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Lay Abstract

The effects of total gas pressure, water vapour partial pressure, temperature and
minor alloying elements (Mn and Si in particular) on the wet oxidation performance
of Type 310S stainless steel were examined within the context of the stability of
the protective chromia (Cr203) scale formed. Focus was placed on examining
factors that influence the onset of accelerated linear oxidation associated with the
Fe-rich oxide formation and oxide thickening. Links between changes in structure
and composition of the protective Cr20s scale and breakaway oxidation as
exhibited in water vapour-containing environments are made using advanced
electron microscopy techniques. Si addition up to ~6 wt.% assists the formation of
a continuous silica (SiO2) barrier layer under the Cr2Os scale as well as Cr-rich
silicide intermetallic phases that act as reservoirs to supply for the oxidized Cr lost
to volatilization. Si addition is proposed to be a promising way of prohibiting Fe-rich
oxide formation albeit modifications to the morphology of the silicide intermetallic

phases are required.



Abstract

High-temperature wet oxidation resistance of Type 310S stainless steel arises from
the formation of a thin, adherent and compact external Cr.Os scale that is more
protective compared with the other oxides. Stability of the Cr203 scale is often at
risk in the presence of water vapour at higher temperatures, which promotes the
loss of oxidized Cr to volatilization. Continuous volatilization of the Cr203 scale
accelerates the rate of oxidation and increases the risk of non-protective Fe-rich
oxide formation that immensely contributes to the oxide thickening (breakaway
oxidation). In this study, the possibility of surrogating high-pressure supercritical
water with an ambient pressure air-10% H20 mixture is studied at temperatures
associated with the predicted coolant outlet conditions in the current GEN IV design
concepts. Factors influencing structure and composition of the Cr2O3z scale during
wet oxidation are then examined in the wet environments. An increase in the total
gas pressure, water vapour partial pressure and temperature is shown to
accelerate the Fe-rich oxide formation by increasing the rate of oxidized Cr loss. A
more complete physical description of the oxidation kinetics in terms of the
evolution of the oxide scale structure and composition at the various exposure
conditions is also reported. Presence of small amount of Mn in the alloy is shown
herein to be beneficial as it assists the formation of a MnCr204 layer on top of the
Cr20s3 scale, which serves to reduce the volatilization rate. It is shown however that
the MnCr204 layer itself is only temporary protective and becomes prone to
volatilization (loss of oxidized Cr) at relatively high temperatures, pressures and

iv



exposure times. The formation of a MnCr204 cap is therefore, only a temporary
solution for delaying the onset of accelerated Fe-rich oxide formation. Addition of
Si is proposed to be a more promising way of controlling the onset of the Fe-rich
oxide formation. Increase in the Si content to ~6 wt.% results in the formation of a
continuous SiO2 barrier layer under the Cr203 scale as well as Cr-rich silicide
intermetallic phases in the starting microstructure that serve as effective Cr
reservoirs in helping to maintain the structure and composition of the compact

protective Cr203 scale despite the continued loss of oxidized Cr to volatilization.
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Preface

In this collective work, the effects of temperature, total pressure, water vapour
partial pressure and minor alloying elements (Mn and Si in particular) on the wet
oxidation performance of Type 310S stainless steel were examined within the
context of the stability of the protective Cr203 scale formed. This thesis is written
as a “sandwich” thesis and consists of eight Chapters. Chapter 1 (Introduction)
describes the overall context, research objectives and hypotheses and the layout
of the “sandwich” thesis. Chapter 2 (Literature Review) summaries the enabling
theories and the current knowledge states regarding the wet oxidation performance
of Cr20s-forming high-temperature alloys. Chapters 3-7 present the five journal
articles that have been written capturing the research conducted. Chapter 8
summarizes the major conclusions drawn for the collective work and provides a

commentary on the outlook that is presented in view of these conclusions.
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1. Introduction

1.1. Overall Context

Deterioration of materials used in service at high temperatures due to oxidation
has been a matter of concern for decades and the high-temperature oxidation
behaviour of these materials is of paramount importance in various fields of
technology.® The practical consequences associated with the high-temperature
oxidation include the devastating impacts on the failure of the structural
components, which puts the reliable and efficient operation of equipment at risk.*°
For those components that are used as heat exchangers for example, continuous
oxidation and an increase in the oxide scale thickness can reduce the heat transfer
rate, decrease efficiency, and lead to an overheated microstructure and increased
thermal stresses within both the alloy and the oxide scale.>®’ Another major issue
with the oxide scale thickening is the possibility of oxide scale spallation.>8° The
latter becomes an important problem during the long-term service, as spalled oxide
scales can deposit downstream in undesirable (heat transfer) locations and induce

erosion corrosion of the downstream components,>110-12

One method to increase the high-temperature oxidation resistance of the
alloy structural components is the application of oxidation resistant coatings.31°
However, many problems can arise with the coating application such as: thermal
expansion mismatch with the substrate, high stress levels at the coating/alloy

interface (especially at the stress raiser points in the component design such as
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edges), intermetallic phase formation close to the coating/alloy interface
(specifically for the diffusion coating process), coating delamination due to
imperfections exist at the interface, and localized composition inhomogeneities

(e.g. defects and pores) that enhances ion diffusion through the coating.6-18

Another major limitation of the high-temperature oxidation resistance
coatings, as well as of many alloys that are known to form relatively protective
scales such as Cr203 or SiOz2, is the possibility of the oxide scale volatilization
(sublimation).®-?! Reaction of the oxidizing gas species with the oxide scale could
result in the loss of the protective scale and, thus, a loss in protection.'-?! The rate
of scale volatilization becomes significant when the scale reaches a limiting
thickness, after which the rate of oxide growth and the rate of oxide volatilization
becomes comparable.’®?2 Oxide scale volatilization results in rapid consumption
of the alloy to compensate for the loss of the scale.1%2! Generally, the concern with
volatilization increases with an increase in the gas flow rate, temperature, and

partial pressures of the oxidizing gas components.?325

While a sound understanding of pure metal oxidation fundamentals has been
achieved over the years, same cannot be said of alloys as oxidation is more
complicated because of the various alloying effects. Among the common
engineering alloys that are currently being used or are candidates to be used in
high-temperature oxidizing applications, high Cr-containing austenitic Fe-Cr-Ni
alloys are attractive due to improved high-temperature creep resistance and

oxidation resistance compared with that of the ferritic alloys.»?62® The high-
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temperature oxidation resistance of such engineering alloys that are currently in
service typically relies on the formation of a thin, adherent and compact external

Cr203 scale compared with the other oxide scale types.1:19-2

Stability of the Cr203 scale is often threatened due to the tendency to
volatilization in the presence of water vapour.1%-2! The addition of the minor alloying
elements such as Mn and Si in the Cr203 scale forming alloys can help promote
the formation of a more protective scale: one that is more resistant to
volatilization.'822:30 Such improvement in performance is of practical importance
for structural components used in steam-generating applications such as: steam
boiler power plants, solid oxide fuel cells, nuclear reactors and geothermal power
plants.431-3¢ The role of water vapour in changing the oxidant transport into the
Cr20s scale, particularly in the presence of Mn and Si minor alloying elements, and

the extent to which the Cr203 scale remains protective, is still not well understood.

1.2. Research Objectives and Hypothesis

The overarching objective of the research conducted was to investigate links
between changes in the structure and composition of the protective Cr2O3 scale
and breakaway oxidation as exhibited in water vapour-containing environments
using advanced electron microscopy techniques. Focus was placed specifically on
the role played by the minor alloying elements Mn and Si on the onset of the linear
kinetics (non-protective). The development of a more complete physical

description of the parabolic and linear oxidation is needed to identify the promising
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alloying strategies that could improve the wet oxidation performance of this
important class of high-temperature engineering materials. One particular point of
interest is the onset of the domination of the linear oxidation during paralinear or
breakaway kinetics. It is believed that if the onset is somehow delayed, the
accelerated oxidation rate is outlawed which then can result in increase in the
lifetime of components used at high temperatures. Some attempts have been done
thus far to examine the effects of temperature, gas velocity, and oxygen and water
vapour partial pressures on the mechanism of breakaway kinetics.?>37-40 The effect
of total gas pressure on the change in the oxidation kinetics and mechanisms is
not yet well understood.! This is mostly because most laboratories do not have
access to both high-pressure testing facilities, for examples those that operate at
pressures over 20 MPa, and low-pressure testing facilities, therefore cannot make
a direct comparison between the oxidation kinetics of the two environments and
study the effect of total gas pressure on the paralinear or breakaway kinetics. Not
to mention that most studies only focus on the environmental oxidizing parameters
that affect the kinetics rather than finding a possible permanent elucidation for
example modification of the chemical compositions of the alloys to delay the onset

of accelerated oxidation.

It is argued that in the presence of even small amount of Mn in high Cr-
containing austenitic stainless steels a Mn-rich spinel oxide cap (MnCr204) forms
on top of the Cr203 scale.??4142 The rate of Cr loss over the MnCr204 and Cr203

has been thermodynamically measured and it is implied that it is much smaller in
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the former.*3 If the volatilization rate of the scale is somehow reduced by the
presence of a MnCr20a4layer, it then follows that the onset of accelerated oxidation
that is induced by high volatilization rates can be delayed. Examining the effects of
MnCr204 on delaying the formation of a Fe-rich scale during accelerated linear
oxidation therefore deserves further investigation. Another minor alloying element
in high Cr-containing austenitic stainless steels that deserves further consideration
with regards to studying the paralinear or breakaway kinetics is Si. Most stainless
steels have some amount of Si and it is well known that depending on the alloy Si
content and oxidizing conditions, Si tends to form a SiO2 layer or precipitates
underneath the Cr20s scale.?®4445 SjO2 is most often amorphous at high-
temperatures and is known to reduce the diffusion rates of cations through.4647
Studying the effects of Si on the mechanism of linear (non-protective) oxidation
kinetics associated with the Fe-rich oxide formation therefore merits further

attention.

The effect of total gas pressure on the wet oxidation kinetics of Type 310S
stainless steel is studied herein particularly because accelerated Fe-rich oxidation
is a performance concern for alloys used in SCW environment. This was achieved
by first screening the performance of Type 310S stainless steel in SCW using the
high-pressure testing facility at the University of New Brunswick, results of which
are discussed in Chapter 3. The wet oxidation kinetics of Type 310S stainless steel
was then examined at ambient pressure yet at the same testing temperature as

that for SCW testing. A physical description of accelerated Fe-rich oxidation due to
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the change in the total gas pressure is then proposed. Another important
knowledge gap that exists is the possibility of surrogating high-pressure SCW with
ambient pressure wet air. Thermodynamic measurements show that the partial
pressure of Cr-gas species is the same in both environments. The effect of total
gas pressure as well as examining the possibility of using ambient pressure wet air
instead of high-pressure SCW are discussed in Chapter 4. Furthermore, effects of
water vapour partial pressure and gas temperature on the volatilization rate and
breakaway kinetics were examined (as shown in Chapters 5 and 6). This process
involved developing a more complete physical description of the role played by
minor alloying elements, particularly Mn and Si, in stabilizing C203 scale against
volatilization by a detailed examination linking the wet air oxidation kinetics of Type

310S stainless steel to the structure and composition of the oxide scale formed.

