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Abstract

This thesis presents a newly developed mechanism and predictive model for the
corrosion of Alloy 800. The Fe-Cr-Ni Alloy (Incoloy 800) is mainly used for steam generator
(SG) tubing in CANDU and PWR reactors and is a candidate material for the proposed
Canadian Supercritical Water Reactor (SCWR) in which it will be exposed to extreme
conditions of high radiation flux and large temperature gradients. The influence of gamma
radiation and water chemistry conditions on the corrosion behaviour of Alloy 800 are studied
in this work. lonizing radiation creates reducing (*eaq, *H, *O27) and oxidizing radiolysis
(*OH, H20», O) products that affect the redox chemistry, controlling corrosion. Water
chemistry conditions including pH, temperature and redox agents can significantly influence
the corrosion Kinetics. A systematic study of Alloy 800 corrosion was carried out to
investigate the effect of these solution conditions. This analysis was used to develop a
mechanistic model that takes into account both metal dissolution and oxide formation during
the corrosion of Alloy 800. This model is designed to predict the effect of different variables
on the corrosion behaviour of Alloy 800 in extreme environments where direct corrosion

measurement is nearly impossible.

A series of electrochemical experiments and corrosion tests along with post-test
surface analyses were performed in order to gather information on the composition and
thickness of the oxide formed during corrosion and the metal cations dissolved in the
solution. This combination of electrochemical measurements and surface analyses provided
a highly-detailed understanding of Alloy 800 corrosion, allowing a mechanism to be
proposed. The proposed mechanism can explain the corrosion behaviour of Alloy 800 in a

variety of environments and temperatures, including aqueous and steam corrosion.

The principles behind the proposed mechanism were used to develop a model to
account for both oxide formation and metal cation dissolution. The model was used
successfully to model oxide thickness on pure iron, the Co-Cr alloy Stellite-6 and Alloy 800

in neutral and moderately alkaline aqueous solutions. The modeled results correlate well with



experimental data. Using the model, it was possible to predict the time-dependent corrosion

potential in environments where direct measurements are not possible.
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Symbols

°C Degree celcius

DR Dose rate

OlpsEH Transfer coefficient or symmetry factor, normally equal to 0.5

Asol Surface area exposed to solution (cm?)

A@oxide(t) Potential drop across the oxide layer at time t (V)

E(=0) Potential at which net current is zero

Eapp Applied potential during polarization (V)

Ecorr Corrosion potential (V)

Efinal Final potential

Einitial Initial potential

F Faraday’s constant (96485 Cxmol™?)

fk-mox Relative ratio of the oxide formation and dissolution constants

fi Relative monolayer length of Cr.O3 to chromite

0l Fermi level at the metal oxide interface (V)

) Fermi level at the oxide solution interface (V)

Lcros Thickness of air-formed chromium oxide (cm)

Lmcr204 Thickness of growing chromite (cm)

AMO# Constant related to the potential drop in the oxide (cm™)

Lmox(t) Thickness of the MO# oxide layer (cm)

m|ox Metal/oxide interface

Mdiss# Dissolved amount of metal cations (mol)

N Number of electrons involving in the reaction.

ox|sol Oxide/solution interface

R Universal gas constant (8.314 Jxmol*xK™)

T Absolute temperature (K)

LMO# Molar volume of oxide (cm3xmol™)

\Y/ Driving force for corrosion (V)

Vsce Potential vs. SCE

Efgd# Equilibrium potential of a redox pair # involved in corrosion (V)

E, g (t) Electrochemical potential of the reacting system at time t (V)

EZL, Equilibrium potential for oxidation half-reaction (V)

El, Equilibrium reduction half reaction potential (V)

Eeq Equilibrium half reaction potential (V)

E,o.(6) Electrqde pqtential at ti_me t. It is Ecorr in an open circuit and Eapp in
potentiostatic polarization (V)

Vi



T]rdx# (t)
Mgt (O
T]red#(t)

.eq
lrdx#

irdx# (t)

T+ () |l mjox
Jrean () |ox|sot
U+ (2, ) Yoxide
Tmsn+ () |ox|sot

]MO#(t) |oxide

Jaiss# (©)ls01
_AG(D)
Py

Peor

(PE (0x)
Prrea)

¢ E(M™)
Prn

Pca

(PVB

Epmo#
AEay4(t)

AEay04(0)

Aanxide (t)

Cmo#
AVoxide (t)
AVoxide (0)
AVyro4 (1)
]MO "

Overpotential at the reaction interface (V)
Anodic overpotential (V)

Cathodic overpotential (V)

Exchange current density (A-cm™)

Current density at time t (A-cm™)

Metal oxidation flux at the metal/oxide interface (molxsxcm)
Solution reduction flux (molxstxcm)

Average flux of metal cations across the oxide layer (molxs™xcm?)
Total flux of metal cations arriving at the ox|sol interface (molxstxcm2)
Oxide growth flux (molxs*xcm2)

Dissolution flux (molxstxcm?)

Free energy of reaction (Jxmol™)

Fermi level of metal at equilibrium
Fermi level of solution at equilibrium

Density of unoccupied electron energy states of oxidants

Density of occupied electron energy states of reduction reaction products
Density of unoccupied electron energy states of metal cation

Density of occupied electron energy states of metal atom

Lowest energy of conduction band

Highest energy of valence band

Specific potential gradient of oxide (Vxcm™)

Activation energy barrier for oxide growth at time t (Jxmol™)

Activation energy barrier for oxide growth at time t = 0 (no oxide on the
surface) (Jxmol™)

Activation energy barrier for oxide growth across the oxide present on the
surface at time t (Jxmol™?)

