºC
The HT9 samples studied were corroded in supercritical water at a temperature of
500ºC for 1 and 3 weeks. Because of this, the influence of temperature cannot be studied
for this alloy. Nevertheless, we can still compare this sample with the 9CrODS and
HCM12A samples that were corroded at 500ºC.

3.3.1 HT9 500ºC 1 week
This sample was corroded at 500ºC for one week. Figure 3-53 shows an SEM
micrograph of the oxide layers formed on this sample.

Figure 3-53: SEM image of HT9 500ºC 1 week.

111
HT9 500ºC 1 week shows a two layer structure with an additional diffusion layer
containing small dendritic oxide precipitates. The outer oxide layer is 4.1-4.3 μm thick,
the inner oxide layer is 3-3.5 μm thick and the diffusion layer is 1.2 μm thick. The outer
oxide layer is relatively dense, but shows some cracks at the grain boundaries of its large
columnar grains. The inner oxide layer is also dense but pores are visible at the inner
oxide-diffusion layer interface. Similarly to HCM12A, white spots and lines are observed
in the inner oxide layer. These may be metal grains trapped in the oxide layer. Finally, in
the diffusion layer oxide dendrites are seen advancing ahead of the oxide into the metal.
The iron and chromium fluorescence data are shown in Figure 3-54.

Figure 3-54: Iron and chromium fluorescence data for HT9 500ºC 1 week acquired using
a step size of 0.2 μm.
The fluorescence plot shows chromium enrichment in the inner oxide layer and a
chromium depleted outer oxide layer, as was observed in all the other samples studied.
No fluctuation is seen in the chromium or iron fluorescence in the inner oxide layer, near
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the inner oxide-diffusion layer interface. The chromium content decreases gradually in
the diffusion layer from the inner layer content to its level in the metal. This is in
agreement with the concentration profile of a solid solution of chromium in the metal
which is linked to the solid solution of oxygen in the metal ahead of the oxide.
Nevertheless, some precipitates are observed in the diffusion layer, so the diffusion layer
is a mixture of a solid solution of oxygen and oxide precipitates. The transition from the
metal to the inner oxide layer occurs gradually through to the diffusion layer and
therefore it is difficult to separate the end of the diffusion layer and the beginning of the
inner layer. The only feature from the fluorescence data is a nickel enrichment peak at the
inner oxide-diffusion layer interface, which was also observed in the other HT9 sample as
well as in HCM12A. Both HT9 and HCM12A contain a significant amount of nickel, but
HT9 has twice the nickel amount than HCM12A. 9CrODS does not contain nickel.
Figure 3-55 shows the vanadium, nickel and copper fluorescence as a function of the
distance from the outer oxide-inner oxide interface for this sample. However, as seen
below in the diffraction data, the nickel enrichment observed is not associated with the
presence of any characteristic phase.
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Figure 3-55: Fluorescence plot of minor alloying elements: vanadium, nickel and copper.
There is a strong nickel enrichment at the inner-diffusion layer interface.
Figure 3-56 shows the Matlab plot of the diffraction data as a function of the twotheta angle and the distance from the outer oxide-inner oxide layer interface.

114

Figure 3-56: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HT9 500ºC 1 week.

115
The diffraction data is somewhat simple like the fluorescence plot. The main
peaks found in the oxide layer are associated with FeCr2O4 and Fe3O4. Both phases are
present in the diffusion layer which extends to the location where the scans start. There
was no analysis of the pure metal in this run since from the first scans both the FeCr2O4
and the Fe3O4 (311) peaks were observed at 29.94º and 29.87º respectively. These are the
only oxide peaks observed in the diffusion layer, but once in the inner oxide layer, the
three other peaks at diffraction angles of 25.45º (200), 31.32º (222) and 36.3º (400)
appear. These three peaks correspond to FeCr2O4. Fe3O4 is only found through the 29.87º
peak which is very narrow compared to the broad FeCr2O4 peaks, indicating larger grain
sizes of Fe3O4 compared to FeCr2O4, in agreement with observations. Figure 3-57 shows
a diffraction pattern in the inner oxide layer, fitted using PeakFit. The difference in peak
morphology is associated with differences in grain morphology. The Fe3O4 grains are
bigger and so mainly one plane diffracts, the one that is properly oriented, which in this
case is the (311) plane. The FeCr2O4 grains on the other hand are much smaller, which
broadens the peak due to the coherent diffraction length. Since more than one plane is
properly oriented to diffract, all four peaks, corresponding to the four diffracting planes,
are observed. As the outer oxide-inner oxide layer interface is approached, the Fe3O4
peaks become more intense until only the Fe3O4 peak is observed in the outer oxide layer.
Additionally, no Cr2O3 peaks are observed in either the diffusion and inner oxide layer
even though HT9 is the sample that contains the highest alloying chromium content. This
suggests that in this sample, the protectiveness of the inner layer is due to the presence of
FeCr2O4 rather than of Cr2O3.
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Figure 3-57: PeakFit of a scan in the inner oxide layer of the HT9 500ºC 1w sample. The
two bottom images are zooms on two-theta angles of 29.9º for the left image and 36.5º
for the right image.
Apart from the FeCr2O4 and Fe3O4 peaks, the other features present on the
diffraction plot are peaks associated with the iron bcc peak and the carbide phases. The
iron peak continues into the inner oxide layer even though its intensity decreases abruptly
at the inner oxide-diffusion layer interface. The iron peak is also observed in the outer
oxide layer, which is not coherent with the fact that the outer oxide layer grows by
outward diffusion of iron ions to form Fe3O4. Nevertheless, the intensity of this peak is
low compared to the oxide peak and it is possible that the iron could be deposited in the
outer layer during polishing.
Both in the diffusion and inner oxide layers, carbide peaks are observed. In the
diffusion layer these peaks are associated with Cr(23-x)FexC6 whose 100% intensity (511)
peak is located at a two-theta angle of about 37.2º. This peak location varies with the
proportion of iron present in the carbide. For example, the peak associated with Cr23C6 is
located at 37.09º but that of the peak associated with Cr15.58Fe7.42C6 is at 37.31º.
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Consequently, the more iron present in the carbide, the higher the diffraction angles
observed. Once in the inner oxide layer, iron rich carbides, such as Fe3C, appear. The
100% intensity peak for Fe3C is the (102) plane at a diffraction angle of 36.78º. The shift
from chromium rich carbides in the diffusion layer to iron rich carbides in the inner oxide
layer is likely due to the fact that the majority of the chromium needed to form chromium
rich oxides comes from the carbides. Consequently, the chromium rich carbides observed
in the metal become depleted in chromium as the oxide is formed, and transform into iron
rich carbides. The presence of carbides in the inner oxide layer is coherent with the large
quantity of white spots observed in the SEM image of Figure 3-53.