In the next phase of this research a custom-made high Si-containing Type
310 stainless steel (~6 wt.% Si) with more promising stability against volatilization
was selected for examinations followed by a detailed study linking the wet air
oxidation kinetics of custom-made experimental alloy to the structure and
composition of the oxide scales formed. The oxidation and volatilization tests were

done to examine the oxidation kinetics of austenitic Type 310S stainless steel.
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1.3. Thesis Layout

The remainder of this “sandwich” thesis consists of seven Chapters. A description
of each Chapter contents and the specific contribution to the overarching research

objective is described as below:

- Chapter 2 presents a literature review of the current state of knowledge of
thermodynamics and kinetics of high-temperature wet oxidation. Proposed
mechanisms of Cr203 scale volatilization are described and critiqued. The
effects of Mn and Si, as minor alloying elements in the high-temperature
Cr20s-forming Fe-Cr-Ni alloys, on the stability of the Cr2Os3 scale is discussed
and critiqued within the current knowledge base. A discussion of the effects
of stresses on the scale mechanical spallation is also included. The
knowledge gaps that currently exist in the literature, which serve as
motivation for the research conducted, are addresses throughout this
Chapter.

- Chapter 3 reproduces a journal article published in Corrosion in 2016 that
documents the research conducted investigating the performance of Cr203
forming candidate fuel cladding materials in SCW. This article is a first
authored paper and the main contribution of this study is the evidence in
support that accelerated Fe-rich oxidation is indeed a performance concern
for Cr203 forming engineering alloys in SCW that needs to be considered in

the selection of a suitable material for fuel claddings.
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Chapter 4 reproduces a journal article submitted to Corrosion, which
documents the research conducted investigating the suitability of using an
ambient pressure air-10% H20 mixture as a surrogate for the high-pressure
SCW by directly comparing the oxidation kinetics exhibited by, and the
structure and composition of the oxide scale formed on, Type 310S stainless
steel in the two oxidizing H20O-containing environments. This article is the first
in the literature that makes such a direct comparison to validate such a
prediction based on thermodynamic calculations. The major contribution of
this work is that the rate of Cr-oxy-hydroxide formation is significantly lower
in the air-10% H20 mixture which is attributed to the much lower total
pressure of the wet air, serving to prolong the stability of a protective MnCr204
outer layer. An air-10% H20 mixture therefore is suggested not to be used as
a surrogate for SCW at temperatures associated with the predicted coolant
outlet conditions in the current GEN IV design concepts.
Chapter 5 reproduces an invited article published in Canadian
Metallurgical Quarterly in 2018 that documents the research conducted to
investigate the effect of water vapour partial pressure on the wet oxidation
kinetics of Type 310S stainless steel. The major contribution of this work is
that the vapour pressure of Cr-oxy-hydroxides over the MnCr204 is
significantly important as it increases considerably with the increase in
percent water vapour of the wet air and is responsible for the linear oxidation

rate constant observed. This article was invited for publication by Canadian
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Metallurgical Quarterly after it was accepted for presentation at the 2017
Conference of Metallurgists that was held on August 27-30, 2017 in
Vancouver, BC, CA.

- Chapter 6 reproduces a journal article submitted to Corrosion Science that
documents the research conducted to examine the effect of temperature on
the high-temperature wet oxidation kinetics of Type 310S stainless steel. A
more complete physical description of the oxidation kinetics was developed
at each of the temperatures considered by linking the structure and
composition of the oxides formed to their kinetics. The mechanism of the
linear oxidation is discussed considering the roles of Mn and Si minor alloying
elements. It was shown that the MnCr204 formed on Cr203 only has a
temporary effect on reducing the rate of scale volatilization and becomes
more prone to loss of oxidized Cr at higher temperatures. Addition of Si in
order to form a uniform continuous SiOz barrier layer under Cr203 was
identified as a possible promising solution for delaying the accelerated Fe-
rich oxide formation.

- Chapter 7 reproduces a journal article submitted to Corrosion Science that
documents the research conducted to validate the prediction based on the
physical descriptions of the scales formation that alloyed Si will improve the
wet oxidation performance of Type 310 stainless steel. A modified Type 310
stainless casting alloyed with ~6 wt.% silicon (Type 310-6Si stainless steel)

was used for this purpose. The major contribution of this work is that the Fe-
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rich oxides are not seen because of the formation of a uniform continuous
SiOz2 layer under Cr203 as well as the presence of Cr-rich silicide intermetallic
phases in the starting as-cast microstructure which serve as reservoirs to
sufficiently supply Cr from the alloy to replace the oxidized Cr lost to
volatilization.

- Chapter 8 summaries the major conclusions extracted from the research
conducted and discusses the significance of these conclusions in terms of
the current state of knowledge regarding the fundamentals and practical
implications of the wet oxidation performance of Cr20s-forming Fe-Cr-Ni
engineering alloys. An outlook in view of these conclusions is also presented

herein.
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2. Literature Review

2.1. Cr.03 Scale Formation

Formation of a Cr203 scale has paramount significance from the high-temperature
oxidation resistance perspective of alloys used in wet environments such as steam
turbines, solid oxide fuel cells, and power plants.%? Cr203 is a dense protective
scale and, if formed uniformly, can reduce the diffusion rate of other alloying
elements through.3-® Cr203 is known to be a metal deficit p-type semiconductor,
one that forms vacancies in cation lattice sites along with electron holes.>" The
deviation of Cr203 from stoichiometry is however, almost neglectable compared to,
for example, defective FeO or NiO.8° The protectiveness of the Cr203 scale arises
from this low concentration of defects present in its structure.®° Protectiveness of
Cr20s is often compared with Fe-rich oxides as the latter also tend to form in high-
temperature wet environments in the absence of sufficient alloyed Cr content
and/or high oxidizing temperature and pressure.'®'? Generally Fe-rich oxide
compounds particularly Fe chromate (FeCr204) and hematite (Fe203) (relevant to
this study) are considered to be less protective than Cr20s3, as their more defective
nature can easily allow outward transport of Fe cations and inward transport of O
anions.’® FeCr20s is still a p-type semiconductor and is metal deficit, whereas
Fe20s3 is a n-type semiconductor in the temperature range of ~600-800°C in which
either an excess of cations interstitials or oxygen vacancies are the main ionic

defects.*"1¢ The sequence of scales based on their protectiveness can then be
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considered as: Cr203 > FeCr204 > Fe203.12 It is evident that Cr203 is considered to
be the most desirable form of oxide in many of the high-temperature
applications.'”1? Both Cr203 and Fe203 have similar corundum-type structure and
can be easily dissolved in one another to form a solid solution of (FexCrix)203.18
Also, Ni, Cr, Mn, and Fe have roughly similar atomic size.'® In order to make links
between structure and composition of oxide scales formed to the oxidation
mechanisms of alloys used in high-temperature applications, it is important to
differentiate the oxide types formed. This matter becomes important for relatively
thin scales in particular. Characterization of these mixed oxides is, however, only
possible using advanced electron microscopy techniques as will be presented in

this thesis.
2.1.1. Thermodynamics of Cr.O3 Scale Formation

First consider a simplified chemical reaction of a pure Cr metal reacting with the

gas containing only Oz as shown in Equation 2-1:2°
3 .
2 Equation 2-1
2Crq) + > Oz(g) > Cr203(s) q

The Gibbs free energy change, AG, (J/mol) for Equation 2-1 is shown in
Equation 2-2 in which AG® is the equilibrium Gibbs free energy of the reaction
(J/mol), R is the universal gas constant (J/mol/K), T is the reaction temperature (K),
pO:2 is the Oz partial pressure of the environment, and acr and acr.o: are the

activities of solid Cr and Cr20s, respectively:?°
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o Acr,0, .
AG=AG +RTIN[ 5] Equation 2-2
(ac:)*.(pO,)?

Considering the activities of the solids are invariant (equal to 1), at equilibrium (AG

=0) Equation 2-2 can be written as:?°

1 3
3]=§RTInp02 Equation 2-3

(pO,)?

AG’ =-RTIn[

Thermodynamically, formation of the Cr203 scale depends on the pO2 and
occurs when pO: is greater than the dissociation Oz partial pressure of the scale
(pO2)dissoc. [pPO2 > p(O2)dissoc.].2%?*

Formation of a protective adherent Cr20O3 scale in alloys depends on the
alloyed Cr content.?? For simplicity, consider a binary Fe-Cr alloy in which Cr is
more reactive for oxidation. According to Wagner's theory of oxidation,?*-2° if the
flux of Cr cations is less than that for O anions, internal oxidation of Cr.O3 occurs.
The depth of the internal oxidation (x[t]) depends on the concentration of the solute

Cr in the alloy through Equation 2-4 where Dcr and Do are diffusion coefficients of

Cr and O, respectively, Nf)s) is the O2 solubility in Fe (mole fraction), Né?) is the bulk
alloy concentration of Cr in Fe-Cr (mole fraction), Do is the diffusivity of O2 (cm?/s)

and t is the time (s): 22-2°
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x()=[ —5—| Equation 2-4

Equation 2-4 shows that an increase in the bulk alloy concentration of Cr
decreases the depth of the internal oxidation. If the concentration of Cr reaches
some critical value, N&' (mole fraction), (Figure 2-1) a continuous external layer

of Cr203, one that is known to be protective, forms.?3-2°

Gas
T Eemoweeno) ]S
> g
© 3 /
& 8
3 % _
> 3 25
<=“°: Alloy 55 =z Alloy Z
= (Fe-Cr) Z = (Fe-Cr)
5 2
5 . © 5
O 2
crti. crti.
Ner < NCr Ner > NCr

Figure 2-1. Physical description of internal and external oxidation for a binary Fe-
Cr alloy.?3-25

Equation 2-5 shows that N depends on the molar volume of Cr (Vcr) and
Cr203 (Vo) in dm®mol, critical volume fraction of oxide for transition (g*), and

diffusivity of Cr in the oxide (Dcr) in cm?/s.23-25
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ng* NQ DoVer 15

1
Ncrit.: 2 i -
cr =l 5 No DcrVo] Equation 2-5

It is important to note that after relatively longer exposure times, with
continued depletion of Cr, the amount of Cr available at the alloy/oxide interface
reaches a critical minimum value required to sustain external oxidation.?? Activity
of Fe at the original alloy surface increases in this case and easier mobility of Fe
into the Cr203 scale more readily assists formation of Fe-rich oxides (e.g. Fe20s at

high pO2), Figure 2-2.%¢
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Figure 2-2. Physical description of the binary Fe-Cr alloy after long exposure
times.»2

For an external oxide scale to be considered protective not only the Cr
concentration needs to exceed NSHt (mole fraction) as shown by Equation 2-5,
but also the parabolic diffusion of Cr in the alloy needs to remain rapid so that its

content in the oxide is provided at least at the same rate as it is consumed by the
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oxide scale growth.?” The relation between the Cr content in the alloy and the
parabolic oxidation rate for the oxide scale growth is shown by Equation 2-6 in
which N¢,. (mole fraction) is the second critical Cr value for maintaining the
parabolic oxidation rate in the external scale, Dv is the Cr lattice diffusion coefficient
(cm?/s), D’ is the Cr grain boundary diffusion coefficient (cm?/s), s is the alloy grain
size (cm) and & is the grain boundary thickness (cm).?” As can be inferred from
Equation 2-6, the N¢,. depends on the alloy grain size, grain boundary thickness,
lattice and grain boundary diffusion of Cr, molar volumes of Cr and Cr20s, and

parabolic rate constant for oxidation.?’