Specific activation energy gradient of oxide (Jxmolxcm™)

Potential drop across an oxide layer at time t (V)

Potential drop across an oxide layer at time zero (V)

Potential drop across the layer of MO# at time t (V)

Constant component of metal cation flux
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AES
Ag/Ag/CI
BE

BSE
CANDU
DH

DO

FCC
HCP
ICP-MS
ICP-OES
KE

LET
PDM
PHWR
PHTS
PLWR
PTFE
PWR
SCE
SCW
SCWR
SEM
SHE

SG

EDX
XPS

Acronyms

Auger electron spectroscopy
Silver/silver chloride reference electrode
Binding energy

Backscattered electron

Canada deuterium uranium

Dissolved hydrogen

Dissolved oxygen

Face-center cubic

Hexagonal close packed

Inductively coupled plasma - mass spectroscopy
Inductively coupled plasma- optical emission spectroscopy
Kinetic energy

Linear energy transfer

Point defect model

Pressurized heavy water reactor

Primary heat transport system
Pressurized light water reactor
Polytetrafluoroethylene

Pressurized water reactor

Saturated calomel electrode
Supercritical water

Supercritical water reactor

Scanning electron microscopy

Standard hydrogen electrode

Steam generator

Energy dispersive X-Ray spectroscopy
X-Ray photoelectron spectroscopy
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Chapter 1

Introduction

1.1  Motivation

Nuclear energy is a clean, affordable and low greenhouse gas emitting energy source
with the power-generating capacity to meet industrial needs. Nuclear power contributes 10%
of worldwide energy production, 15% of Canada’s power generation and more than 60% of

Ontario’s energy supply.

The processes of electricity generation in a nuclear power plant are similar to those
in fossil fuel power plants, but the way heat is generated is different. A nuclear reactor uses
fissile material as fuel, typically in the form of uranium dioxide. When a neutron collides
with a fissile atom such as 2*°U the nucleus splits into two lighter nuclei and 2-3 neutrons, a
process known as fission. During fission, a large amount of heat is produced which is used

to generate steam which drives the turbines to produce electricity.

There are several types of nuclear reactor in operation around the world. The most
common design is the pressurized light water reactor (PLWR), which uses 3-4%, enriched
uranium (i.e., 3-4% 2%U in mostly 238U) as fuel, and light water for both coolant and
moderator. All the nuclear reactors in Canada are the Canadian designed CANDU® (Canada
deuterium uranium) reactors which are pressurized heavy water reactors (PHWR) that use
natural uranium (containing only 0.7% 23U) as the fuel and heavy water as both coolant and

moderator. A schematic of a CANDU® reactor is shown in Figure 1-1.

The UO- fuel is encased in Zr-alloy cladding to avoid contact of fuel with the coolant.
The structure that houses the circulating coolant is referred to as the heat transport system
(HTS). The materials and configuration of the HTS also depend on the reactor type. For
CANDU® the HTS system consists of Zr-pressure tubes inside the reactor core, connected
to carbon steel feeder pipes that feed the coolant to a header (a tank), which is then connected

to heat exchangers inside a steam generator. Heat exchanger tubes are usually constructed
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from iron-chromium-nickel alloys such as Alloy 800. Nickel alloys are chosen because of

their good mechanical properties and resistance to corrosion.
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Figure 1-1: A simplified schematic of a CANDU reactor

One of the major issues for nuclear power plants is the performance of materials in
irradiated environments. Under the highly ionizing radiation conditions in the reactor core,
the coolant water decomposes to form a range of chemically reactive species which include
highly oxidizing (*OH, H20., O) and reducing (*eaq, *H, *O2") species as shown in reaction
1-1[1].

H0 —/YYY¥\—» «OH, seaq, *H, HO2¢, Ha, H202, H* (1-1)

In environments where there is a constant flux of radiation such as those in nuclear
reactors, the radiolysis products stabilize to steady state concentrations. These concentrations

will determine the redox properties of the water which will affect the corrosion Kkinetics.

Corrosion is a complex process involving oxidation of metal, reduction of solution
species and interfacial transfer of electrons and ions. The transfer of metal cations to the

solution phase can induce changes in the physical and (electro-) chemical nature of the



interfacial region. Changes in the surface layer, in turn, can strongly affect the metal
oxidation rate and alter the corrosion pathway.

Corrosion of heat exchangers, while slow, poses two major concerns. Changing
defective tubes inside a steam generator is very costly, so ideally, they should last for the
lifetime of the reactor, or be repaired only at the time of planned reactor refurbishment.
Another concern involves transport of radioactive corrosion products inside the coolant
circuit. Corrosion of heat exchangers releases dissolved or dispersed metal cations into the
coolant. As the coolant circulates in and out of the reactor core, the metal cations are exposed
to neutron radiation and can become neutron-activated, producing radioactive products. For
example, neutron activation of Ni produces radioactive *8Co, which is a p and y emitter with
a half life of 70 d:

%8Ni + neutron — proton + >8Co (1-2)

If the neutron-activated product later deposits on the wall of the heat transport tubing
outside the reactor core, it can create radioactive hot spots outside the core (Figure 1-2). This
can pose a safety concern for reactor maintenance workers and make any maintenance

activities during planned reactor shutdown or decommissioning very expensive.