3.3.2 HT9 500ºC 3 weeks
This sample was corroded in supercritical water at a temperature of 500ºC for 3
weeks. Figure 3-58 shows an SEM micrograph of the oxide layers formed on this sample.
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Figure 3-58: SEM image of HT9 500ºC 3 weeks.
This sample exhibits a three layer structure with a distinct diffusion layer. The
thicknesses of these layers are about 6.5-7 μm for the outer oxide layer, 5 μm for the
inner oxide layer, and about 3-3.5 μm for the diffusion layer. The outer oxide layer is
dense throughout, but the inner oxide layer is divided into two parts: a denser region near
the outer oxide-inner oxide layer interface, and a porous region at the inner oxidediffusion layer interface. In this respect, the inner layer is similar to the ones observed in
the 9CrODS samples. The pores at the inner oxide-diffusion layer interface form two
parallel lines. The line that is right at the interface is more porous than the one a little
inside the inner oxide layer. Finally the diffusion layer is uniform throughout the sample
and is similar to the diffusion layers found in the HCM12A 600ºC samples, except that in
the HT9 500ºC 3 week sample no Cr2O3 precipitates are observed at the diffusion layer-
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metal interface. The diffusion layer consists of a solid solution of oxygen ahead of the
oxide, and thin oxide dendrite precipitates following the microstructure of the metal. This
is shown by the difference in contrast in the SEM image, between the diffusion layer and
the metal.
Figure 3-59 shows the iron and chromium fluorescence data acquired at the
synchrotron using a 0.2 μm step size. The plot is not as simple as the one for the HT9
500ºC 1 week sample. There are some variations in the inner oxide layer near the inner
oxide-diffusion layer interface, where the lines of pores are observed in the SEM image.
The lines of pores are apparent in the fluorescence data by two small iron depletions near
the inner oxide-diffusion layer interface, where no corresponding chromium enrichment
is observed. There is a slight linear increase in chromium content in the inner oxide layer
from the outer oxide layer to the inner oxide-diffusion layer interface. This is
accompanied by a slight linear depletion of iron through the inner oxide layer. The
diffusion layer is characterized by a gradual decrease of chromium content to reach the
content level of the metal. This is in agreement with a solid solution of oxygen ahead of
the oxide. Nevertheless, a small chromium enrichment is visible at the diffusion layermetal interface, which is characteristic of oxide precipitation such as the formation of
Cr2O3. Consequently, the diffusion layer contains both oxide precipitates and a solid
solution of oxygen ahead of the oxide. Finally, the fluorescence data show nickel
enrichment at the inner oxide-diffusion layer interface as in the HT9 500ºC 1 week
sample. Nevertheless, this enrichment is not associated with a particular phase.
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Figure 3-59: Iron and chromium fluorescence data for HT9 500ºC 3 weeks acquired
using a step size of 0.2 μm.
Figure 3-60 shows a Matlab plot of the diffraction data as a function of the twotheta angle and the distance from the outer oxide-inner oxide interface. These data show
that the oxide layers are composed mainly of Fe3O4. Very few traces of FeCr2O4 are
observed in this sample. Nevertheless, small (Fe,Cr)2O3/Cr2O3 peaks are present at the
inner oxide-diffusion layer interface and the beginning of the inner oxide layer.
Therefore, this phase is likely to make the oxide layer protective. Since this phase cannot
be seen in the diffraction plot of Figure 3-60, the presence of such a phase is highlighted
by a more detailed analysis of the diffraction patterns using PeakFit. Figure 3-61 shows a
diffraction pattern from the beginning of the inner oxide layer.
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Figure 3-60: Matlab plot of the diffraction intensity versus two-theta and the distance
from the outer-inner layer interface of HT9 500ºC 3 weeks.
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Figure 3-61: Fit using PeakFit of a diffraction pattern from the beginning of the inner
oxide layer of HT9 500ºC 3 weeks.
The diffraction data are not very good for this sample because the intensity of the
diffraction peaks is low, which creates a high signal to noise ratio. Consequently,
removing the background was a major issue in obtaining proper fits. Overall, the
diffraction data reveals that the oxide is formed mainly of Fe3O4 with the presence of
small Cr2O3 or (Fe,Cr)2O3 phases at the inner oxide-diffusion layer interface. As shown
in Figure 3-61, FeCr2O4 is present sporadically with a strong but narrow peak at 25.47º.
This is opposite to what was found in the HT9 500ºC 1 week sample where it was a
narrow Fe3O4 peak alongside broad FeCr2O4 peaks. Finally, like in the HT9 500ºC 1
week sample, carbides peaks are observed throughout the inner oxide layer associated
with Fe3C and Cr7C3 with peaks at angles of 36.77º and 37.14º respectively.

3.3.3 Summary of HT9
The HT9 sample is the sample containing the highest alloying chromium content.
Nevertheless, in both the 500ºC 1 week and the 3 weeks, not much evidence of Cr2O3
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was seen in the oxide layers, compared to the other alloys studied. The summary table for
the HT9 alloy is shown in Table 3-3. Overall, the oxide layers grow approximately by a
factor of 3/2 from the 1 week to the 3 week sample.
Table 3-3: Summary table for HT9.

Both samples have approximately the same morphology with two oxide layers
and a diffusion layer. The diffusion layer is made of both a solid solution of oxygen
ahead of the oxide, and oxide precipitates forming as dendrites following the
microstructure of the metal. Additionally, both samples contain carbides in the diffusion
layer and in the inner oxide layer. These carbides are Fe3C, Cr23C6, and Cr7C3. Finally,
whereas in the 1 week sample, the inner oxide is a mixture of FeCr2O4 and Fe3O4 where
FeCr2O4 dominates, in the 3 week sample, Fe3O4 dominates. In both cases the corrosion
resistant interface is the inner oxide-diffusion layer interface, which in both cases is
characterized by a line of pores.
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Chapter 4
Discussion of the results