1

1 2 :
A =AY/ sk Equation 2-6
N, =[2m* —==K T - !

Vo342 e
032 Df (3D")2 t4

Selective oxidation of elements in an alloy with more than two elements is
more complex; however, the concept remains the same. High-temperature alloys
used in the structural components need to have acceptable high-temperature
mechanical properties, creep resistance, and oxidation resistance from a service
performance perspective. In the temperature range of 550-900°C, high Cr-
containing austenitic Fe-Cr-Ni alloys are preferred from a material selection
perspective since: (i) they have relatively good high-temperature mechanical
integrity, (i) they have much better creep resistivity at high temperatures compared
with ferritic alloys, and (iii) they tend to form a protective external Cr203 scale that
decreases the alloy oxidation rate.?%2228 |t is well established that the critical Cr
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content required for the formation of an external Cr203 scale in austenitic Fe-Cr-Ni
alloys is ~20 wt.%.202228 R, Peraldi et al.?®, however, discussed that the critical Cr
content in Fe-Cr-Ni alloys is a function of the alloy Ni content as well as its grain
size. It is often seen that even when the Cr content of the alloy is higher than the
critical value required to promote the formation of an external Cr20s3 layer, the oxide
still has small amounts Fe and Mn dissolved. Most high Cr-containing austenitic
Fe-Cr-Ni alloys contain other elements such as Si, Mn, Ti, and Al that each can
selectively oxidize. The amount of these alloying elements is usually low in the
alloy, therefore, from thermodynamics, all are expected to oxidize to some extent
during exposure at high temperature. The so-called Ellingham diagram, which plots
the variation of the standard Gibbs free energies of oxide formation as a function
of temperature, illustrates the relative stability of an oxide as a function of both
temperature and pO2.2! The sequence of oxide formation in H20-containing
environments related to this study (as discussed later), from the most to the least
thermodynamically stable oxides is: Al203, TiO2, SiO2, MnO, Cr203, FeO, Fe30a4,
Fe203, and NiO.?! For alloys containing Si for instance (relevant to this study),
formation of SiO> underneath the Cr,O3z is expected, whereas Fe-rich oxides are

expected to form above Cr,03.%!

2.1.2. Cations Diffusivity in the Cr203 Scale and Austenitic Matrix

The values of Fe, Cr, and Ni lattice diffusion coefficients [D. (cm?/s)] in austenitic
Fe-Cr-Ni alloys in vacuum at 963°C and after ~24 h are compared in Table 2-1. In

all cases, DL decreases in the order of: Di,cr> D re > Dini.3° Z. Tokei®! argued that
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the alloy boundary transport is far more important than lattice transport for the
formation of the Cr203 scale. The grain boundary diffusion coefficient values of Fe,
Cr and Ni in Fe-15Cr-20Ni alloys was also compared at 963°C and it was shown
that Dcr >Dre 2 Dni.%° It is evident that Cr has the highest lattice and grain boundary
diffusion coefficient values between the three major alloying elements (Fe, Cr and
Ni) in austenitic Fe-Cr-Ni alloys and also forms the most stable oxides among the
three element, therefore, the concentration change in the alloy Cr content plays an

important role in the formation of a protective oxide scale.°

Table 2-1 Lattice diffusion coefficient values for Fe, Cr and Ni in austenitic Fe-Cr-
Ni alloys at 963°C after ~24 h exposure in vacuum

Lattice Diffusion Coefficient , DL (cm?/s)
Trace Fe-15Cr-20Ni Fe-15Cr-45Ni Fe-22Cr-45Ni Fe-15Cr-20Ni-1.4Si

Fe 3.98x 1013 1.43 %1012 1.32x10*? 6.76 x 103
Cr 5.21x1013 1.71x10*? 1.46 x 1012 9.74x 10
Ni 2.92x1013 7.21x1013 7.17 x 1013 4.33x1013

A large amount of literature has studied the diffusion of cations through a
Cr203 scale.3?734 A.C.S. Sabioni et al.?632 compared the values of bulk and grain
boundary diffusion coefficients in the Cr2Os scales that were oxidized in the
temperature range of 700-1100°C under an oxygen partial pressure of 10 atm.
Figure 2-3 shows an Arrhenius plot of bulk and grain boundary diffusion for Fe,
Mn, and Cr reported in the A.C.S. Sabioni et al.? study. They argued that Fe and
Cr cations diffusion is slower than that for Mn in both bulk and grain boundaries,
while Mn cations diffusion is the fastest in the bulk but depends on the temperature

for the grain boundaries. On their graph they also compared their own values with
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those previously measured by R.E. Lobnig et al.3® and showed that their measured
values are greater than those for R.E. Lobnig et al.33. They rationalized this
difference implying that most probably the values reported by R.E. Lobnig et al.33
are effective diffusion coefficients which include both the grain boundary diffusion

coefficient and bulk diffusion coefficients.
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Figure 2-3. Comparison, in an Arrhenius plot, of bulk and grain boundary diffusion
of cations in Cr203 scales after A.C.S. Sabioni et al.3?

There are still some discrepancies in the values reported in the literature for
the diffusion coefficients of cations in the Cr2Os scale mainly due to the different
thermal processes used to attain the Cr20s scale and different oxidizing

temperatures and pressures used for the diffusion measurements. Regardless,
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most literatures still agree with the relative comparison of Fe, Mn, and Cr cations
diffusion coefficients reported by A.C.S. Sabioni et al. stating that Mn has the

highest diffusivity in the Cr203 scale.33:35:3¢
2.2. Wet Oxidation

Wet environments are considered as those containing water vapour (H20). The
wet oxidation behaviour of alloys significantly vary in wet air and dry air. The
following sections discuss the available literature on the thermodynamics and

kinetics of wet oxidation along with the proposed theories of wet oxidation.
2.2.1. Thermodynamics of Wet Oxidation

In the case where the environment is pure steam (100 vol.-% H20), the Ozrequired
for the oxidation reaction (Cr203 formation) to happen is provided from the steam

dissociation (Equation 2-7).%°

1 Equation 2-7
H:0(g) =Hag) +5 Oz(q) quatio

The pO2 in Equation 2-7 is related to the total steam pressure, P, via
Equation 2-8 in which kz is the equilibrium constant for the steam dissociation at
a given temperature. As P increases, also pO: increases, which favors the forward
reaction in Equation 2-7 (complete oxidation).?° For ambient pressure (0.1 MPa),
the value of pOz2 is relatively small, however, as P increases, specifically in the
pressures above 24-25 MPa, the effect of pO2 becomes important.2°
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2
£ 2
pOZ:(k?js p3 Equation 2-8

In the case where the environment is not pure steam, e.g. wet air, pOz is
provided by both O2 from the air and H20 dissociation. pO: in this case is related
to the total wet air pressure (P”) via Equation 2-9 in which w is the volume percent
H20 in air considering 21% of air is oxygen.?° Therefore, the amount of O2 available
for the oxidation reaction to occur highly depends on the vol.% H20 existing in the

mixture.2°

P, =(1-w)0.21P* Equation 2-9

The calculated equilibrium dissociation pressure (pO2)dissoc. Of most metal
oxides, particularly Cr20s3, is below the pO: in the high-pressure steam [(pO2)dissoc.<
pO2], low-pressure (ambient) steam, and wet air environments meaning Cr203 is

thermodynamically stable in the aforementioned conditions.?°
2.2.2. Relevant Wet Oxidation Environments

The two particular wet environments of interest to the research presented in this
thesis are (i) supercritical water (SCW) and (ii) wet air, which is a mixture of air and
a certain volume percent H20. Both wet environments are described in some detail

in the following sections.
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2.2.2.1. Supercritical Water (SCW)

According to the pressure-temperature water phase diagram (Figure 2-4), a critical
pressure (Pc=22.1 MPa) and temperature (Tc = 374.0°C) exists above which the
densities of liquid and gas phases become identical resulting in the existence of
one single phase.®-3 In other words, above the critical point, any increase in the
pressure and/or temperature of water does not change its state and only one phase
exists known as “supercritical water (SCW)”.2”-3® This unique characteristic of
SCW can increase the efficiency of a power plant from ~36% to possibly as high
as ~50%. Consequently, it forms the basis of one of the six Generation IV nuclear
reactor designs being considered worldwide as part of the Generation IV Forum.4%-
42 As a coolant in a Supercritical Water-Cooled Reactor (SCWR) design, the SCW
heated to such a condition within the reactor core will drive the turbines.*° Due to
the very high average thermal energy of the water molecules at temperatures

above T¢, regardless of the pressure value, the liquid phase cannot be formed.3”

39

It has been discussed that the oxidation performance of structural materials
in SCW is very much similar to that in superheated steam (T > Tc and P <Pc), in
that the corrosion mechanism in both environments is chemical because of the

absence of an electrolyte necessary for the electrochemical corrosion.3%43
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Figure 2-4. Water phase diagram.

SCW has a relatively low dielectric constant, which allows it to contain more
uncharged, neutral water molecules at the expense of its ionic dissociation
products: H* and OH".#44° This feature of SCW therefore decreases the water ionic
products of SCW.3°4445 |t has been discussed that SCW behaves similar to a
nonpolar solvent, meaning many of the oxide-hydroxides (e.g. Me(OH)n(ag)) that
are hardly soluble in subcritical water are highly soluble in SCW.3%4 As a result,
one major concern regarding the use of SCW in SCWR is the possibility of release
and transport of oxide-hydroxide corrosion products from the surface of oxides.3°
The oxidation products that are carried away can deposit on the fuel cladding of

SCWR, decrease heat transfer rates, and result in the failure of components.3°
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2.2.2.2. Wet Air

The atmospheric dry air consists of approximately 78.1% nitrogen, 21.0% oxygen,
0.93% argon, 0.03% carbon dioxide, and minor amount of other gases (e.g. neon,
methane, and hydrogen).*¢ The volume percent (vol.-%) of each gas changes with
the presence of H20 in the air. The vol.-% H20 is related to the number of H20
molecules per unit volume divided by the total number of gas molecules per unit
volume, as shown in Equation 2-10, where Pw and Pt are the partial pressures of

water vapour and total gas, respectively.4

Pw Equation 2-10

T

The amount of H20 that air can hold increases with temperature. The vol.-%
H20 is often measured using the water dew point, which is the temperature at
which air is saturated with H20.%¢ The dew point can be calculated from the
saturation pressure (Ps)-temperature diagram (Figure 2-5). For example, for an
air-10 vol.-% H20 mixture, the Psis 10% of the atmospheric pressure (1 atm), which

is 0.1 atm with ~46°C dew point.*6
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Figure 2-5. Saturation pressure (Ps) of H20.46
Table 2-2 shows the vol.-% H20 and the corresponding water dew points.*6
Table 2-2 can be used in the experimental designs to achieve a certain mixture of
an air-x vol.-% H20 (relevant to this study).

Table 2-2 Values of water dew point for different vol.% H20 present in air.

Vol.-% H20 Dew point (°C)

0 -273.3
10 46.1
20 60.6
30 69.4
40 76.1
50 81.7
60 86.1
70 90.0
80 93.9
90 97.2
100 100.0
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2.2.3. Wet Oxidation Kinetics

Knowledge of oxidation reaction rates is essential to understand the rate-
controlling oxidation steps in the wet environments. Figure 2-6 shows the simplest
empirical oxidation reaction kinetics in the presence of O2. The oxidation kinetics
in the presence of both Oz and H20, known as the wet oxidation kinetics, are also

discussed in this section.