Radioactive sites

Reactor Core

upstream
downstream

actvation

Figure 1-2:  Schematics of corrosion product transport



Although oxide film formation and corrosion of Fe-Cr-Ni alloys, including Alloy
800, have been investigated extensively [2-25], there is a complete lack of understanding of
corrosion behaviour of Alloy 800 under radiation. The effect of changing pH or temperature
has not been systematically investigated and the individual contributions of these parameters
to oxide film formation have not yet been established. Moreover, no comprehensive studies
of the effect of solution parameters on corrosion behaviour on Alloy 800 in the presence of
ionizing radiation have been carried out. This work is part of an extensive project on the
influence of environmental parameters on the corrosion of Alloy 800 under gamma radiation.

1.2 Research Objective and Approaches

The main aim of this research project is to develop a mechanistic understanding of
radiation induced corrosion of Alloy 800 and to develop a corrosion kinetic model that can
predict the corrosion rate of heat exchangers in the reactor coolant environments and the
probability of stress corrosion cracking over the reactor’s lifetime. To achieve these
objectives the corrosion kinetics of Alloy 800 are being studied using electrochemical
techniques and coupon-exposure tests. The electrochemical techniques include corrosion
potential (Ecorr), linear polarization resistance, and potentiodynamic polarization
measurements. The corrosion tests are performed using Alloy 800 coupons immersed in
solutions in sealed quartz vials under different exposure conditions. These measurements are
supplemented by post-test surface analyses including scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES), Raman
spectroscopy and dissolved metal analysis by inductively coupled plasma mass spectrometry
or optical emission spectroscopy (ICP-MS and ICP-OES). The solution parameters studied
are pH, presence of y-radiation, oxygen content of the environment, temperature, and

corrosion environment in agueous and steam conditions.



1.3 Thesis Outline

Chapter 1: Thesis motivation, objectives, approaches, and thesis outline.

Chapter 2: Materials background, literature reviews, and theoretical background for the
experimental results in chapters 4-7.

Chapter 3: Descriptions of the techniques used to obtain the data reported in Chapters 4-6.

Chapter 4: Comparative study of oxide formation on Alloy 800 to probe the roles of pH and
gamma-radiation. The oxides that formed were studied both electrochemically and by using
surface analytical methods.

Chapter 5: Results of experiments on the combined effects of pH and gamma-irradiation on
the kinetics of corrosion of Alloy 800. The electrochemical data and the coupon study was

only carried out at 150 °C.

Chapter 6: Results of experiments on the effect of y-radiation and oxygen content on the

early stages of steam corrosion of Alloy 800H at 285 °C.

Chapter 7: Principles of the mass and charge balance model.

Chapter 8: Modeling and simulation results for the corrosion of Co-Cr-Stellite-6.
Chapter 9: Modeling and simulation results for the corrosion of Alloy 800.

Chapter 10: Thesis summary. Brief discussion of the scope for future work.
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Chapter 2

Technical Background and Literature Review

2.1 Fe-Cr-Ni alloys in Nuclear Reactors

Iron-chromium-nickel (Fe-Cr-Ni) alloys, nickel-based alloys (Incoloy® Alloys) and
stainless steels are important materials used in nuclear power plants. Ni alloys are mainly
used for steam generator (SG) tubes (alloys 600, 800 and 690). Alloy 800 (also known as
Incoloy® 800) is considered a Ni-based alloy but is not technically a Ni-based alloy, as it
contains only 33 Wt.% Ni with 22 Wt.% Cr with 45 Wt.% Fe. These alloys are selected for
their good uniform and stress corrosion cracking resistance, and good mechanical properties
[1]. Stainless steels are used for components holding radioactive water or gas. The stainless
steels most commonly used in nuclear reactors are the 300 ASTM series (like 304 and 316),

which contain approximately 10 wt.% Ni and 20 wt.% Cr.

Fe-Cr-Ni alloys and in particular Alloy 800 are exposed to different solution
environments. These types of alloys are also candidate materials for fuel cladding in the
generation IV (Gen V) supercritical water-cooled reactors (SCWR). In conventional nuclear
reactors, and in particular pressurized water reactors (PWR) and Canadian deuterium
uranium (CANDU®) reactors, they are used as thin-walled heat exchanger tubes in the steam
generators that are exposed to both primary and secondary coolant water systems. Firstly,
the principles of corrosion will be outlined, and then the solution environments in a range of

reactor environments will be summarized.



2.2 Principles of Corrosion

Corrosion is an electrochemical process typically involving the oxidation of a metal
(anodic reaction) coupled with the reduction of solution species (cathodic reaction). For
example, in the Ni case:

Anodic Reaction (oxidation): Ni°(m) — Ni?*(aq) + 2e~ (2-1a)

Cathodic Reaction (reduction): H.O(aq) + e~ — OH™ + %2 H» (2-1b)

Overall Corrosion Reaction: Ni°(m) + 2 H2O(aq) — Ni?*(aq) + 20H~ + H;
(2-1c)

The oxidized metals (or metal cations) are then hydrated and diffuse to the solution

phase and/or precipitate with hydroxide or oxygen anions to form solid metal oxides.