4.1 Comparison of the three alloys studied

4.1.1 Comparison of the overall corrosion resistance
The overall chemical composition of the three alloys studied is different, which
should have an impact on oxide formation and corrosion resistance. In particular, the
chromium content should have a strong influence on the corrosion behavior of the alloys.
In this work it is attempted to make the connection between alloy microstructure and
composition, and the corrosion behavior through the properties of the oxide layers.
As seen in the Schaeffer-Schneider diagram presented in chapter 2, these different
alloying compositions result in differences in the alloy microstructure. For example,
9CrODS is completely martensitic, HCM12A is a duplex ferritic-martensitic alloy and
HT9 is a mixture of ferrite, austenite and martensite. Consequently, it would seem that
the corrosion properties of these three alloys would be different. Nevertheless, the oxide
layers formed on HT9, HCM12A and even 9CrODS, which contains small oxide
dispersion strengthening (ODS) particles of yttrium rich oxides, exhibit certain
similarities. 9CrODS stands out from the two other alloys, in exhibiting a lower corrosion
rate and a more protective oxide. This suggests that these ODS particles have a beneficial
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influence on the corrosion resistance. In this section we will review the resemblances and
differences in corrosion resistance of the three alloys.
The first aspect to consider in this comparison is the protective oxide thickness,
which gives insight on the corrosion kinetics of the alloy. Indeed, the thinner the oxide
layer, the more protective the oxide layer is. Since the outer oxide layer is often porous
and is occasionally seen to spall off, the oxide layer that is characteristic of the corrosion
resistance is the inner oxide layer even though sometimes the diffusion layer also plays a
role. The inner layer thicknesses measured on the different alloys, as a function of
exposure time, are summarized in Table 4-1.
Table 4-1: Thickness of the inner layer of 9CrODS, HCM12A and HT9 for all the
samples studied. The thicknesses are all in μm. The thickness of the diffusion layer (DL)
is given in parentheses.
Samples
500ºC 2 weeks
500ºC 4 weeks
500ºC 6 weeks
600ºC 2 weeks
600ºC 4 weeks

9CrODS
3.5
4
4.3 (5)
10 (32)
23 (22)

600ºC 6 weeks

23 (20)

HCM12A
5.5
5.5 (2-2.5)
8
15-21 (0-14)
20-27 (5-10)
Y coated: 15-28 (0-22)
32 (10)

HT9
1 week: 3.5 (1.2)
3 weeks: 5 (3.5)

The comparison of the inner oxide layer thicknesses shows that 9CrODS has the
thinnest inner oxide layer, although its chromium alloying content is the lowest.
Comparing the oxide thicknesses from HT9 and HCM12A is difficult because the growth
rate is not linear, the exposure times are different, and the thicknesses are similar.
Consequently, the data on the inner oxide thicknesses are not sufficient to determine
which between HT9 and HCM12A exhibits the most protective oxide. Thus, the
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admittedly imperfect comparison of the data suggest that, even though HT9 and
HCM12A have the highest alloying chromium content, they form less protective oxides
than 9CrODS. Finally, the implantation of a yttrium surface coating before oxidation
increases corrosion resistance, since the inner oxide layer of the surface coated sample is
much thinner than that of the non-coated sample. Moreover, the yttrium coating enables
the formation of a non-porous sub-layer in the outer layer, thus enhancing corrosion
resistance.

4.1.2 Comparison of the oxide microstructure
The oxide layers of the three alloys studied contain the same main phases: the
outer oxide layer is composed of Fe3O4, the inner oxide layer of a mixture of FeCr2O4
and Fe3O4, with Cr2O3 appearing sporadically, and the diffusion layer contains in most
cases of FeCr2O4 and Cr2O3, but with occasional indications of the presence of Fe3O4. In
the inner oxide layer, the volume fraction of FeCr2O4 is higher near the inner oxidediffusion layer interface, and is gradually decreasing and being replaced by Fe3O4 such
that only Fe3O4 is present at the outer oxide-inner oxide layer interface. In the same way,
Cr2O3 is only observed in the part of the inner oxide layer near the inner oxide-diffusion
layer interface. Consequently, chromium rich phases are observed in the diffusion layer
and in the region of the inner oxide layer near the inner oxide-diffusion layer interface.
These phases are normally associated with a protective oxide layer[13]. Furthermore, since
for the 9CrODS 600ºC 6 week sample, mainly Fe3O4 is observed throughout the oxide
layers whereas in the 2 and 4 week samples FeCr2O4 was the main oxide phase, it appears
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that as the exposure times increase, FeCr2O4 seems to disappear, leaving mainly Fe3O4
and Cr2O3. This is perhaps due to chromium being more stable in Cr2O3 and iron being
more stable in Fe3O4 than both elements in FeCr2O4. Consequently, the formation of
FeCr2O4 might be an intermediate step leading to more stable oxides such as Fe3O4 and
Cr2O3.
In the outer oxide layer, the degree of porosity is often significant, and it is
especially high in the HCM12A 600ºC samples. The outer layer is formed by the outward
diffusion of iron cations from the alloy matrix[2, 8, 12], and thus only iron fluorescence is
observed in the outer layer. For the three alloys, the outer oxide-inner oxide layer
interface corresponds to the original metal surface before corrosion, and is characterized
by a sharp straight line in the SEM images.
If one associates chromium enrichment and the presence of chromium rich phases
with oxide protectiveness, then for a majority of the samples studied, the main corrosion
resistant interface appears to be the inner oxide-diffusion layer interface. This is the
location where chromium enrichment is often observed, as seen for example in the
9CrODS 600ºC 2 week or HCM12A 600ºC 4 week samples (Figure 3-2 and Figure 3-41).
For other samples such as the 9CrODS 600ºC 4 and 6 week samples, the corrosion
resistant interface is the diffusion layer-metal interface because a thick Cr2O3 layer has
formed at this interface. This Cr2O3 layer forms a barrier preventing further inward
diffusion of oxygen[13]. For both HCM12A and HT9, the diffusion layer is a mixture of
an oxygen solid solution of ahead of the oxide, and of oxide precipitates, which follow
the microstructure of the base metal. The diffusion layer of 9CrODS is, in aspect, much
different to that formed in the two other alloys, and consists of FeCr2O4 finger-like
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precipitates in the metal. This difference might be due to the yttrium rich oxide nanoparticles that could help the nucleation of oxide phases, and provide short circuits for the
diffusion of oxygen. This could also explain the thick diffusion layer observed in the
9CrODS 600ºC 2 week sample. Moreover, since these particles are uniformly present in
the alloy matrix, the microstructure of the alloy has less of an influence on the
precipitation of the oxide phases than for HCM12A and HT9.
Differences between oxide layers formed at 500ºC and 600ºC were observed in
both HCM12A and 9CrODS: the oxide layers are thinner because of lower corrosion
rates at lower temperatures, and in both samples, the iron diffraction peak continues
almost all the way through the inner oxide layer, possibly due to a lower driving force for
the oxidation of metal at lower temperatures. Furthermore, in both alloys, the 600ºC
samples exhibit many oxide precipitates in the diffusion layer, and a Cr2O3 ribbon forms
at the diffusion layer-metal interface. However, whereas for 9CrODS this ribbon is a few
microns thick and uniform, for HCM12A it is only a thin non uniform line. Finally, the
600ºC samples show a sharper inner oxide-diffusion layer interface compared to the
500ºC samples, in which a gradual decrease of chromium content is observed within the
diffusion layer until the chromium content of the metal is reached.
To conclude, the three alloys exhibit similar oxide structures containing the same
oxide phases. In the same way, for the three alloys, the corrosion resistant interface is
often the inner oxide-diffusion layer interface. Nonetheless, minor differences are still
found especially in the location of certain phases or the morphology of the diffusion
layer.
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4.2 Oxidation mechanism for ferritic-martensitic steels