Inverse Logarithmic Linear

Logarithmic Parabolic

. -

Oxide Thickness, x (cm) or
Mass Change, W (g/cm?)

v

Time, t (S)

Figure 2-6. Common high-temperature oxidation rate laws governing the oxidation
kinetics.?®

The logarithmic or inverse logarithmic oxidation rate laws are applicable to
the thin oxide scales (typically below ~100 nm) formed at relatively low
temperatures (~400°C or less).#” The driving force for oxidation exhibiting
logarithmic or inverse logarithmic kinetics is the presence of an electric field across

a thin oxide scale, which is first formed by the O2 adsorption on the surface.*®4°
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Lots of research has been conducted to better understand the fundamentals of
logarithmic and inverse logarithmic oxidation. However, obtaining reliable
experimental data in the initial stage of oxidation is very difficult. Consequently,
mechanistic aspects are still not well-understood. Logarithmic and inverse
logarithmic functions are shown in Equation 2-11 and Equation 2-12, respectively,
where x is the oxide thickness (cm) or mass per surface area (g/cm?), t is the
oxidation time (s), ke and ki are the logarithmic and inverse logarithmic rate

constants, respectively (cm?/s or g?/cm?/s), and a and b are equation constants.474°

x =k, log(at+1) Equation 2-11

%:b—ki logt Equation 2-12
The linear kinetics in dry Oz mainly applies to the case where the metal surface is
not protected with an oxide scale.’” The oxidation reaction occurs at the metal
surface or phase boundary, and the steady state reaction is limited by the reactant
supply at the metal surface.*”°° The oxidation rate in the linear kinetics increases
linearly with time as shown in Equation 2-13, where ki is the linear rate constant

(cm/s or g/cm?/s).47:50

X =kt Equation 2-13
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Oxides that follow the linear kinetics usually have at least one of the following

characteristics:

1. High volatility and/or dissolution in the oxidizing environment

2. Pilling-Bedworth? ratio of less than one

3. Spalled or cracked

4. Porous and non-protective

Wagner®! developed the theory of high-temperature oxidation of metals in

which he described the diffusion-controlled (parabolic) oxidation process

considering the following assumptions:

1.

2.

The oxide scale is compact, adherent and relatively thick

The rate-controlling oxidation process is the volume diffusion of
reactive ions or corresponding electronic defects across the scale
Thermodynamic equilibrium is established at all interfaces and across
the scale

The oxide scale is close to stoichiometric (similar ionic flux across the
scale)

Oxide has close to zero solubility in the metal

1 The concept of Pilling-Bedworth ratio is discussed in details later.
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Figure 2-7 shows the scale formation diagram according to the Wagner’s
theory. Diffusion of ions across the scale forms an electric field, which will cause
the transport of electrons. The rate of cations, anions and electrons diffusion across
the scale is balanced such that there exists no net charge (electroneutrality of the
scale). The rate-controlling process in the parabolic kinetics is the ions diffusion
through a uniform, compact, and adherent oxide scale.>® The driving force for the
parabolic kinetics is the chemical potential gradient across the scale as shown in

Figure 2-7.

pO, O, a, M2+ + 2e- +1/2 O, = MO
> or
2 1/20,+2e = 0%

Overall
Reaction:
M = M2* + 2e- 2M + O, = 2MO
or
M + Oz = MO + 2e-
Metal -

- >

Figure 2-7. Physical description of oxide scale formation according to Wagner’s
theory.5

With the oxide thickening, the diffusion distance increases. The oxidation rate
is inversely proportional to the scale thickness through Equation 2-14, in which kp
is the parabolic rate constant (cm?/s or g?/cm?/s).

dx _kp Equation 2-14

dt x
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The parabolic oxidation kinetic reaction is shown below upon the integration

of Equation 2-14:

X°=—t Equation 2-15

The parabolic rate constant increases exponentially with temperature as
shown in the Arrhenius Equation 2-16 where Q is the activation energy of oxide
growth (J/mol), R is the universal gas constant (J/mol/K), and T is the oxidation
temperature (K). ko is the Arrhenius equation constant (Equation 2-16 and
Equation 2-17) that is dependent on the pO: of the gas, oxide composition, and

the exponent constant (n) dependent on the deficit nature of the oxide (p-type or

n-type).?°
k, =k,ex (—g) Equation 2-16
p = Ko &XP RT q
1
Ko =const.pO? Equation 2-17

Under high oxide growth stress®2 and/or oxide grain growth®3 a cubic rate law
might be governed. The reaction rate is approximated using Equation 2-18 in
which ks is the cubic rate constant. Cubic kinetics is mostly seen in Cu, Zr, and Ti

alloys in dry air.?®

x3 =kt Equation 2-18
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Both parabolic and linear oxidation kinetics are commonly exhibited by alloys
exposed in wet environments at high temperatures.®-°¢ Mechanistic aspects of the
parabolic and linear rate laws individually have been explained above. Often in wet
environments, a combination of the parabolic and linear kinetic is observed.>+-%6 |t
is argued that the combination of parabolic and linear kinetic regimes occurs due
to accelerated Fe-rich oxide formation, which in some literature, is known as
“breakaway” kinetics.>4°6 An example of breakaway kinetic is shown in
Figure 2-8.54-5¢ A parabolic rate law governs the initial stage of oxidation and a
linear rate law governs the final stage of oxidation.>#-¢ Initial parabolic oxidation is
controlled by ions diffusion through the scale.®>” The rate-controlling step of the
linear stage is still not well understood and the current knowledge in this regard is
discussed later. A note must be made here regarding the terminologies used when
reporting the combination of parabolic and linear kinetics. In a large amount of
articles breakaway kinetics is used when Fe-rich oxides are formed.385458 Some
others report the combination of parabolic and linear kinetics using the paralinear
terminology.>®-! Values of metal loss of the alloy (if measured using a descaling
procedure as shown in this thesis) in both of these cases follow the kinetics
similarly (combination of parabolic and positive linear rate constants). Therefore,
paralinear and breakaway kinetic terms in the metal loss curves are used

interchangeably .52
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Figure 2-8. Oxidation kinetic of breakaway rate law.%8

The change in the oxidation rate laws typically occurs with a concomitant
decrease in the protectiveness of the oxide scale due to either mechanical
spallation or chemical volatilization.®* Often, the oxide scale is comprised of an
inner oxide layer, which remains protective with a constant thickness, and an outer
layer that is porous and non-protective.®® The mass of the metal consumed (m) in
grams in the breakaway rate law is related to the parabolic and linear rate laws,
with the units of g2/cm?'s and g/cm?/s, respectively through Equation 2-19.%* The
parabolic kinetics herein reflect the accumulation (growth) of an oxide scale and
the linear kinetics reflect loss of the accumulated oxide scale due to volatilization.%

m=k—pln % Equation 2-19
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It has been shown that the mass change during scale accumulation and
subsequent volatilization follows Equation 2-20 in which W is the mass change

per unit surface area (g/cm?).6566

W(Olol—vtv)zkp—m><kI Equation 2-20

It has also been proposed that a limiting oxide thickness [xi (cm)] exists at which
the metal cation diffusion rate into the oxide scale equals the metal cation loss due
to oxide scale spallation/volatilization (Equation 2-21).556 Note that the units for

kpand ki in Equation 2-21 are cm?/s and cm/s, respectively.
X, = —- Equation 2-21

Figure 2-9 illustrates the common high-temperature oxidation kinetics that
have been described above. An oxide is considered to be protective at high
temperatures when the rate of oxidation decreases with time and is typically
governed by a parabolic rate law.>¢” For relatively thick scales or scales that are
formed and spalled during thermal cycling, the oxide is considered somewhat
protective depending on the extent of spallation.®® For the breakaway rate law, the
oxide scale formed is considered to be protective during the initial parabolic
oxidation stage and much less protective during the final linear oxidation stage.516
It is possible that as a consequence of the balance between the two parabolic and

linear governing rate laws, the scale thickness reaches a maximum value
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(Equation 2-21) after which the scale volatilization becomes dominant.®® The latter
is shown in Figure 2-9 as scale growth with superimposed volatilization curve and

is considered to be temporary protective.

* Non-Protective  Temporary

Protective Temporary
Protective

Protective

»

Time, t (s)'

. Protective
*..  + Spalling
Scale Growth with
Superimposed
Volatilization

Oxide Thickness, x (cm) or Mass Change, W (g/cm?)

Volatilization

Figure 2-9. Description of the oxide protectiveness based on the scale kinetics.
Most often during cyclic oxidation and sometimes during wet oxidation, a
linear negative rate is observed as shown in Figure 2-9.5%70 It is reported that the
negative rate constant can also be a consequence of oxide spallation at the

temperature of exposure or during cooling.5° 7%
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2.3. Stresses in the Oxides

Oxidation of Cr20Os-forming alloys can generate two major types of stresses: growth
stress and thermal stress.”>”3 Growth stresses are created during oxide scale
formation at a constant temperature whereas thermal stresses are often generated
when the alloy is subjected to thermal cycles during exposure.?>71.74 |t follows then
that the difference between the coefficient of thermal expansion (CTE) of the oxide
scale and the underlying substrate becomes important.”® The major contribution to
the growth stress arises from the difference between the volume of the oxide and
its underlying substrate.”® Equation 2-22 shows the ratio of the specific volumes

of oxide (Vox) and alloy (Va) known as Pilling-Bedworth ratio (PBR).”®

Vox Equation 2-22

A

PBR =

In most cases, PBR is greater than one, meaning the oxide is under compressive
stresses and is considered to be more protective than those oxides that are in
tension (PBR of less than one).”® The reason that oxides with a PBR of less than
one (under tensile stresses) are not considered to be protective is that tensile
stresses assist the formation of cracks in the oxides.”® In the conditions that the
PBR is greater than one, the compressive stresses might not be of concern if the
value of the oxidizing solute metal is high enough that the oxide is formed externally
at the oxide/gas interface.”® If the oxidizing solute metal concertation is however,
relatively low and the oxide is formed internally, relatively large compressive

stresses might generate.”® Growth stresses can also generate if there is any
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change in the composition of the oxide and/or its substrate.”” The change in
composition, changes the lattice parameter of the oxide and/or substrate, and can
result in the difference in their volumes and amount of Oz solubility, therefore,
increasing the compressive stresses.”” Also, recrystallization of the scale,
presence of additional point defects, and formation of new oxides within the old
ones can incorporate into the formation of growth stresses.”®® The specimen
geometry is of great important here as sharper edges in the specimen can increase
the value of stress intensity leaving the alloy and oxide at higher risk of stresses.8!
As mentioned before, the growth stresses specifically for the oxides that form
uniform layers at the oxide/gas interface are not considered to play a role in
mechanical spallation or crack induction into the scale.”® When the oxide scale
formed on the alloy is subjected to a temperature change (mostly during sample
cooling), the difference between CTE of the oxide and the alloy results in the
formation of thermal stresses.'? If the thickness of the oxide is relatively thin
compared to the underlying substrate (which is often the case) and no bending
deformation occurs, the value of thermal stress (Oox) can be estimated by
Equation 2-23 where Eox is the modulus of elasticity of the oxide (GPa), aox and
awm are the linear CTE of the oxide and metal, respectively (1/K), v is the Poisson’s
ratio of the oxide and AT is the difference between the final and initial oxidation
temperature (K).82

O = —Eox (Oox =0y )AT Equation 2-23
Ox (1—V)
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In most cases, thermal stresses cause oxide spallation, especially when the
material undergoes a cyclic oxidation.588384 The necessary criterion for the oxide
spallation and its failure to happen is when the elastic energy stored in the oxide
scale is greater than the fracture resistance of the interface (G¢).8° Equation 2-24
shows this criterion in which o is the oxide biaxial residual stress (MPa), and h is
the oxide thickness.® It can be concluded that for thicker oxides or those that have
higher stresses, spallation occurs more rapidly.