When a metal with a specific chemical potential comes into contact with water which
has a different chemical potential, corrosion occurs because the metal-solution system is
trying to reach (electro-) chemical equilibrium by exchanging metal cations and electrons

between the two reacting phases. The thermodynamic driving force for each half-reaction is:
—AoxCG = nF(ECORR - Eg(alc) (2-22)
—ArealG = _nF(ECORR - E£§d (2-2b)

where EZ7 and Eggd are the equilibrium potentials for the metal oxidation half-reaction and

the solution reduction half-reaction, and E.orgr IS the electrochemical potential of the
corroding system at the time of reaction. By convention the reference potential is the standard
reduction potential for hydrogen. The equilibrium potential of each half reaction is quantified

by the Nernst equations:

Ni2t

1) RT de

eq




Ered = E° + E] —aglqzo (Z-Zd)
eq — H(Hz/H20) ' ,f W\ ~on- w2

Aeq - Qeq

where R is the gas constant (8.314 J/mol), T is the temperature (in Kelvin), n is the number

of electrons transferred, F is Faraday’s constant (96485 C/mol), E (oNl-z+ IND) and E(OHZ /H,0) are

the standard reduction potentials for the corresponding half-reactions, and a’e";”, aé"c;'o, agz?,
ag and a2)'~ represent the chemical activities of the corresponding species when the

corroding system reaches equilibrium. By definition, the activity of a solid metal species and

solvents is 1.0.

As a practically measurable quantity, the corrosion potential is the voltage difference
between a corrosion cell (a metal immersed in a solution) and a designated standard reference

electrode. The corrosion-cell potential is often referred to as the electrode potential.

As described above, at the corrosion potential, Ecorr, the rates of the anodic reaction
and the cathodic reaction are equal. If the rate of each half reaction is controlled by the
interfacial transfer rate of electrons, the rate can be determined as a function of electrode

potential according to the Butler-VVolmer equation.

i(E) = io(exp (% (E - Eeq)> — exp (‘“;—:W (E - Eeq))) (2-3)

Where i(E) is the current or the rate of charge transfer at electrode potential E, F is Faraday’s
constant, Eeq is the equilibrium potential, T is the absolute temperature, n is the number of

electrons, a is the charge transfer coefficient and i, is the exchange current at equilibrium.

For a system to corrode, Ecorr must lie sufficiently above the Eeq of the metal

oxidation half reaction (E¢q) and sufficiently below the Eeq of the solution reduction half

reaction (Eggd). That is, if interfacial electron transfer is rate determining, the rates of metal

oxidation (i;S°%*) and solution reduction (i 9%*) can be approximated as:

, ESY F
i£eo 1ot - exp oy - (25) - (Ecorn — BF)) (2-4)
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. .Ee F
iFgmt  —if% - exp (=1 = @rea) - (35) - (Bconn — E5Y) (2-5)

The Butler-Volmer relationships for anodic and cathodic half reactions and the
corrosion potential are schematically presented in Figure 2-1. At Ecorr the total oxidation

rate is the same as the total reduction rate, and the net current is zero:

-EcorRR _ __:EcORR _ ;
Lox = ~lrea = lcORR (2-62)

inet(at Ecogr) = igC0FR + (—i C0RF) = 0 (2-6b)

The corrosion current, i-ogrgr, COrresponds to the rate of metal oxidation, whereas
inet (Ecorr) 1S the current that we actually measure. The measured current on a naturally
corroding system is thus zero, and the corrosion rate, or corrosion current, cannot be obtained

by measuring the current of the corroding system directly.

JJ’
Eﬂ[reil} P

o

Figure 2-1:  Schematic illustrating the Butler-Volmer relationships for metal
oxidation and solution reduction reactions.

One way to determine the corrosion rate is to polarize the electrode away from Ecorr,
and to measure the current as a function of polarization or applied potential (Earp). The

measured relationship between current and Eapp can then be used to extract the corrosion
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current at Ecorr because from equations outlined above, we can derive the following current-

Eapp relationship:

. JESY oxNF
lfﬁpp = loxq Y ((a—) (EAPP Ecorr + Ecorr — Egc’f)) (2-7a)

igfpp ~ iffcq T exp ((M) (ECORR Eeq )) €xp ((M) (Eapp — ECORR))

(2-7b)
ifa?PP = icorr * €XP ((%}::F) “ (Eapp — Ecomz)) (2-7c)
And similarly,

i AP~ —icopp * €XP (— (%) * (Eapp — Ecome)) (2-7d)
And the net current as a function of Eapp is:
inet = iAPP 4 lfe“;” (2-8a)

. . oxNF 1—Qyeg)NF

lnet = lcorr* (exp ((%) * (Eapp — ECORR)) — exp (‘ (((XTM) * (Eapp —
ECORR))) (2-8b)

This current-potential relationship is known as the Wagner-Trude equation. If Eapp

is sufficiently greater than Ecorr that the cathodic current has a negligible contribution to the

net current, it can be approximated to:

. , , F

Inet(at Eqpp) = lgfpp =~ lcoRrr " €XpP ((%;Tn ) * (Egpp — ECORR)) (2-9a)
. . ox F

logine: = logicorr + (;30:”) * (Eqpp — Ecorr) (2-9b)

Similarly, for Eapp << Ecorr, the net current is approximated to:
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. .E . F
Inet(at Eqpp) = lreA,;P ~ —lcorr " €XP <_ared : (Z_T) * (Egpp — ECORR)) (2-9c)

(1-areg)nF
2.303RT

log(—inet) = log(icorr) — ( ) * (Eapp — Ecorr) (2-9d)

Equations 2-9b and 2-9d are known as Tafel equations and the slope of Earp versus

log (linet]) is known as a Tafel slope.