4.2.1 Activation energy calculations
In most of the studies on the corrosion of ferritic-martensitic steels, weight gain
measurements were undertaken to measure the corrosion rate of the alloys[2,

8-12]

.

However, this measurement may not be the most appropriate measurement, since the
outer oxide layer is extremely porous in certain cases, and especially appears to be
spalling off. The weight gain measurements are accurate to analyze the corrosion rate in
the hypothesis that no oxide breaks off from the oxide scale or undergoes dissolution.
Since this may be the case with the samples studied, the inner oxide layer thickness was
therefore considered as a more appropriate measurement of the corrosion rate.
The corrosion rate is generally characterized by the inner oxide thickness (L) or
the weight gain (W) being a power function of the exposure time (t), where k and k’ are
constants with the appropriate units, as shown in Eq. 4.1.
L = (k.t)1/n or W= (k’.t)1/n

Eq. 4.1

If the corrosion rate is determined by a diffusion process through a dense
monophase layer, the rate would be parabolic and n would be equal to 2. However, since
the oxide layers formed in ferritic-martensitic steels are not monphasic and contain many
pores, this theory cannot be applied, and thus it is likely that the corrosion rate does not
follow a parabolic law.
The dependence on temperature is taken into account in the constant k of Eq. 4.1.
It is assumed that the temperature dependence can fit an Arrhenius law as described by
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Eq. 4.2 [2]. In this equation, k0 is a constant, Q is the activation energy, R the gas constant
(8.314 J.mol-1.K-1) and T is the absolute temperature.
k = k0.exp(-Q/RT)

Eq. 4.2

Inserting Eq. 4.2 into Eq. 4.1, we obtain Eq. 4.3.
L = keff.exp(-Q/nRT).t1/n or W = k’eff.exp(-Q/nRT).t1/n

Eq. 4.3

Consequently, if we plot the logarithm of the thickness, or the weight gain, as a
function of 1/T, we can calculate the activation energy by measuring the slope of the
curve. In the same way we can determine n by plotting the logarithm of the thickness, or
the weight gain, as a function of the logarithm of the exposure time. These plots are
shown in this section and thus we can determine both the activation energy Q and n, and
compare these values with the ones found in the literature. Ampornrat and Was found
values of Q on the order of 175 kJ/mol and an n varying from 2.5 to 3.4 during the
corrosion of HCM12A and HT9 in supercritical water[2]. From the activation energy they
were able to conclude that the activation energy calculated corresponded to that for
oxygen diffusion through grain boundaries of Fe3O4.
Similar calculations were performed using both the inner oxide layer thickness
and the weight gain to characterize the corrosion rate. In both 9CrODS and HCM12A, the
determination of n was done for the two temperatures 500ºC and 600ºC at three different
times for each temperature. For these two alloys, Q was calculated with only 2 points for
each exposure time, since we only had data for two temperatures. Finally, for HT9, only
n for 500ºC can be calculated with only two points for the curve, and Q cannot be
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calculated because we only have data for one temperature. Consequently, the results
should be taken with caution since the uncertainties are large.
Figure 4-1 shows the plots for the calculation of Q and n for 9CrODS using both
the inner oxide layer thickness and the weight gain as measurements of the corrosion rate.
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Figure 4-1: Plots for the calculation of Q and n for 9CrODS using the inner layer
thickness at the top and the weight gain measurements for the bottom plots.
By using the inner oxide layer thickness or the weight gain measurements for
these calculations, different plots are obtained. For example, for the activation energy
plot using the inner oxide layer thickness strong shift in activation energy is observed
from the 2 week sample to the 4 and 6 week samples. This shift is not observed in the
plot using the weight gain measurements. It seems coherent that there would be a strong
shift between the 2 week sample, and the 4 and 6 week samples, since this study has
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shown that the 4 and 6 week samples exhibit a different corrosion behavior, characterized
by different oxide morphology and oxide layer thicknesses, than the 2 week sample. In
the 4 and 6 week samples, the appearance of the Cr2O3 ribbon at the diffusion layer-metal
interface is likely to have a strong impact on the corrosion rate. These plots also show
that n varies significantly with temperature, especially when using the inner oxide layer
thickness to evaluate the corrosion rate.
The results of the calculations made for 9CrODS are summarized in Table 4-2.
Different activation energies were obtained at different temperatures since we use the
values of n calculated at the two different temperatures.
Table 4-2: Summary of the calculation of the activation energy and n for 9CrODS at
500ºC and 600ºC exposed to supercritical water during 2, 4 and 6 weeks.
temperature
500ºC
600ºC

Inner layer thickness
Activation energy
(kJ/mol)
n
2 week 4 week 6 week
5.42
319.4
532.1
510.1
1.24
73.2
121.9
116.9

n
4.23
2.59

Weight gain
Activation energy
(kJ/mol)
2 week 4 week 6 week
355.9
394.2
391.4
218.1
241.6
239.8

The activation energy values are much higher than those found by Ampornrat and
Was. Consequently, it is impossible to conclude on the oxidation process, and on the
limiting diffusing ion between the iron cation and the oxygen anion. Moreover, there is a
large difference between the activation energies at 500ºC and those at 600ºC because the
value of n varies significantly between these two temperatures. In electron volts using the
inner oxide thickness for the 2 week sample, the activation energy is 3.31 eV at 500ºC
but only 0.76 eV at 600ºC.
The plots obtained for HCM12A are shown in Figure 4-2.
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Figure 4-2: Plots for the calculation of Q and n for HCM12A using the inner layer
thickness at the top and the weight gain measurements for the bottom plots.
The calculation results for HCM12A are summarized in Table 4-3.
Table 4-3: Summary of the calculation of the activation energy and n for HCM12A at
500ºC and 600ºC exposed to supercritical water during 2, 4 and 6 weeks.
temperature
500ºC
600ºC