(1-v)o’h
E

>G Equation 2-24

c

2.4. Proposed Mechanisms of Wet Oxidation

The magnitude of parabolic and linear rate constants dictates the onset of the
intersection between the parabolic and linear kinetic regimes and has paramount
importance as if the onset is delayed, accelerated oxidation is prohibited.®
Therefore, understanding factors that may delay this point is crucial from the high-
temperature oxidation performance perspective. Research has been conducted to
evaluate the onset of the intersection between parabolic and linear kinetic regimes
as a function of exposure time, temperature, oxygen partial pressure and alloyed
Cr content.>*5861.87 However, little attention has been given to the role played by
those minor alloying elements that can readily oxidize as well. Mechanistic aspects
of the paralinear and breakaway rate laws, the rate-controlling step in particular,

are still being debated. T. Jonsson et al.88 proposed the breakaway oxidation model
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for Fe-Cr-Ni alloys exposed in H20- and O2-containing gases with high and low
pO:2 at 600°C (Figure 2-10). It is implied that a protective Cr203 scale, with some
dissolved Fe, initially forms on the alloy surface, which leaves behind a Cr-depleted
zone in the substrate underneath the scale. With increasing the exposure time, the
Cr-depleted zone becomes sufficiently large to trigger the outward diffusion of Fe
cations, which promotes the formation of outer Fe-rich oxides: Fes3Oa4 in low pO2
wet environments and Fe20s3 in high pO2 wet environments. At the same time,
inward diffusion of the oxidant component promotes the formation of inward-
growing Fe-Cr spinel regions, which leaves behind Fe and Ni regions within the
metal. Their model however does not identify the rate-controlling step that is
responsible for the linear volatilization of the oxidized Cr and formation of Fe-rich

oxides.

PO, 0z
Rk Y
High | PO, : Fe,03
> | OH-, 0%
(Fe,Cr,Ni);0, |
) [
Fe? : !
Alloy | Iron Oxide
by
A’W\/\/\ﬁﬁ I
Il
(Cr,Fe),04 H
JTTTTTTTTTTTTIT777F | e Spinel/Reaction Zone
| i I
Alloy ! OH- O |
i ’\T'VW\/\n(N B glog"lg, Rz Pg%j
"""""""""""""""" | Fe.O /’I Fe?*
| 34 // Alloy
o | o, (P
> Fe?'
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Time
Protective Breakaway First Stage Propagation
Scale Propagation

Figure 2-10. Schematic illustration of the breakaway oxidation for Fe-Cr-Ni alloys
proposed by T. Jonsson et al.®8 in H20- and O2-containing gases with high and low
pO:2 at 600°C.
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It is implied that breakaway oxidation occurs after a large Cr depleted zone is
formed.56:87.8% Once the oxidant component reaches the alloy/oxide interface, Fe-
rich oxides nucleate.?® Other studies suggest that the double-layered scale grows
simultaneously both at the alloy/oxide and oxide/gas interface and the interface
between the two layers is the original alloy surface.®® There is still little information
regarding which oxidizing species controls the oxidation rate in the wet air. It is
implied that in the O2/H20 environments, competitive adsorption of Oz and H20
species on the surface of the alloy directly influences the accelerated linear
oxidation.®! Mechanistic aspects of oxidation in Fe-Cr alloys in the presence of H20
and O2 are still not understood. There are generally five main mechanisms
proposed to describe the effect of water vapour on the oxidation of Fe-Cr alloys as

described below:

2.4.1. Dissociative Mechanism

Fujii and Meussner®® proposed the dissociative mechanism for Fe-Cr alloys
exposed in low pO:z containing Ar-10% H20 at 800-1100°C illustrated in
Figure 2-11. The scale that forms in this condition is an outer wustite (FeO) with
relatively large voids on an internal porous FeO and Fe-spinel layer. They argued
that even though the lattice transfer of Fe cations is limited by the small bridges
between the internal and external oxide layers, the surface reactions are rate
controlling, not the cations diffusion. Dissociation of H20 gases in the voids provide
O:2 required for growth of the inner layer and releases Fe cations for maintaining

the surface reactions on the external oxide layer.®?
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Figure 2-11. Dissociative mechanism proposed by Fujii and Meussner.®?

The reactions occurring during the growth of FeO are now described. At the
outer interface (I) H2O molecules are adsorbed (Equation 2-25) and react with the
Fe cations that have diffused to the interface (Equation 2-26) leading to the

formation of FeO, oxide defects and adsorbed H2. Feo and @ stand for vacant Fe

sites and electronic defects, respectively.

2+ -
H,Ongs) tFEe +26 > FeO+Fe +2@ +H, 445 Equation 2-26

Hydrogen adsorbed from Equation 2-26 can either form gas H2 (H2

evolution), Equation 2-27, or dissolve into the oxide forming H* (Equation 2-28).
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* Equation 2-28
H2(ads) t) 2Hox q

At interface 1l, FeO dissociates consuming lattice defects and generating
Fe?* and adsorbed O% (Equation 2-29). Equation 2-27 and Equation 2-28 are
reverted at this interface. The adsorbed O? then reacts with the H2 adsorbed to

form H20 gas molecules at interface Il.

2 2— . )
FeO+Fe,+2® >Fe  +0,qs Equation 2-29

Reactions similar to interface | then occur at interface Ill. At Interface 1V, the
predominant reaction is Fe?* production and electron release. It was argued that
some oxygen must be removed from the oxide and dissolved into the metal to allow

the formation of internal oxides.

2.4.2. Penetration Mechanism of Gas Oxidants

It is implied that transport of H20 and Oz can directly occur through relatively large
micro-cracks and pores formed in the Cr203 scale.®® It is suggested that Cr loss
during scale volatilization or growth stresses during isothermal exposure can lead
to micro racks or pores formation in the scale.®® These species can then directly
reach out to the alloy surface through these defects. It is implied that once a Cr203
scale forms, transport of gases through micro-cracks and pores in the scale
increases pO: in the voids resulting in formation of Fe-rich oxides. The mixed Fe-

and Cr-rich scale is not protective as the diffusion rate of Fe cations is high in a
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mixed defective Fe- and Cr- rich scale.% The scale eventually becomes rich in

Fe.%

2.4.3. Hydrogen Dissolution

It is argued that H20 is a source of Hz (from dissociation), which can easily dissolve
into both the oxide and the alloy forming atomic H.%>% [f true, then it is possible
that Hz dissolution in the oxide increases the number of defects, which in turn would
serve to assist the transport of H20 and metallic cations through the oxide and

thus, increase the oxidation rate.9596

2.4.4. Formation of Fe-Hydroxides

J. Ehlers et al.®” proposed that the growth of non-protective Fe-rich scale depends
on the competitive adsorption of Oz on the external oxide surface and absorption
of H20 on the internal oxide surface. The pO:2 is lower at the inner layer surface
and inside the pores, therefore, Fe-hydroxide (Fe(OH)2) gas species are produced.
Fe(OH): is not stable at the external oxide/gas interface since the pO: is relatively
high there, therefore they deposit to form solid Fe-rich oxides (Figure 2-12). It has
been suggested that the rate-controlling step in this mechanism can be either
outward diffusion of Fe cations into the oxide/gas interface, inward diffusion of O
anions to the alloy/oxide interface or transport of Fe(OH)2 gas to the oxide/gas
interface. The rate-controlling steps suggested herein do not however explain the

linear oxidation kinetics which is controlled by chemical reactions at the surfaces.
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Figure 2-12. Fe(OH)2 formation proposed by J. Ehlers et al.®’
2.4.5. Formation of Volatile Cr-Oxy-Hydroxides

Several authors have discussed the formation of gaseous Cr-hydroxides over a
Cr203 scale and the associated effects of H20 on this formation (volatilization)
rate.®®99 Experimental results confirm the formation of Cr-oxide hydroxides.20:98.9°
In addition, the aforementioned theories do not explain the volatilization
mechanisms associated with the compact adherent Cr20Os scales that have
relatively few pores and are free of cracks. The following sections discuss the
mechanism of Cr203 scale volatilization and the associated critical factors in more

detail.
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2.5. Cr.03 Volatilization Mechanism

It is now well accepted that in the presence of H20 and Oz (and an appreciable gas
flow rate) Cr203 reacts with the H20 and Oz and forms volatile oxidized Cr
compounds such as CrO2(OH), Cr(OH)s, CrOs, CrO(OH)2 and CrO2(OH)2 that
easily get carried away in the gas flow.° Thermodynamic calculations of volatile
oxidized Cr compound partial pressures have shown that the most stable
compound (phase) at temperatures below ~1000°C is chromium oxy-hydroxide
[CrO2(OH)2] (Equation 2-30), whereas at temperatures above ~1000°C, significant

formation of CrOz occurs.87:98.100

1 3 i -
ECr203(s)+H20(g)+Zoz(g):c;ro2 (OH)Z( Equation 2-30

9)

In the research conducted as part of this thesis, experiments were carried out
at temperatures below ~1000°C, therefore, the CrO2(OH)2 volatilization product is
of particular interest. The volatilization rate of Cr2Os depends on the gas
temperature, pressure, velocity, and the rate of alloy Cr supply to the scale as is

discussed in further detail below.>466.91

2.5.1. Effect of Temperature

Figure 2-13 shows the effect of temperature change on the equilibrium partial

pressure of CrO2(OH)2 (pCrO2(0OH)2).1%! It is shown that at temperatures below
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~600°C, the volatilization rate of Cr20s is relatively low. With the increase in the

gas temperature however, the pCrO2(OH)z increases exponentially.
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Figure 2-13. Thermodynamically calculated equilibrium pCrO2(OH)z in ppm as a
function of temperature (°C).10t

2.5.2. Effect of Pressure

The AG® for Equation 2-30 considering an activity of one for the solid Cr20s3 is:?°

Pcro, (oH), ) Equation 2-31

3

4
p02 .pHZO

AG” =-RTIn(

From Equation 2-32, it can be seen that the pCrO2(OH):is related to the pO2 and
pH20 in the wet gas mixture, therefore the total gas pressure. K is the temperature

dependent constant in Equation 2-32.