The above equations show that the corrosion current can be theoretically obtained by
performing potentiodynamic polarization experiments, which measure the current as a
function of Eapp While scanning Eapp at a specific rate, and then by extrapolating to the
polarization curve to Ecorr. However, the above current-potential relationships assume that
the overall metal oxidation rate is determined by the rate of interfacial electron transfer
between metal and solution phases, that only one type of metal oxidation reaction occurs and
that the interfacial electron transfer rate does not change over the potential range over which

the current-potential relationships are obtained.

2.3 Environment of Corrosion

2.3.1 The Primary Coolant Water

The role of primary coolant water is to transport the heat generated from the fission
reaction in the reactor core to the SG to produce steam. Due to the complexity of this system,
there are many types of materials used in this primary heat transport system (PHTS). The
design of PHTS varies in the different types of nuclear reactor that are currently in service
or under development. One of the primary objectives of water chemistry control in the PHTS
Is to minimize the corrosion of alloys in the heat transport system. This goal causes different
coolant chemistry in the different type of reactors. The other objectives of chemistry control
in the PHTS are minimizing deposition of corrosion products on the fuel and controlling the
concentration of activated corrosion products and fission products in the system. These
objectives are accomplished through constant control of the pH, oxygen content and ion

concentrations in the coolant. As CANDU and PWR reactors comprise the vast majority of
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in-service reactors worldwide, the main focus of this review will be on the published data for

these two types of reactors.

Normally, the water chemistry is different for each individual plant with each
maintaining its own chemistry practices and operational guidelines but general guidelines
for water chemistry in PHTS of CANDU are shown in Table 2-1. The water chemistry in the
PWRs is different from that of CANDU. It is reported as B: 1200 ppm (weight percentages)
as H3BOg, Li: 2.0 ppm as LiOH, and pressure ~ 12.2 MPa at 310 °C. The pH of the solution
at 310 °C is 6.99. The normal PWR primary water chemistry or hydrogenated water
chemistry has a dissolved oxygen (DO) level <5 ppb and a dissolved hydrogen (DH) level
of 2.65 ppm [2].

Table 2-1: CANDU Primary Coolant Chemistry [3]

Parameter Typical Specification Range
pH 10.2-10.4
[Li*] 0.35 - 0.55 mg/kg (ppm)
[D2] 3-10 mL/kg
conductivity 0.86 — 1.4 mS/m (dependent upon LiOH concentration)
Dissolved O < 0.01 mg/kg
[CIT], [SO4*], etc < 0.05 mg/kg
Isotopic > 98.65 % D20
Fission products < 106 Bg/kg D-O; monitoring 1-131 indicative of fuel failure
Temperature 260 — 325 °C

2.3.2 Secondary System

The Secondary Heat Transport System (also known as secondary system) is
responsible for producing steam to drive the turbines and generate electricity. Generally, the
secondary system environments are similar for both PWR and CANDU. However, the
secondary systems at each plant differ in terms of steam generator (SG) configuration and
the materials used for the various components. Normally, there are two classifications: all-

ferrous and copper-containing. These different configurations and materials produce

14



different solution chemistries in the SG. For iron-based systems the pH can be up to 10
because corrosion of iron is minimized at moderately alkaline pH. For copper-based systems,
the corrosion rate is at a minimum at pH close to 9, so the environmental pH is maintained
at 9.2-9.4. In addition, the use of ammonia is limited or totally avoided because of its
detrimental effect on copper corrosion. Hydrazine is added to produce a reducing
environment and help to reduce the risk of cracking in the tubing. Chemistry parameters that
are targets for the secondary system chemistry control (mainly in CANDU reactors) and are
shown in Table 2-2.

Table 2-2: Secondary System Water chemistry [3]

Parameter Typical Specification Range
pH 9.5 - 10 (for all-ferrous systems)
Hydrazine 0.020 — 0.030 mg/kg (ppm)
Na* < 0.05 mg/kg
Dissolved O2 < 0.01 mg/kg
[CIT], [SO4*], etc < 0.05 mg/kg
Temperature 220 —-288 °C

2.4 Corrosion of Alloy 800

Before examining the corrosion of Alloy 800, it is useful to review the oxides that
are known to form as it corrodes. While there are a few minor alloying elements in this alloy,
we will only examine the oxides of the major components of Alloy 800, Fe, Ni and Cr. The
oxides of these elements control the corrosion of Alloy 800. The oxy-hydroxides of these
elements are also considered as they are known to form as the hydrolyzed outermost layer of
the oxide that is in contact with water.
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2.4.1 lron, Nickel and Chromium Oxides
24.1.1 Magnetite (Fe3Oa)