Inner layer thickness
Activation energy
(kJ/mol)
n
2 week 4 week 6 week
3.39
225.5
280.2
263.6
1.96
130.1
161.7
152.1

n
2.86
2.72

Weight gain
Activation energy
(kJ/mol)
2 week 4 week 6 week
215.4
213.4
219.2
205
203.1
208.7

The data for HCM12A shows large differences in the calculations if we use the
inner oxide layer thickness or the weight gain to measure the oxidation rate. With the
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weight gain measurements, the values obtained are relatively close one to another for the
two temperatures, whereas using the inner layer oxide thickness, a strong dependence on
n exists, and therefore of the activation energy on the temperature. The values calculated
are in general higher than the ones found by Ampornrat and Was.
The calculation of n for HT9 was performed using the plots shown in Figure 4-3.
The value found using the inner layer thickness is 3.02 and that using the weight gain is
1.16.
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Figure 4-3: Plots of the logarithm of the inner layer thickness on the right and the weight
gain on the left as a function of the logarithm of the time of exposure in hours.
To conclude, the activation energies calculated with our data are significantly
higher than those calculated by Ampornrat and Was (two times higher for HT9 and 30-50
kJ higher for HCM12A). Moreover, the values are highly dependent on temperature,
since n varies a lot with temperature, which creates large ranges of values. Henceforth,
the data do not enable us to conclude on which measurement of the corrosion rate is more
accurate, between the measurement of the inner oxide layer thickness and that using the
weight gain. Finally, if we compare the values calculated with those summarized in
Ampornrat and Was[2], we are unable to conclude whether the diffusion of iron cations or

135
that of oxygen anions is the limiting one for corrosion. Consequently, the calculation of
the activation energies does not give insight on the oxidation mechanism. This is likely
because the weight gain calculations may be vitiated by spalling, while the inner layer
thickness calculations are vitiated by the by the relative change of thickness of the inner
layer and the presence of oxide precipitates in the diffusion layer.

4.2.2 Oxidation mechanism
Several models have been developed to explain the oxidation of steels in aqueous
or steam environments. Castle and Masterson proposed a model in which the solution
reached all the way to the oxide-metal interface through pores or micro-pores in the
oxide[24]. The reason for this assumption is that some results showed that the diffusion of
O2- ions through the oxide was too slow to account for the corrosion rate. Consequently,
water had to reach the oxide-metal interface in order to oxidize the metal. The limiting
process in this model was the transport, through pores in the oxide, of iron ions that
dissolved into the solution. This model was improved by Robertson in the early 1990s[25,
26]

. In this new model, the water or solution still reached the oxide-metal interface but the

limiting process was not the transport of iron ions in the solution but the solid state
diffusion of the iron ions along grain boundaries of the oxide. These models are
applicable to temperatures of about 300-400ºC and with water or steam. Consequently,
they might not be applicable for supercritical water with temperatures of 500-600ºC.
As stated previously in chapter 1, for the corrosion in supercritical water, the
outer oxide-inner oxide layer interface is thought to be the original solution-metal
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interface and the outer layer grows from outward diffusion of iron whereas the inner layer
grows from inward diffusion of oxygen. The fact that the inner oxide layer grows from
the inward diffusion of oxygen ions goes against the Castle-Masterson and Robertson
models. Nevertheless, as was shown by Ampornrat and Was, the grain boundary
diffusion of oxygen ions through the oxide layer is highly probable[2]. Since the outer
oxide layer is porous, and since the outer oxide-inner oxide layer interface is probably the
original solution-metal interface, the supercritical water is likely to reach the outer oxideinner oxide layer interface. However, the inner oxide layer is often dense and therefore it
seems improbable that water would reach the oxide-metal interface.
Consequently, the first assumption we will make is that the supercritical water is
present up to the outer oxide-inner oxide layer interface. The two oxide layers are formed
by two different processes: the outer layer by the outward diffusion of Fe2+ and the inner
layer by the inward diffusion of O2-. The outward flow of iron ions from the inner layer
creates pores in the inner layer if the oxidation of the metal is too slow to compensate the
outward flow of iron ions. Since water is present in the outer layer, the iron cation
diffusion is limiting for the formation of this layer. On the other hand, for the formation
of the inner layer, the limiting process is the diffusion of O2- through the inner layer. The
two processes are linked by the number of electrons produced by the oxidation of iron
and chromium, and the number of electrons consumed by the reduction of water.
The thermodynamic phases that would form at a temperature of 500ºC in the
oxide layers according to the oxygen partial pressure was studied by Tan et al[10]. In that
study, Wagner’s equation for the corrosion rate constant as a function of the oxygen
partial pressure was used, as given below in Eq. 4.4.
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PO ) x = X

4 2
kp =
DFe d ln PO2
3 ( PO ∫) x = 0

Eq. 4.4

2

In this equation, x=0 corresponds to the metal-oxide interface and x=X to the
outer layer-supercritical interface; DFe corresponds to the diffusion coefficient of iron and
PO2 to the partial pressure of oxygen. The thermodynamically stable oxide phases, in
increasing oxygen partial pressure at 500ºC, are the following: Fe, Fe + Cr2O3, Fe +
FeCr2O4, and Fe3O4. This is in relative agreement with the observations made in this
thesis, except that in the 500ºC not much Cr2O3 is observed, and when it is present at
500ºC, it is mixed with FeCr2O4 or Fe3O4. In the same way, the inner oxide layer is often
a mixture of FeCr2O4 and Fe3O4. The X-ray microbeam diffraction data show us the
following oxide phase layout from the metal to the supercritical water solution, for the
9CrODS 600ºC samples containing the Cr2O3 ribbon at the diffusion layer-metal
interface: Fe, Fe + Cr2O3, Fe + FeCr2O4, FeCr2O4 + Cr2O3, FeCr2O4 + Fe3O4 and finally
Fe3O4. Consequently, thermodynamically we can assume that the chromium rich phases
form in low oxygen pressure regions so it is logical to find them at the oxide-metal
interface. This is in agreement with the fact that the standard electrode potential of
chromium is lower than that of iron, thus making the oxidation of chromium more
favorable than that of iron.
Concerning the corrosion protection mechanism, we consider that the chromium
rich phases are the protective phases. The diffusion coefficients in Cr2O3 are extremely
low so we assume that a uniform Cr2O3 layer will stop the diffusion of oxygen[13].
Moreover, the diffusion coefficients in FeCr2O4 are lower than in Fe3O4 so we assume
that FeCr2O4 slows down the diffusion of oxygen, and thus the corrosion.
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Finally, we assume that the FeCr2O4 precipitates formed in the diffusion layer
coalesce to form thicker ribbons, which leads to the creation of the Cr2O3 ribbon in
9CrODS. Furthermore, we observe that with time it appears as if FeCr2O4 in the inner
oxide layer transforms into Fe3O4 and Cr2O3. This can be explained by the preferential
diffusion of chromium towards Cr2O3 because chromium is more stable in Cr2O3 rather
than in FeCr2O4. Figure 4-4 summarizes the assumptions made for the oxidation
mechanism.