3
Pcro, (on), =KI02 -Ph,0 Equation 2-32

2
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It must be noted that the pCrO2(OH)2 shows a power law dependence of 1 for pH20
compared with % for pOz. It can be concluded that the Cr203 volatilization rate at
a constant temperature is strongly dependent on the volume percent of H20

present in the wet gas mixture.?°

The predicted vapour pressures of CrO2(OH):2 for different total steam
pressures, and an air-10% H20 mixture, are shown in Figure 2-14 as a function of
temperature. The vapour pressure of CrO2(OH)z in steam at higher pressures, e.g.
240 bar (24 MPa) or 340 bar (340 MPa) is significantly higher than that in steam at
low pressure (~0.1 MPa). However, in an air-10% H20 gas mixture, an even higher
vapour pressure of CrO2(OH): is predicted.?° It has been argued that the vapor
pressure of CrO2(OH): in a low-pressure (0.1-10 MPa) air-10% H20 gas mixture is
suitable as a reasonable surrogate for high-pressure (24 or 34 MPa) steam and
SCW.20.66.102 A |imited number of studies have been done to characterize the
evolution in the structure and composition of Cr203 during wet oxidation.
Consequently, a detailed mechanistic description of the CrO2(OH)2 formation and
the role played by the underlying alloy is lacking. As mentioned above, the
predicted pCrO2(OH)2 in a low-pressure air-10% H20 gas mixture is similar to that
predicted in high-pressure steam. However, for SCW conditions, the non-polar
characteristics of SCW increases the solubility of oxy-hydroxides, which casts
some doubts about the suitability of a low-pressure air-10% H20 gas mixture as an
appropriate surrogate for SCW.2° The hypothesis that a low-pressure air-10% H20

gas mixture is an appropriate surrogate for SCW is addressed by the research
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conducted and presented in Chapter 4, as a full-length article submitted to

CORROSION for publication consideration.
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Figure 2-14. CrO2(OH)2 vapour pressure-temperature diagram for different
steam/air-H20 mixture environments.2°

2.5.3. Effect of Gas Velocity

It is often seen that the data regarding the gas flow rate is reported in terms of the
volumetric gas rate (mL/min).1% However, with no information regarding the cross-
sectional area of the gas reactor, it is not possible to compare the effect of flow rate
on the oxidation in different experiments.3%193The most accurate way to report the
gas flow rate is to state it as the linear gas velocity (cm/s).1% Figure 2-15 shows
the calculated Cr loss as a function of the gas velocity reproduced after C. Key et
al.1% [nitially (region A), the oxidized Cr mass loss rate is quite small since the gas

becomes saturated with the oxidized gaseous Cr compound. With the increase in
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the flow rate (region B), the Cr mass loss rate increases linearly. The latter reaches
a plateau under laminar flow conditions because of limited rate of Cr transport. With
the flow transition from laminar to turbulent, (region D), even more Cr is lost due to
oxide volatilization. The volatilization rate reaches a plateau in the turbulent region
again (region E) and is now limited by the diffusion of Cr gas species into the

turbulent flow.

-
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___ Turbulent flow

Flow Velocity (cm/s)

Figure 2-15. Schematic illustration of Cr mass loss rate (g/s) over Cr203 in different
flow velocities reproduced after C. Key et al.193

H. Asteman et al.>* studied the effect of gas velocity on the wet oxidation of
Type 304L stainless steel exposed in a 02-40% H20 mixture at 500-800°C for 168
h. The gas velocity was varied from 0.02 cm/s to 13 cm/s. Figure 2-16 shows a
summary of their results. They argued that at 500°C, the mass change of the alloy
is negligible over this range of gas velocities. They showed that at a gas velocity
of ~3 cm/s the mass change at higher temperatures reaches a plateau and the

oxidation becomes independent of the gas velocity.
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Figure 2-16. Effect of gas velocity of the weight change of Type 304L stainless
steel exposed in a O2- 40% H20 mixture for 168 h, after H. Asteman et al.>*

D. Young and B. Pint® argued that the ratio of velocity (v) over sample length
() used in laboratory tests are much smaller than the actual values used for
example, in recuperator. They showed that even though the flux of oxidized Cr lost
to volatilization increases with temperature (Figure 2-17) regardless of the flow
velocities, values reported in the laboratories are often much smaller than those
expected in high-temperature applications. This implies that volatilization of the
Cr203 scale is a very important concern that needs to be fully studied when

examining structural alloys used in high-temperatures wet environments.
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Figure 2-17. Calculated Cr loss fluxes as a function of (v/I)¥2 for air + 5% H20 at
650—-800°C. Dashed lines mark conditions in the laboratory test compared to the
approximate conditions in a micro turbine recuperator, after D. Young and B. Pint.56

2.5.4. Effect of Alloy Cr Supply Rate

For the Cr203 to maintain its protectiveness (structure and composition), the rate
of Cr supply from the alloy to the scale must be sufficiently high to offset oxidized
Cr loss due to volatilization. If the Cr supply rate from the alloy is relatively small,
or there is not enough Cr in the alloy to compensate for the Cr lost during scale
volatilization, Fe present at the alloy/oxide interface diffuses through the vacant
lattice sites of Cr in the oxide scale and changes the Cr/Fe ratio, which results in
the formation of a less protective, more Fe-rich, Cr203 scale. Continuous Fe
diffusion into a Cr depleted Cr203 scale can either result in the scale breakaway

and formation of Fe-rich oxide nodules and/or eventually formation of a less-
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protective porous Fe20s3 scale (Equation 2-33).%* Fe20z3 is known to be less-
protective than Cr203 as ionic diffusion rates through this oxide are typically much
higher than that in Cr203.5* Formation of Fe203 is therefore not desirable from the

oxidation resistance perspective of the alloy.

1 3 1 .
E(CereH)zos(s) +XH,Oy + 2 XOZ(Q) - xCrOz(OH)Z(g) + E(l_ X)Fe,04) Equation 2-33

Figure 2-18 shows a schematic of oxide scale transformation for the low Cr-
containing Alloy X20 (12 wt.% Cr) and high Cr-containing Types 304L and 310S
stainless steels (18 wt.% and 24 wt.% Cr, respectively). As discussed above,
volatilization of Cr203 results in diffusion of Fe into the scale and accelerated
formation of Fe-rich oxides as a result of oxidized Cr volatilization (breakaway
kinetics). As a result, further scale protectiveness relies on the Cr supply rate from

the alloy to the scale.
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Figure 2-18. Schematic illustration of oxidation of Type 304/310 and Alloy X20 after
168 h exposure in 0O2/H20.104

It must be pointed out that factors such as residual surface stress and
structural changes to the subsurface grain size from cold working have large
impacts on the rate of Cr supply from the alloy to the scale.3® The surface finish
prior to oxidation testing therefore has paramount importance influencing the
oxidation kinetics. In this thesis, the surface finish is kept at 400-800 grit SiC. These
relatively rough surface finishes have been suggested by the Canadian Gen IV
International Forum for studying the SCW oxidation of alloys as it has been shown
that surface finishes resulting in severe cold work reduce the oxidation rate in

SCw.*
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2.5.5. Effect of Minor Alloying elements

Other than Cr203 and Fe203, oxides that can form as reaction products involved in
the wet oxidation of stainless steel which are relevant to this thesis are Mn-rich and
Si-rich oxides. Due to very low diffusivity of Ni in Cr20s, it is often observed that Ni
is enriched at the alloy/oxide interface and does not incorporate into the oxide
scale.%®94.105106 This sub-section focuses on the formation of Mn-rich and Si-rich
oxides during wet oxidation and discusses their roles on protecting Cr.O3 against

volatilization.
2.5.5.1. Mn Effects

The role of Mn in the wet oxidation performance of stainless steel is often
overlooked due to its relatively small concentration in the alloy. Mn has relatively
high diffusivity in Cr203 scale and, thus, is readily found to be present in the oxide
scales formed.3? This rapid diffusion of Mn typically results in the formation of a Mn
spinel (MnCr204) oxide layer (cap) on top of Cr203.13%53 However, this phase is
still susceptible to oxidized Cr loss due to volatilization (Equation 2-34). From
Equation 2-34, MnCr20a4 volatilization leaves behind a MnO product, which can
further oxidize into other types of Mn-rich oxides namely Mn203 and Mn3z0a4.107
1 3 1 :
EMnCr204(S) +H,0, +ZOZ<9> - CrOz(OH)Z(g) +§Mn0(s) Equation 2-34
The maximum volatilization rate (g/cm?/s) of Cr20z or MnCr204 has been
approximated using Equation 2-35 where p is the vapour pressure of the gas

species, M is the molecular mass of the vapour species (g/mol) and T is the
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temperature (K).1%” Equation 2-35 is reported to provide a reasonable estimate of

the maximum Cr loss rate from each layer.1%7

2

Evaporation( g ):44.33p\/M Equation 2-35
cm-s T

Figure 2-19 shows the calculated maximum Cr loss rate from Cr203 and MnCr204
as a function of temperature for exposure in an air-3% H20 mixture.1%’ The square
data points in the graph were determined experimentally. It has been shown that
the presence of a MnCr204 cap on top of Cr203 decreases the surface contact area
between Cr203 with the wet gas mixture. This serves to reduce the rate of Cr loss
due to oxide volatilization. In addition, as shown in Figure 2-19, the rate of Cr loss

from MnCr204 is less than that from Cr203 by a factor of 35 at 800°C.
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Figure 2-19. Maximum metal loss calculated based on Ebbingham’s data.”
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Figure 2-20 illustrates a physical description of Cr loss due to volatilization
from MnCr204 that has been prepared based on thermodynamic predictions and
previously published articles. When the volatilization rate is quite small (e.qg.
relatively small pO2 or shorter exposure times), the MnCr204 remains intact and
adherent with almost negligible Cr loss from the scale.'%” With the increase in the
scale volatilization rate, the MnCr204 layer tends to form a Cr-free or Cr-lean, Mn-
rich oxide.5! This reaction may not occur continuously on the surface, as it is
generally observed to initiate locally.®? For the relatively high scale volatilization
rates, the transformation of MnCr204 into a Mn-rich oxide occurs at a faster rate
and Cr loss continues from the underlying Cr203 scale resulting in the formation of
a mixed layer rich in Fe (Equation 2-33). It follows then that the volatilization
susceptibility of a MnCr204 cap formed on Cr20s likely plays a key role in controlling
the wet oxidation performance of stainless steel. This hypothesis is addressed by
the research conducted and presented in Chapter 6, as a full-length article

submitted to Corrosion Science for publication consideration.
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Figure 2-20. Physical description of the MnCr204 scale volatilization.
2.5.5.2. Si Effects