Magnetite is an oxide with a spinel structure (Figure 2-2). The formula FesO4 for
magnetite is sometimes written as FeO-Fe>Oz, which is one part wistite (FeO) and one part
hematite (Fe20s). This indicates the two different oxidation states of iron in this compound.
Figure 2-2 is a schematic of the atomic locations in a spinel structure. The whole spinel unit

cell can be thought as cubic close-packed arrays of oxide ions with cations in the octahedral

and tetrahedral interstices. The distance between two adjacent 0 is0.298 nm [4]. The cubic
unit cell dimensions are a = b = ¢ = 0.8396 nm [4]. The unit cell contains 32 oxide anions,
providing 16 octahedral sites and 8 tetrahedral sites for Fe cations. The tetrahedral sites are
located at the corners, face centres and quadrant centres in half of the quadrants. The
octahedral sites are in the other half of the quadrants, immediately above or below the oxide
anions. In magnetite (Fe3Os), the 8 tetrahedral sites and 8 of the octahedral sites are occupied
by Fe'" ions, while the remaining 8 octahedral sites are occupied by Fe'!' ions resulting a
formula Fel FelZ0,,, or FesO4[5]. Magnetite, with its small band gap of 0.07 eV [6] and a
dielectric permittivity of 16.9 is considered to be an almost conductive material [7]. Under

most of the experimental conditions of this study magnetite is reported to be insoluble [8].
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Figure 2-2: Diagram of atomic locations in a normal spinel (or inverse spinel). Only
the bottom half of a single unit cell, i.e., four quadrants of the total eight
is shown. Oxide ions are represented by large dashed circles and each
guadrant contains four. The height of the oxide ions in the z-axis out of
the plane of the page is shown in units of the lattice parameter.
Tetrahedral sites are represented by oval circles, with their heights
shown in units of lattice parameter. Octahedral sites are represented by
the smallest open circles, with their height above the base plane in units
of lattice parameter. Two of the four quadrants contain a tetrahedral site
in their center, and these are categorized as a-type quadrants in this
figure. The remaining two quadrants contain the octahedral sites and are
categorized as B-type quadrants [5].

24.1.2  Maghemite (y-Fe203)

Maghemite is another spinel ferrite, which has the same structure as magnetite. The

distance between two adjacent 0~ is 0.295 nm [4]. The cubic unit cell dimensions for
maghemite are a = b = ¢ = 0.8347 nm; however, the structure of maghemite is less well
definedas the 8 tetrahedral cation sites are fully occupied but the 16 octahedral cation sites

are fractionally occupied with, on average, 13.33 Fe'"" per unit cell. Specifically, 25% of the
octahedral sites have a 33% vacancy with a formula (Feg';”)tetra(FeL'(',/g,Ms/e,)oct032 where M

represents a vacancy, which gives the stoichiometry of Fe,Os [5]. Maghemite can be
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considered as an Fe' deficient magnetite, or alternatively magnetite can be considered as
maghemite doped with Fe'' [9]. Maghemite is an insulator with a dielectric permittivity of

4.5 [4]. Under the mildly basic conditions used in this study, maghemite is insoluble [8]
24.1.3 Lepidocrocite (y-FeOOH)

v-FeOOH can be thought of as as FeO(OH). As with the above two iron oxides,
lepidocrocite has a cubic close-packed (ccp) oxygen (OZ_/OH) lattice structure with the

distance between two adjacent 0" being 0.28 nm [10]. However, the cell unit is
orthorhombic rather than cubic. There are four FeO(OH) moieties in the orthorhombic unit
cell which has dimensions a = 1.252 nm, b = 0.3871 nm and ¢ = 0.3071 nm [4]. There are 8

oxide anions forming 8 octahedral sites in each unit cell, which consists of arrays of ccp

anions (OZVOH_) stacked with Fe'"" ions occupying the octahedral interstices, i.e., 4 of the 8
octahedral sites are occupied by Fe'' cations as illustrated in Figure 2-3. The cations form an
octahedral arrangement in corrugated layers and they are bonded by hydrogen bonding via
hydroxide layers. Thus, the conversion of either magnetite or maghemite to y-FeOOH within
the oxide matrix will result in a change to the O-O bond distance, and producing stress that
can cause film breakdown. y-FeOOH is an insulator [7, 11] with a dielectric permittivity of
9.6 [7].

Figure 2-3: A projection along c of the orthorhombic unit cell of lepidocrocite. The
small circles represent Fe!'l cations, the larger circles are the hydroxyl
anions and the dashed larger circles are oxide anions. Four of the 8

octahedral sites formed by O® /OH- anions are occupied by Fe'!! cations
[11].
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2.4.1.4  Nickel oxide (NiO)

NiO has the same crystal structure as NaCl, with octahedral Ni'' and O*" sites (Figure
2-4). This theoretically simple structure is commonly known as the rock salt structure.
However, as is common for many of binary metal oxides, NiO is often non-stoichiometric
which means the Ni:O ratio deviates from 1:1. This non-stoichiometry in the NiO causes a
colour change. If the ratio is 1:1, NiO appears green and the non-stoichiometric NiO is black.
The reported optical band-gap of NiO is in the range of 3.4 eV [12] to 4.3 eV [13].

Figure 2-4:  Crystal structure of nickel oxide. Oxygen sites are shown in white; nickel
sites are shown in grey [14].

2.4.1.5  Nickel hydroxide (Ni(OH)2)

Nickel hydroxide has two well-characterized polymorphs. The o structure (Figure
2-5) consists of Ni(OH)2 layers with intercalated anions or water [15, 16]. The  form (Figure
2-6) adopts a hexagonal close-packed structure of Ni'' and OH™ ions [15, 16]. In the presence

of water, the a polymorph typically recrystallizes to the p form [16, 17]. In addition to the a
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and B polymorphs, several y nickel hydroxides have been described, distinguished by crystal

structures with much larger inter-sheet distances [16].