Figure 4-4: Schematic of the flow of iron and oxygen ions in the inner layer. FeCr2O4 is
represented by the green ovals and Cr2O3 by the red ones.
The oxidation mechanism described in this thesis focuses on the oxidation of
9CrODS at 600ºC with the formation of the Cr2O3 ribbon. The same phases are observed
in HCM12A 600ºC except that the Cr2O3 ribbon is very thin and non-uniform, so it may
not stop the diffusion of oxygen. For 500ºC, the chromium diffusion coefficient is much
lower than for 600ºC, and consequently, less chromium-rich phases are formed.
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Moreover, in both HCM12A and HT9, oxide precipitates follow the microstructure of the
metal, because the microstructure creates diffusion paths along the grain boundaries
likely due to chromium rich carbides.
The oxidation mechanism for 9CrODS 600ºC 2 weeks is shown in Figure 4-5.

Figure 4-5: Oxidation mechanism applied to the 9CrODS 600ºC 2 week sample.
This sample is characterized by the large diffusion layer which ends in a relatively
straight line at the diffusion layer-metal interface. It is thought that this interface is a line
because an oxygen concentration limit exists below which precipitation of oxides cannot
take place (as shown by the phase diagram showing the phases that are stable depending
on the oxygen partial pressure[10]). We can observe coalescence of the oxide precipitates
in the diffusion layer in the top right corner of the SEM image shown by the red arrow in
Figure 4-5. This coalescence is thought to be at the origin of the Cr2O3 ribbon found in
the 4 and 6 week samples.
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Pores form at the inner oxide-diffusion layer interface because a large amount of
Cr2O3 is found at this interface associated with a chromium enrichment in the
fluorescence data. The Cr2O3 slows down the oxidation of the metal in the diffusion layer
and therefore not enough Fe2+ ions are created to compensate for the outward flow of
these ions towards the outer layer. Furthermore, since the Cr2O3 found at the inner oxidediffusion layer interface does not form a uniform barrier, but Cr2O3 grains are mixed with
FeCr2O4 and Fe grains, the oxygen can still diffuse through this layer. Nevertheless, this
diffusion of oxygen is slower than if the layer did not exist. Consequently, the inner layer
continues to grow even though this growth has been slowed down.
The mechanism applied to the 9CrODS 600ºC 4 week sample is shown in
Figure 4-6.

Figure 4-6: Schematic of the oxidation mechanism for 9CrODS 600ºC 4 weeks.
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In the 9CrODS 600ºC 4 week sample, a uniform ribbon of Cr2O3 ribbon has
formed. Consequently, the diffusion of oxygen is stopped by this layer. This is why the
inner oxide to diffusion layer thickness ratio is diminished from the 2 week to the 4 week
sample. The iron that was oxidized in the formation of the Cr2O3 ribbon was rejected at
the back of the Cr2O3 ribbon forming FeCr2O4. The pores at the inner oxide-diffusion
layer interface are larger than in the 2 week sample, suggesting that more iron from the
inner layer diffused towards the outer layer. This suggests that most of the iron needed
for the formation of the outer layer came from the inner layer. Pores are also found in the
diffusion layer because iron ions diffuse outward from this layer as well, but the Cr2O3
ribbon at the diffusion layer-metal interface does not allow enough oxidation of the metal
to compensate for the outward flux of iron. In the SEM image shown in Figure 4-6, a
region of the inner oxide-diffusion layer interface, that does not exhibit pores, is
observed, and in this region the inner layer advances into the diffusion layer. This is
probably due to the disappearance of the Cr2O3 at the interface in this region thus
enabling more oxidation of the diffusion layer which creates Fe2+ that can replenish the
pores.
The disappearance of the Cr2O3 at the inner oxide-diffusion layer interface that
was observed in one region of the 9CrODS 600ºC 4 week sample has happened
throughout the interface in the 9CrODS 600ºC 6 week sample. Consequently, the pores
are spread out over the whole inner oxide sub-layer near the inner oxide-diffusion layer
interface. The limit of this sub-layer in the middle of the inner oxide layer is highlighted
by a line of pores. At the location of this line of pores, Cr2O3 is observed in the
diffraction data and therefore the cause for the line of pores might be the same as in
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previous samples. This brings up the questions as to why Cr2O3 appears in the middle of
the inner layer, and as to what makes the Cr2O3 that was observed at the inner oxidediffusion layer interface, disappear. A plausible explanation may be that the chromium
from the inner oxide layer diffuses out into the diffusion layer, thus making the
chromium to iron ratio too low for Cr2O3 to be stable. Another possibility is that the
intermediate oxide phase, that could be FeO, and that appears in the 4 week sample and
was present in the 2 week sample at the location of the chromium enrichment, might be
connected to the disappearance of Cr2O3.
The oxidation mechanism for 9CrODS 600ºC 6 weeks is shown in Figure 4-7.