Si in the austenitic Fe-Cr-Ni alloys is shown to be beneficial from a wet oxidation
performance perspective.%81% |t has been argued that a SiOz2 barrier layer forms
below Cr203 and serves to decrease ionic diffusion, which in turn serves to reduce
the overall alloy oxidation rate, albeit in the parabolic oxidation stage.'® The
amorphous structure of the SiO2 layer is the reason it is considered an effective
barrier layer.*** The amorphous SiO2 layer lacks grain boundaries responsible for

the increase in the outward diffusion rate of cations through the scale.''® The
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formation of a continuous SiO2 layer, rather than a discontinuous layer
(precipitates), depends on the alloy Si content and the oxidizing temperature and
pressure.'? Figure 2-21 shows the mechanism of SiO2 scale formation in dry Oo.
It is shown that when the Si concentration is relatively low, or at low temperatures
and low pO2, SiO2 forms as precipitates on grain boundaries.''® At higher
temperatures and oxygen partial pressures and/or with higher amounts of Si, SiO2
forms laterally as a continuous layer underneath Cr203.1*2 The effect of Si addition
on the volatilization tendency of the Cr203 formed on austenitic stainless steels
exposed in steam or air-H20 mixtures has not been reported in any detail. Given
the relatively lower diffusion rate of cations through the SiO:2 layer, it follows that a
uniform SiO2 layer, if formed, would decrease the overall alloy oxidation rate, but
any influence of a uniform SiOz layer on the onset of linear oxidation as governed
by the paralinear rate law needs to be further examined. The Cr diffusion rate has
been shown to increase in the alloys containing higher Si content. B. Li et al.*10
examined the average effective interdiffusion coefficients of Cr in a set of cast
alloys after 7 days of isothermal air oxidation at 1000°C (Figure 2-22). They
showed that the addition of Si increases the Cr supply rate from the alloy to the
alloy/oxide interface serving to maintain the structure and composition of the Cr203
scale. The effects of Si addition on the high-temperature wet oxidation behaviour
of Cr20s-forming alloys, and in particular its effects on breakaway kinetics has not
been well studied until now. It follows that a lower diffusion rate through a SiO2

layer would affect the onset of linear kinetics that is dictated by the balance
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between the parabolic and volatilization terms. Further investigation into whether
or not the addition of Si would have any effect on Cr203 volatilization whatsoever,
given the supposedly relatively higher Cr supply rate of the substrate in high Si-
containing stainless steel, needs further investigation. This hypothesis is
addressed by the research conducted and presented in Chapter 7, as a full-length

article submitted to Corrosion Science for publication consideration.
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Figure 2-21. Physical description of the Cr203 volatilization in the presence of SiOx.
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Figure 2-22. Comparison of the average effective interdiffusion coefficients of Cr
in the cast alloys after 7 days isothermal air oxidation at 1000°C.10
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3.1. Abstract

The comparative corrosion resistance of two high-chromium austenitic Fe-Cr-Ni
alloys, namely Type 310S stainless steel (UNS S31008) and Alloy 33 (UNS
R20033), was examined after exposure in supercritical water (25 MPa and 550°C),
using a flow-loop autoclave testing facility operated at a flow rate of 200 mL/min.
Electron microscopy techniques were used to determine links between the
composition and structure of the Cr203-based oxide scale formed on both alloys
and the difference in corrosion resistance observed. The weight change kinetics
was distinctly different: progressively positive (weight gain) for Type 310S stainless
steel and progressively negative (weight loss) for Alloy 33. The descaled weight
loss was lower for Alloy 33, indicating improved corrosion resistance. This
improved corrosion resistance was attributed to the improved stability of the Cr20s-
based scale that formed on Alloy 33 despite the negative weight change kinetics.
The suitability of these alloys as candidate fuel cladding for the Generation IV
supercritical water-cooled reactor concept is discussed in light of the findings

presented.

Keywords: Alloy 33, corrosion resistance, Cr20s3-based oxide scale, oxide,

supercritical water, Type 310S stainless steel
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3.2. Introduction

The supercritical water-cooled reactor (SCWR) is one of the six Generation IV
International Forum’s nuclear reactor design concepts under development by the
European Union, Japan, Russia, China, and Canada.'® The inlet coolant
(subcritical water) temperature in the various SCWR concepts ranges from 280°C
to 350°C (at 25 MPa), whereas the outlet coolant (supercritical water [SCW])
temperature ranges from 500°C to 625°C (at 25 MPa).®* In order to produce a
SCW of such high temperature, the peak fuel cladding temperature can be as high
as 800°C.” Therefore, selection of a suitable fuel cladding material to withstand this
high-temperature SCW environment is a challenge, notwithstanding irradiation

damage tolerance requirements.

The reasonably high corrosion resistance of high-chromium austenitic Fe-Cr-
Ni alloys, such as Type 310S stainless steel (UNS S31008)® and INCOLOY Alloy
800H" (UNS N08810), in SCW has led to these alloys being short-listed candidates
for use as fuel cladding in various SCWR concepts.'%12 The corrosion resistance
in SCW stems from the formation of a more protective chromia (Cr203)-based scale
rather than a spinel (FeCr204)-based scale.’®1314 An FeCr20s-based scale is

believed to be less protective than a Cr2.Os-based because the diffusion rate of Fe

@ UNS numbers are listed in Metals and Alloys in the Unified Numbering System, published by the Society
of Automotive Engineers (SAE International) and cosponsored by ASTM International.

" Trade name.
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is three times faster than Cr in FeCr204,1> whereas the diffusion rate of both Fe
and Cr are similar in Cr203.1® Thus, a lower corrosion rate in SCW is expected

upon formation of a Cr20z-based scale rather than an FeCr204-based scale.

One issue with the formation of a protective Cr203-based scale formed on
high-chromium alloys is the potential formation of volatile compounds such as:
CrO2(OH), Cr(OH)s, CrOs, CrO(OH)2, and CrO2(OH): if the environment is of an
oxidizing nature.'”-2° Thermodynamic calculations of partial pressures have shown
that the most dominant volatile compound at temperatures below 900°C is

CrO2(OH):z in the presence of Oz and H20 vapor:1%21-24

1/2 Cr,04 +H,0, +3/40,= Cr0, (OH)Z(g) Equation 3-1

The rate of this reaction is highly dependent on the oxidizing parameters, with

elevated temperatures, higher amounts of dissolved O: (DO), and increased

oxidant flow rates increasing the reaction rate.?*

Volatilization of Cr.Os-based scales in low-pressure water vapor environments
at high temperatures (~600°C to 900°C) is a well-documented phenomenon.1825
%6 1t has been pointed out that exposure of Cr20z-based scale-forming alloys in
such environments results in larger weight loss.*®26 Also, Cr loss from the scale
during volatilization may enhance Fe diffusion into the scale,?”-? and/or accelerate
localized oxidation from oxide scale "breakaway" resulting in formation of an Fe-
rich oxide layer/nodule.?6:2%-30 Even though the corrosion resistance exhibited by

the selected alloys in SCW has been shown to be similar to that exhibited in low-
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pressure superheated steam,®'32 the mechanism of Cr20s-based scale

volatilization in SCW has not been documented yet.

The purpose of this study was to evaluate the stability of Cr.Os-based scales
formed on two austenitic Fe-Cr-Ni alloys during exposure in flowing oxygenated (8
ppm DO) SCW using a recirculating flow-loop autoclave testing facility.
Considering the relatively short in-service life of the Canadian SCWR fuel cladding
(=3.5 y), high Ni content of these austenitic alloys could be acceptable from the
neutronics perspective.3® Type 310S stainless steel was chosen for this purpose
as it is a short-listed candidate alloy for the Canadian SCWR concept. Nicrofer
3033t (Alloy 33, UNS R20033) was also included on a comparative basis, as it
contains a higher Cr content (~33 wt.%) relative to Type 310S stainless steel (~24
wt.%). Recently published studies show that this alloy exhibits promising corrosion
resistance in stagnant SCW.3*3% Gravimetric measurements coupled with electron
microscopy techniques were used to document the mode and extent of corrosion
and establish links between the Cr20s-based scale stability and corrosion

resistance.

3.3. Experimental Procedures

Rectangular coupons of Alloy 33 (25 mm x 5 mm x 1 mm) and Type 310S stainless
steel (20 mm x 10 mm x 2 mm) were prepared from commercial plates, using a
diamond wheel saw and mineral oil as lubricant. The chemical composition was

analyzed using inductively coupled plasma optical emission spectrometry (ICP-
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OES; Varian Spectrometer’) and combustion analysis (LECO CS230T). The results
are listed in Table 3-1.

Table 3-1 Composition (wt.%) of Alloy 33 and Type 310S Stainless Steel

Alloy Cr Ni Mo Mn Si P S C N Cu Fe

33 334 319 15 06 0.2 - - 001 04 05 Bal
Type 310S 24.3 19.6 0.3 1.0 0.76 0.04 0.03 0.06 - - Bal.

Alloy 33 coupons were exposed in the mill-annealed state. Type 310S
stainless steel coupons were solution-annealed at 1,050°C for 1 h followed by
water quenching to room temperature prior to exposure. This was done to facilitate
a comparison of thermal pretreatment on the stress corrosion cracking resistance
of Type 310S stainless steel in SCW as part of a related study.3®

Figure 3-1 shows an optical microscopy (LV100-Nikon™ optical microscope)
image of the Alloy 33 and Type 310S stainless steel microstructures in cross
section. Alloy 33 was etched using a HCI-HNO3 mixture with a ratio of 6:1 and 3
drops of glycerol for 200 s. Type 310S stainless steel was etched using a HCI-
CH3COOH-HNO3 mixture with a ratio of 3:2:1 and 3 drops of glycerol for 40 s. The
average grain size (diameter) of Alloy 33 and Type 310S stainless steel was 5815
Mm and 78133 um, respectively, as measured using the ASTM Standard E112-
96%’ linear intercept procedure coupled with ImageJ software. Both materials

exhibited an equiaxed grain structure with an appreciable extent of twinning.
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Figure 3- 1 Images of the etched (a) AIon 33 and (b) Type 3108 stalnless steel in
the rolling direction (RD)-through thickness (TT) plane.

A small hole (~2 mm in diameter) was drilled out near the top of each coupon
to facilitate mounting on a coupon tree. Coupons were manually ground to an 800
grit surface finish using SiC abrasive papers and water as a lubricant, rinsed with
ethanol, and then dried with a warm air stream. This surface finish is agreed upon
for corrosion research being conducted in support of developing the Canadian
SCWR concept.®? The recirculating flow-loop autoclave testing facility at the
University of New Brunswick was used to expose the coupons in the flowing
oxygenated SCW. Specific details regarding the design of this facility are published
elsewhere.3? The exposure was conducted at 550°C and 25 MPa with a flow rate
of 200 mL/min with a constant DO content of 8 ppm (fully air-saturated) as
measured at the inlet prior to the pre-heater. The fully air-saturated water was used
to simulate the high oxygen potentials from possible water radiolysis products.s3?
Four coupons of each alloy were suspended on a coupon tree that was placed

inside the autoclave. One coupon from each set was removed after 100 h and a
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second coupon was removed after 250 h exposure. The remaining two coupons of
each set were removed after 542 h exposure.

Each coupon was weighed before and after exposure using a Mettler AT261
DeltaRange™ analytical mass balance with a precision of 0.001 mg to determine
the weight change. A descaled weight loss measurement was also conducted on
one of the two coupons exposed for 542 h (longest exposure time). Descaling was
achieved by first immersing the coupon in a citric acid (2.0%), dibasic ammonium
citrate (5.0%), and disodium EDTA (0.5%) solution at 90°C for 1 h and then
immersing in a potassium permanganate (10.0%) and caustic soda (4.0%) solution
at 90°C for 1 h. Immersion in the former solution was repeated until the weight loss
of the exposed coupon attained a constant value. An unexposed coupon of each
alloy was also included to act as the control. The effectiveness of this procedure
has been demonstrated elsewhere.3?

Auger electron spectroscopy (AES), used to analyze the corroded surfaces
in plan view, was performed with a JEOL JAMP-9500F AUGER/FE-SEMT®. The
analysis consisted of secondary electron imaging and acquiring a sputter depth
profile from three distinct areas of the surface. Prior to the AES analysis, surfaces
were cleaned to remove any residual hydrocarbon contamination by sputtering the
sample with an Ar ion beam with a 3 kV accelerating voltage for ~15 s. A 3 kV Ar
ion beam was then used on a 30° tilted sample with a working distance of 20 mm
to 23 mm to sputter the surface layers away in successive steps coupled with the

use of a 10 kV electron beam to acquire the set of spectra required to build a depth
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profile. Standard deconvoluted curves of the expected oxide compounds were
used to best fit the element peaks. Atomic percent elemental depth profiles (as a
function of the sputtering time) were then constructed from the intensity profile
spectra using the microscope software.