(a)

| 3NI2* (0,0,0), (1/3,2/3,0), (2/3,1/3,0)
. 6 OH™: (1/3,0,0), (0,1/3,2), (2/3,213,2)

(2/3,0,2), (0,2/3,2), (1/3,1/3,2)

2 H,0(1/3,2/3,172), (2/3,1/3,1/2)

.L’b

a

Figure 2-5:  The idealized crystal structure of a-Ni(OH)2:xH20 represented by (a)
unit cell projection and (b) ball-and-stick unit cell for x = 0.67 (actual
value varies, 0.41 < x < 0.7). Small (grey) spheres, Ni’*; large (red)
spheres, OH™; medium size (blue) spheres, H20 [18, 19]
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1 Ni: (0,0,0)
2 0: (1/3,2/3,u), (2/3,1/3,u)

2 H: (1/3,2/3,v), (2/3,1/3,v)

Figure 2-6:  The crystal structure of #-Ni(OH)2 represented by (a) unit cell projection
and (b) ball-and-stick unit cell . Medium size (grey) spheres, Ni%*; large
(red) spheres, O?7; small (pink) spheres, H* [18, 19]

2.4.1.6 Cr20zand FeCr204

Alloy 800 contains approximately 25% Cr. Even brief contact of chromium with
moist air is sufficient to create a thin oxide layer, Cr.Oz, on the alloy surface, which protects
the alloy from further rapid oxidation [20]. This oxide has a corundum structure which
consists of a hexagonal close packed array of oxide anions with 2/3 of the octahedral sites
occupied by chromium atoms (Figure 2-7) [21]. Like corundum, Cr203z is a hard, brittle
material. The band gap of Cr20z is 3.3 eV [22]. Chromium oxide is a stable oxide but in
highly oxidizing conditions Cr'' oxidizes to CrV" This leads to the dissolution of Cr as a
chromate, CrO42 [20].
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Figure 2-7:  Crystal structure of Cr203[33].

Chromium is known to form mixed oxides with many transition metal ions in a spinel
structure. In Alloy 800, Cr can combine with Fe to form FeCr204 [23]. This oxide is very
important in the corrosion of Alloy 800 under the conditions that we have studied. Like
FesO4, FeCr,04 is spinel oxide in which Fe'' occupies the tetrahedral sites and Cr'" lies at the
octahedral sites. It has been reported that the formation of FeCr2O4 is promoted at high

temperatures [23].

2.4.2 Review of Corrosion of Fe-Ni-Cr Alloys
2.4.2.1 The Behaviour of the Ni-H20 System at 25-300 °C

Predicting the corrosion behaviour of Ni Alloys requires a good understanding of the
behaviour of pure Ni metal in aqueous media, and in particular the solubility and stability of
applicable Ni species in water at 25-300 °C.

In aqueous solutions Ni' ions are stable and the Ni?* ion can exist in acidic and neutral
conditions. The known nickel hydroxyl monomers in solution are: NiOH*, Ni(OH)2 (ag),
Ni(OH)s~, and Ni(OH)s>~. The Ni""" and Ni' ions are unstable and they are reported to be
highly oxidizing [24].
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The solubility of each species can be determined by a thermodynamic relationship,

Ni?* + H,0 2 NiOH* + H* (2-10a)

_Aqueac ion [N.(OH)+][H+] . .
logK = ——=aco8 = log(l[Ni—H]) = —pHry + log[Ni(OH)*] — log[Ni?*]

(2-10b)

where AGP is the free energy of the reaction (kJ-mol™?), R is the ideal gas constant (8.314
J-mol1-K™), and T is the temperature at which the reaction takes place (K). The pHr is the
pH of the solution at the temperature T of the reaction. The total solubility for a given set of
conditions is equal to the sum of the concentrations from the individual reactions which

contribute to the dissolution of the solid.

To obtain the solubility of Ni'' at T > 25 °C, the free energy of each reaction must be
calculated to enable us to determine their equilibrium constants. According to chemical
thermodynamics the free energy of formation of a substance at temperature T, can be
determined from the free energy of formation of that substance at T1, by evaluating equation
2-11,

AGr, = AGr, + [;*dG (2-11)

where AGr, and AGr, are the free energy of formation of the substance at temperature T and

T,, and fTTlZ dG is the change in the free energy between Ty and To.
Equation 2-11 can be transformed to,
AGr, = MGy, + fTTl 2(~SdT + VdP) (2-12)

where S is the entropy of the substance and V is the standard molar volume and P is vapour

pressure.
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The contribution of VdP to the free energy of solid and dissolved substances due to
the change in vapour pressure of water between 25 °C and 300 °C is small, and may be

neglected [22]. Thus equation 2-12 reduces to

AGr, = AGy, — fTle(SdT) (2-13)
which expands to,

T, T2

AGr, = AGr, — le d(S-T) + le TdS (2-14)

and subsequently,
Ty . (0S

AGr, = AGr, — [Ty Sp, =Ty Sy, | + [1°T (£)ar (2-15)

The change in entropy with temperature can be expressed as,
T, (C)

St, = Sr, + Jy’ (?p) dT (2-16)
where C,? is the heat capacity of the substance of interest. Since,

(%) = % (2-17)

aT p T
then substitution of equations (2-16) and (2-17) into equation (2-15) gives:
T, (CS T
AGr, = AGr, — [Sr, [T, = Ty] + T, [, ° (?p) dT] + [;* C3dT (2-18)

This is the basic equation for determining the free energies of substances at elevated
temperatures from known free energies at 25 °C and heat capacities. Figure 2-8 shows the
comparison between the theoretical and experimental solubility of NiO at 150 °C, 200 °C
and 300 °C.
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Figure 2-8: Comparison between calculated and experimental solubility of NiO [24].