Figure 4-7: Schematic of the oxidation mechanism for 9CrODS 600ºC 6 weeks.
Three main features appear in the oxide layers formed on this sample. First, Cr2O3
at the inner oxide-diffusion layer interface disappears, which enables the inner oxide
layer to advance into and oxidize the diffusion layer. This phenomenon spreads out the
pores throughout the sub-layer of the inner oxide layer near the diffusion layer. If this
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advancement continues it is possible that the inner oxide layer eventually “catches up”
with the protective oxide ribbon at the diffusion layer-metal interface. However, no
samples were corroded for longer exposure times than 6 weeks, so this hypothesis cannot
yet be proven. Second, it appears that FeCr2O4 transforms into Fe3O4, because in the 2
and 4 week samples, the main oxide phase in the inner oxide layer was FeCr2O4 and in
the 6 week sample it has become Fe3O4. Moreover, in the diffusion layer of the 2 and 4
week samples, only FeCr2O4 was observed but in the 6 week sample Fe3O4 is also
observed in the diffusion layer. This could be due to the preferential diffusion of
chromium to Cr2O3 or that since more oxidation is taking place, more Fe2+ ions are
available to form Fe3O4. Third, the oxide ribbon at the diffusion layer-metal interface
often separates into two lines separated by a region containing bcc iron as circled in red
in the SEM image in Figure 4-7. This could be due to the advancement of the ribbon by
the formation of another ribbon ahead of the previous one. This seems unlikely because
the oxidation taking place at this location is small and oxygen is unlikely to diffuse that
much ahead of the ribbon. Another explanation may be that the FeCr2O4 precipitates in
the diffusion layer coalesce to form the interior ribbon. Perhaps both processes take place
simultaneously.
To conclude, the oxide microstructure is similar in the three alloys. The three
main oxides formed in the three alloys are Fe3O4, FeCr2O4 and Cr2O3. The outer oxide
layer is constituted of Fe3O4, formed by the outward diffusion of iron cations. The inner
oxide layer is formed by the inward diffusion of oxygen through the oxide layer.
Chromium rich phases are thermodynamically favored in low oxygen concentrations
therefore they are formed near the oxide-metal interface. Moreover, these phases are
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protective since the diffusion coefficients in those phases are smaller than in Fe3O4.
Cr2O3 is the most protective oxide phase, and when a whole uniform layer of Cr2O3
forms, as in the 9CrODS 600ºC 4 and 6 week samples, the inward diffusion of oxygen is
almost stopped by that layer. Finally, pores often form at the inner-diffusion layer
interface due to the presence of Cr2O3 which slows the oxidation, such that not enough
Fe2+ ions are created to compensate for the ones that have migrated to the outer layer.

Chapter 5
Conclusion and recommendation for future work

5.1 Summary and conclusion
In this study, we characterized the microstructure of the oxide layers formed on
three ferritic-martensitic alloys exposed to supercritical water. The alloys analyzed were
9CrODS, HCM12A and HT9. Each of these alloys exhibits a different bare metal
microstructure: 9CrODS is purely martensitic, HCM12A contains both martensite and
ferrite, and finally HT9 is a mixture of austenite, martensite and ferrite. 9CrODS is an
oxide dispersion strengthened alloy containing yttrium-rich oxide nano-particles. The
main characterization technique used was microbeam synchrotron X-ray diffraction and
fluorescence using the APS synchrotron facility at the Argonne National Laboratory. The
alloys were corroded in the supercritical water corrosion loop at the University of
Wisconsin at two temperatures (500ºC and 600ºC) and for different exposure times (2, 4
and 6 weeks for 9CrODS and HCM12A, and 1 and 3 weeks for HT9). This enabled us to
have a sense on the evolution of the oxide microstructure with time at different
temperatures, and thus to suggest an oxidation mechanism. The main conclusions of this
study are:
1. The oxide formed on ferritic-martensitic steels often has a three layer
structure with an outer layer of Fe3O4, an inner layer of FeCr2O4-Fe3O4,
and a diffusion layer that often contains oxide precipitates. In the samples
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corroded at 500ºC, the diffusion layer is essentially a solid solution of
oxygen ahead of the oxide and contains few precipitates. In the 600ºC
samples, more oxide precipitates are observed and often a Cr2O3 ribbon is
present at the diffusion layer-metal interface.
2. The oxide dispersion strengthened steel forms the most protective oxide
(as measured by the inner oxide layer thickness) even though it has the
least chromium alloying content since it has the smallest oxide thickness.
This might be due to the yttrium-rich oxide nano-particles that catalyze the
nucleation of stable and protective oxide. This is in agreement with the
fact that the implantation of a yttrium surface coating before oxidation has
a positive effect on the corrosion resistance.
3. Cr2O3 is found at the corrosion resistant interface which often corresponds
to the inner oxide-diffusion layer interface. Chromium enrichment in the
fluorescence data is also observed at the corrosion resistant interface. For
the 9CrODS 600ºC 4 and 6 week samples, this corrosion resistant
interface shifts from the inner oxide-diffusion layer interface to the
diffusion layer-metal interface where a uniform Cr2O3 ribbon is observed.
The formation of this uniform Cr2O3 ribbon stops further advancement of
oxygen in the metal.
4. The outer oxide layer and the inner oxide layer are formed by two
different processes. The outer layer is formed by the outward diffusion of
Fe2+, created by the oxidation of the metal. These iron ions then react with
the supercritical water to form Fe3O4. The inner oxide layer is formed by
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the inward diffusion of O2-, created by the reduction of water. These
oxygen anions then react with the iron or chromium cations to form the
oxide. Consequently, the outer oxide-inner oxide layer interface
corresponds to the original metal-solution interface. If the oxidation of the
metal is too slow, the amount of Fe2+ ions created is too low to
compensate for the outward migration of these cations from the inner
layer, thus creating pores at the inner-diffusion layer interface.
5. Both HCM12A and HT9 contain chromium carbides that formed during
the manufacturing process. The carbides help the precipitation of oxide
along the grain boundaries. Consequently, in these two alloys, the
advancement of the oxide layer into the metal follows the microstructure
of the bare metal.

5.2 Suggestions for future work
The presence of the unknown oxide phase, which might be FeO, in several
analyzed samples, has to be identified more precisely perhaps using TEM diffraction.
This information would help in the elaboration of a more precise oxidation mechanism
since this phase might have an effect on the disappearance of the Cr2O3 phase at the
inner-diffusion layer interface.
An EBSD study of the oxide layers would give insight on the grain sizes and the
proportion of phases in certain regions of the oxide scale, and help in the identification of
the unknown phase.

148
Electrochemical analysis during the oxidation would give insight on the evolution
through time of the oxide microstructure. It would especially help understand the
disappearance of the Cr2O3 present at the inner-diffusion layer interface. In the same way
it would give insight on the protectiveness of the Cr2O3 ribbon at the diffusion layermetal interface.
Finally, it would be of great interest to study the orientation relationships between
the oxide precipitates and the metal since the precipitation of the oxide follows the metal
microstructure. Moreover, the study of the crystallography of the oxide phases present
and their relationship would give some insight on the evolution from one phase to
another. This would help in the understanding of the formation of sub-layers in the inner
oxide layer.
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Appendix A
Powder Diffraction Files