Site-specific thin cross-section foils of the oxide scales formed on both alloys
after 542 h exposure were extracted using the focused ion beam (FIB, Zeiss
NVision 40 CrossBeam Workstation™) sample preparation method. Milling was
performed using a Ga ion beam with a voltage of 30 kV, a current of 80 pA, and a
working distance of 5.6 mm to 5.9 mm. A protective W strap (~2 um thick) was
deposited on the oxide scale at the sites of interest to preserve it during ion milling.
The subsequent (scanning) transmission electron microscopy ([S]TEM)
examination was conducted using a field emission JEOL 2010F TEM/STEM,t
equipped with an Oxford INCAT energy dispersive x-ray spectroscopy (EDS)
system. The operating voltage was 200 kV. Selected area diffraction (SAD)
patterns were acquired from areas of interest across the oxide scale/alloy interface
to identify the various phases present. SAD patterns of the expected phases were
simulated using the JEMST software and published reference patterns.3 As the
SAD aperture diameter on the TEM images was larger than 150 nm, relative
differences in structure and composition of oxide scales less than 150 nm thick
were analyzed using electron energy loss spectroscopy (EELS) instead. This was
achieved using a dispersion of 0.2 eV/channel in the dark-field STEM (DF-STEM)

mode: the results of which were analyzed using the Gatan DigitalMicrograph®
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software.?? As the O-K peaks typically show more variation in each oxide type,*0-44
the near-edge structure features, along with the published spectra,*®** were used
for phase identification. The EDS analyses (and corresponding images) were

obtained using the bright-field STEM (BF-STEM) mode.

3.4. Results

Figure 3-2(a) compares weight change data for the two alloys as a function of
exposure time. All three weight change values for Alloy 33 were negative. A
detectable negative change was recorded after 100 h exposure. Increasing the
exposure time to 250 h had little effect on this initial value. However, a further
increase in exposure time to 542 h yielded a more negative weight change value.
In contrast, the set of weight change values for Type 310S stainless steel were all
positive. No appreciable weight change was observed after 100 h exposure.
However, appreciable weight change was observed with increasing exposure time,
with a significant increase occurring after 250 h. Figure 3-2(b) compares the single
weight loss measurement of the descaled coupon of each alloy after 542 h
exposure. Alloy 33 exhibited smaller weight loss value despite exhibiting negative

weight change kinetics.
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Figure 3-2. (a) Weight change data after 100 h, 250 h, and 542 h exposure and
(b) single weight loss data for the descaled coupon of each alloy after 542 h
exposure (longest exposure time) in 25 MPa and 550°C flowing oxygenated SCW.
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Figure 3-3 shows a set of plan view secondary electron images of the
corroded surface of both alloys after each of the three exposure times considered.
The Alloy 33 surfaces after all three exposure times (Figure 3-3[a] through [c])
were essentially indistinguishable and resembled the Type 310S stainless steel
surface after 100 h exposure time (Figure 3-3[d]). The grinding lines from the
mechanical abrasion surface preparation step were clearly visible on these
surfaces indicating that the oxide scale was very thin. Also, small (~500 nm)
cuboidal/octahedral oxide "nodules” (Type I) were observed to reside on top of a
compact, granular, and crack-free "base" scale. These Type | oxide nodules were
determined to be a spinel phase (Mnx,Fey)Cr204, as characterized by EELS and
SAD (results not shown here). They were not considered to play a role in scale
stabilization during exposure, and thus were not given any further consideration.
The base scale formed on Alloy 33 became relatively rougher with increasing
exposure time, yet the morphology of the scale after 542 h exposure was not
altered, indicating that the oxide crystal structure remained the same during the
entire testing time. As for the Type 310S stainless steel surface after 250 h
exposure, relatively large (> 5 ym) isolated oxide nodules (Type Il) accompanying
Type | oxide nodules were observed on the base scale (Figure 3-3[e]). Type Il
oxide nodules increased in population and eventually covered almost the entire
base scale after 542 h exposure (Figure 3-3[f]). No evidence of any significant

oxide cracking or spallation was found on any of the surfaces examined.
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Figure 3-3. Secondary electron images of (a), (b), and (c) Alloy 33 after exposure
for 100 h, 250 h, and 542 h, respectively, and (d), (e), and (f) Type 310S stainless
steel after exposure for 100 h, 250 h, and 542 h, respectively, in 25 MPa and 550°C
flowing oxygenated SCW. Type | oxide nodules in all cases and Type |l oxide
nodules formed on Type 310S stainless steel coupons after 250 h and 542 h
exposure ([e] and [f]) can also be seen.

Average atomic concentration AES depth profiles for O, Cr, Fe, Ni, and Mn
for both alloys for the three exposure times are shown in Figure 3-4. The base
scale formed on Alloy 33 after 100 h exposure was enriched in only Cr and O
(Figure 3-4[a]). A relatively shallow Cr-depleted zone was also seen just below the
Cr203 scale. After 250 h, the scale consisted of Cr, Fe, and O as major elements
and Mn as minor element (yet enriched relative to the alloy) (Figure 3-4[b]). The
Cr-depleted zone depth also increased compared to that after 100 h exposure. The
Fe concentration in the base scale after 542 h exposure increased even more. The
scale consisted of Cr, Fe, and O as major elements and Ni and Mn as minor

elements (Figure 3-4[c]). A much deeper Cr-depleted zone formed below the
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scale. The base scale formed on Type 310S stainless steel after 100 h exposure
consisted of Cr, Fe, Mn, and O, with a small amount of Ni (Figure 3-4[d]). The
concentration of Mn was relatively higher at the oxide/SCW interface compared
with that at the oxide/alloy interface suggesting the existence of an oxide "cap"
enriched in Mn. After 250 h exposure, the scale was enriched in Cr and consisted
of Cr, Fe, and O (Figure 3-4[e]). The base scale formed after 542 h exposure
(Figure 3-4[f]) consisted of Cr, Fe, and O as major elements and Mn and Ni as
minor elements. It is acknowledged that the oxide scales were not uniform, which

may have produced local variations in the oxide composition profiles.

Thin cross-section TEM foils were prepared for Alloy 33 and Type 310S
stainless steel after 542 h exposure using the FIB milling sample preparation
technique (Figure 3-5). The alloy/oxide interface for Alloy 33 was qualitatively
rougher than that of Type 310S stainless steel. The thickness of the base scale on
Alloy 33 was variable, consisting of both thin and thick regions, whereas the
thickness of the base scale on Type 310S stainless steel was more uniform.
Recrystallized grains, formed in situ within the plastic deformation zone induced by
sample preparation (mechanical-abrasion before exposure), were also apparent in

the near-surface region underneath the alloy/oxide interface of both alloys.

84



Ph.D. Thesis, Shooka Mahboubi; McMaster University, Materials Sci. and Eng.

(@) (d)

O —®-Cr —&—Fe —Ni —%—Mn

—— ——0 —8-Cr +Fe —<Ni —*—Mn
Base Scale Base Scale
70 T T 70 T
< ‘Cr- ' 3 i i
% 60 Egegette?; Matrix < 60 | Matrix
= ubstrate g
5504 |i | & 50
E : @ Cr-Depleted
i 40 o = 40 Substrate
g% 8
g 20 820
I o
2 10 210
< <

=S ST N

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Sputtering Time (min)

(b)

——0 —&-Cr aFe —Ni —%—Mn

Sputtering Time (min)

(e)

——0 -B-Cr —4—Fe ——Ni —%—Mn

Base Scale Base Scale

= i i = i

D\o 1 1 ) C? 1

% 60 ! Cr-Depleted Substrate ! Matrix % 60 1 '

~ 1 1 ~ 1 1

850 l : 5 50 - !

© ! ! T 1 ! -

£ 40 ! ! £ 40 | i Cr-Depleted Substrate

] ! 7] J

2 \ 2

S 30 S 30

O O

& 20 820

o o 1

2 10 2 10 !

< i < |
0 PR oo 2 % 0 Petrestos N

0 10 20 30 40 50 60 0 10 20 30 40 50 60

Sputtering Time (min)

Sputtering Time (min)

(©) (f)

——0 —®-Cr —4—Fe —Ni ——Mn

——0 —®B-Cr —4Fe —Ni —Mn
Base Scale

Base Scale

~
o
~
o

Cr-Depleted Substrate

[o2]
o

Cr-Depleted Substrate

a1
o

B
o
s

30

w
o
s

N

o
N
o

s

Average Concentration (at%)
=
o

Average Concentration (at%)

=
o

0 P T 0 e J
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Sputtering Time (min)

Sputtering Time (min)

Figure 3-4. Average atomic concentration profile of O, Cr, Fe, Ni, and Mn
measured across the base scale/alloy interface of Alloy 33 after (a) 100 h, (b) 250
h, and (c) 542 h exposure and Type 310S stainless steel after (d) 100 h, (e) 250 h,
and (f) 542 h exposure in 25 MPa and 550°C flowing oxygenated SCW.
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Figure 3-5. Secondary electron images of the FIB-prepared thin cross-section
TEM foil of oxide scale formed on (a) Alloy 33 and (b) Type 310S stainless steel
after 542 h exposure in 25 MPa and 550°C flowing oxygenated SCW.

Figure 3-6 shows BF-STEM images of the base scale formed on both alloys
after 542 h exposure. The corresponding O, Cr, Mn, Fe, and Ni STEM-EDS
elemental maps are included as well. The base scale formed on both alloys
contained Cr, Fe, and O as major elements and Ni and Mn as minor elements. A
relatively thin (~10 nm to 15 nm) Si-oxide layer was also seen below the alloy/oxide
interface (results not shown here). The recrystallized grain layer was depleted in
Cr and Mn in both alloys, being significantly deeper in Type 310S stainless steel.
Both alloys exhibited evidence of incipient intergranular corrosion (IGC) within the

recrystallized grain layer, the extent of which was larger in Alloy 33.
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(a) Alloy 33

h exposure in 25 MPa and 550°C flowing oxygenated SCW on (a) Alloy 33 and (b)
Type 310S stainless steel in cross section along with their O, Cr, Mn, Fe, and Ni
STEM-EDS maps.

Figure 3-7 shows DF-STEM images of the base scale formed on Alloy 33
and Type 310S stainless steel after 542 h exposure. The set of acquired EELS
spectra from the base scale is shown in Figure 3-7(c) and (d) for Alloy 33 and
Type 310S stainless steel, respectively. The range of energy loss plotted was
restricted to that containing the O-K, Cr-L2,3, and Fe-L2,3 peaks, which were used
to determine the composition and structure of the oxide phases present. The set

of three spectra from both thick and thin areas of the base scale formed on Alloy
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33 (Figure 3-7[c]) revealed that the base scale comprised mainly Cr, Fe, and O.
A small yet significant Mn peak was observed in Area 2. The fine structure of the
O-K edge was consistent with (Crx,Fey)203 (x = y), where the range of Fe
concentration decreased from the oxide/SCW interface to the alloy/oxide interface.
The set of two spectra shown in Figure 3-7(d) revealed that the Type 310S
stainless steel base scale also mainly comprised Cr, Fe, and O. A small Mn peak
was also observed in the EELS spectra. The structure of the O-K peaks acquired
from Areas 4 and 5 were consistent with (Fey,Crx)203 (y 