Table A-1: PDF for Fe bcc
Ferrite
d
2.879763077
2.0363
1.441
1.1749
1.0175

(bcc Fe)
Int.
100
100
11
20
4

hkl
010
110
200
211
220

2theta
26.197
37.386
53.860
67.487
79.794

Table A-2: PDF for Fe3O4
magnetite
d
4.852
2.967
2.532
2.4243
2.0993

(Fe3O4)
Int.
8
30
100
8
20

#19-0629
hkl
111
220
311
222
400

2theta
15.46031
25.41377
29.8736
31.23383
36.22461

Table A-3: PDF for FeCr2O4
FeCr2O4
d
4.839
2.962
2.526
2.418
2.0943

(34-0140)
Int
13
33
100
7
22

hkl
111
220
311
222
400

2theta
15.5021
25.45739
29.94621
31.31729
36.31411
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Table A-4: PDF for FeO.Cr2O3
FeOCr2O3
d
4.82
3.7
2.93
2.54
2.08
1.91

(04-0752)
Int
50
50
75b
100
50
75

cubic
hkl
111
210
220
311
400
331

(38-1479)
Int.
73
100
93
7
35
6

rhombohedral
hkl
2theta
0 1 2 20.70736
104
28.3474
1 1 0 30.51883
0 0 6 33.47928
1 1 3 34.91916
202
37.1704

2theta
15.56359
20.31876
25.74017
29.77733
36.57257
39.95998

Table A-5: PDF for Cr2O3
Cr2O3
d
3.6313
2.6653
2.4797
2.2659
2.1752
2.0477

Table A-6: PDF for Cr1.3Fe0.7O3
Cr1.3Fe0.7O3
d
3.654
2.676
2.499
2.27
2.189
2.063

Int.
45
100
74
4
24
4

hkl
012
104
110
006
113
202

2theta
20.57732
28.23169
30.27746
33.41703
34.69201
36.88475

153
Table A-7: PDF for Fe2O3
hematite
d
3.684
2.7
2.519
2.292
2.207
2.0779

(Fe2O3)
Int.
30
100
70
3
20
3

hkl
012
104
110
006
113
202

2theta
20.40795
27.97561
30.03139
33.08701
34.40021
36.61084

Table A-8: PDF for FeO
FeO
d
2.49
2.153
1.523
1.299
1.243
1.077
0.98
0.9631

cubic
Int
80
100
60
25
15
15
10
15

#06-0615
hkl
111
200
220
311
222
400
331
420

2theta
30.38953
35.29098
50.74698
60.31925
63.34262
74.5976
83.51059
85.31843

Table A-9: Another PDF for FeO
FeO
d
2.47
2.14
1.514
1.293
1.2375
1.0725
0.98

cubic
Int
80
100
80
50
40
40
30

#461312
hkl
111
200
220
311
222
400
331

2theta
30.64161
35.51248
51.07026
60.62847
63.65708
74.96431
83.51059
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Table A-10: PDF for Fe0.98O
Fe0.98.O
d
2.517
2.376
2.078
1.51
1.449
1.29
1.258

hexagonal
Int
80
80
100
50
50
20
20

#39-1088
hkl
003
101
102
104
110
105
113

2theta
30.05581
31.88548
36.60902
51.21532
53.53888
60.78435
62.50158

Table A-11: PDF for Y2O3 monoclinic
Y2 O3
d(Å)
3.381
3.112
2.993
2.924
2.832
2.782
2.714
2.278
2.225
2.163
2.100
1.886

#47-1274
Int.
5
100
100
100
50
100
100
5
5
5
50
50

monoclinic
hkl
4 0 -1
111
401
4 0 -2
003
310
1 1 -2
600
1 1 -3
5 1 -1
3 1 -3
313

#43-0661
Int
100
24
33

cubic
hkl
111
200
220

2theta
22.257
24.21134
25.18668
25.79325
26.64848
27.1369
27.82913
33.30295
34.11629
35.11646
36.2123
40.48685

Table A-12: PDF for Y2O3 cubic
Y2O3
d(a)
3.039
2.632
1.861

2theta2
24.79863
28.71147
41.0532
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Table A-13: PDF for YFeO3
YFeO3
d
4.340
3.841
3.800
3.428
2.798
2.703
2.641
2.625
2.389
2.286
2.279
2.253
2.169
2.116
2.073
2.023
1.920

Int.
3
3
4
20
20
100
28
12
1
5
9
4
7
9
4
2
24

hkl
011
101
020
111
200
121
002
210
102
031
112
220
022
131
221
122
202

2theta
17.29582
19.56488
19.77703
21.95152
26.97984
27.94921
28.61265
28.79192
31.70739
33.17188
33.28873
33.67513
35.0172
35.93243
36.7023
37.64504
39.73443

hkl
111
311
222
400
331
420
422
511
640

2theta
12.17188
23.42641
24.48387
28.34509
30.94921
31.77419
34.89959
37.0913
52.38606

Table A-14: PDF for Cr23C6
Cr23 C6
d(Å)
6.154
3.214
3.077
2.665
2.446
2.384
2.176
2.051
1.478

#35-0783
Int.
1
1
1
4
1
23
24
100
20
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Table A-15: PDF for Cr7C3
Cr7C3
d(Å)
3.038
2.297
2.266
2.142
2.123
2.049
2.026
1.966
1.903

#36-1482
Int.
2
33
3
6
46
100
13
1
5

hkl
040
150
002
051
112
151
060
321
202

2theta
24.8031
33.01134
33.47081
35.47108
35.7967
37.14552
37.58511
38.76287
40.0974

hkl
110
120
130
011
140
220
111
121
031
230
150
131
240
211
060

2theta
15.05511
18.85826
23.92711
27.48618
29.66897
30.37825
30.76748
32.87096
33.33124
33.85534
35.82253
36.13439
38.25302
39.13736
39.84899

Table A-16: PDF for Cr3C2
Cr3 C2
d(Å)
4.981
3.983
3.148
2.747
2.549
2.490
2.460
2.306
2.275
2.241
2.122
2.104
1.991
1.948
1.915

#35-0804
Int.
<1
<1
2
18
23
13
9
100
10
60
21
10
25
45
29
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Table A-17: PDF for Fe3C
Fe3 C
d(Å)
3.372
3.023
2.546
2.388
2.381
2.263
2.219
2.108
2.068
2.032
2.013
1.977
1.879

#35-0772
Int
4
3
4
43
41
22
22
57
67
56
100
53
5

hkl
020
111
200
121
210
002
201
211
102
220
031
112
022

2theta
22.31686
24.92605
29.70537
31.71473
31.8036
33.51649
34.2065
36.07068
36.78643
37.46895
37.82362
38.54236
40.63928

hkl
111
200
220

2theta
30.27834
35.10346
50.48873

Table A-18: PDF for TiC
TiC
d(Å)
2.498
2.164
1.530

#32-1383
Int.
80
100
60