One of the most common ways to represent the thermodynamic stabilities of the
different metal species is with a Pourbaix, or E-pH diagram [25]. These diagrams show the
regions of potential and pH within which a particular species is the most thermodynamically
stable (stability region). Because Pourbaix diagrams do not include kinetic information, they
only provide an indication of the driving direction for a system [26]. The diagram can be
generated from the Nernst equations of the metal oxy-hydroxides [27]. The E-pH diagram
for the Ni-H20 system at 25 °C — 300 °C is presented in Figure 2-9. The areas between two

dashed lines represent the stability domain of water. The dashed vertical line indicates the
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neutral pH at the particular pH and the solid lines demarcate the stability domains of solid

phases in the Ni-H20 system.

The E-pH diagrams at 25-300 °C indicate that the thermodynamically stable solid
compounds of nickel in equilibrium with aqueous solutions are NiHos and B-Ni(OH)2/NiO.
They also indicate that nickel hydroxide is more stable than the nickel monoxide at
temperatures approximately below 200°C. As temperature increases, the region of stability

of the Ni'' oxide/hydroxide increases [24].
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Figure 2-9:  Ni Pourbaix diagram at different temperature from 25 °C to 300 °C [24]

24.22  The Behaviour of the Cr-H20 System at 25-300 °C

Figure 2-10 shows the solubility of chromic oxide Cr,03 as Cr®" CrO,™ and CrOs*

ions as a function of pH. The minimum solubility of Cr.O3) is at pH 7.0.
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Figure 2-10: Influence of pH on the solubility of Cr20O3 and Cr(OH)s, at 25 °C [25].

The E-pH diagram for the Cr-H20 system at 25 °C is shown in Figure 2-11. It can be
seen that in alkaline solutions Cr,03 is stable and can dissolve as CrO4% only at high
potentials (E > 0.25 Vsue). For Cr-containing alloys such as Alloy 800, very brief contact
with moist air is sufficient to form Cr2O3 on the alloy surface. This naturally-formed air oxide
acts as a protective layer and suppresses further oxidation. The Cr/Cr?* equilibrium is
unchanged in the temperature range of 25-150 °C, but the stability region for the Cr?* and
Cr* decreases, and the stability region for CrO4> increases. The stability region of

Cr(OH)s/Cr203 increases at low pHs but decreases at high pHs.[28].
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Figure 2-11: Pourbaix diagram of the Cr-H20 system at 25 °C with all ions at an
activity of 10-° M. The potential scale is relative to the standard hydrogen
electrode (SHE) [25]. The lines labelled 0, -2, -4 and —6 correspond to
order of concentrations of Cr3* [25]

2423  The Behaviour of the Fe-H20 System at 25-300 °C

Iron has the electron configuration [Ar]3d®4s?. The relatively low energy in the s- and
d levels makes it possible for iron to have the oxidation states 0-VI. For iron in water
solutions, the most common oxidation numbers are Il and I11. Fe (IV) and Fe (VI) might be
found in strongly alkaline solutions. The oxidation numbers —II, —I, 0 and I are usually not
stable in aqueous solutions [29]. In acidic solutions the Fe?* ion is the predominant form of
iron(ll), which hydrolyses to FeOH* and Fe(OH)2(aq) in neutral solutions and may
precipitate as Fe(OH)2(s). In alkaline solutions, anionic species, such as Fe(OH)s™ and
Fe(OH)4*, are formed. For iron(lll) the aqueous species Fe** is formed in very acidic
solutions, and it hydrolyses as pH increases to FeOH?*, Fe(OH).*, Fe(OH)s(aq) and several
polynuclear complexes like Fex(OH)** Fes(OH).°*. Iron (I11) hydroxide (Fe(OH)s(s))
precipitates in neutral solutions, but the solubility increases again in very alkaline solutions

via formation of Fe(OH)4 .
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The aqueous stable Fe species are listed in Table 2-3. Figure 2-12 shows the solubility

plot for Fe(Il) and Fe(l11) species.
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Figure 2-12: Solubility of Fe(ll) and Fe(l11) in agueous environment at 25 °C [30].

Table 2-3:  Thermodynamic data for iron species [29]

Species ArG° S° Co° T/(j KT mol ™) = a+bT+cT 2
(kJmol™?) @K™ a B c
mol™?)
Fe(cr) 0 27.28 28.18 —7.32 —0.290
Fez0a(cr) -1012.57 146.14 2659.108 —2521.53 20.7344
a-Fe>03(cr) —744.3 87.40 —838.61 —2343.4
Fe(OH)o(cr)  —491.98 88 116.064 8.648 ~2.874
o-FeOOH(cr) —485.3 60.4 49.37 83.68
Fe(OH)s(cr) —705.29 106.7 127.612 41.639 —4.217
Fe?* -91.88 -105.6 -2
FeOH" —270.80 -120 450
Fe(OH)2(aq) —447.43 —80 435
Fe(OH)s~ ~612.65 ~70 560
Fe(OH).> —775.87 ~170 600
Fe3* -17.59 —276.94 —143
FeOH?* —242.23 -118 50
Fe(OH),* ~459.50 8 230
Fe(OH)s(aq)  —660.51 30 365
Fe(OH)s~ ~842.85 45 300
Fe(OH)s*~ —322 37.7 -212
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The Pourbaix diagrams for iron species at 25 °C — 300 °C are presented in Figure
2-13.
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Figure 2-13: E-pH diagram for pure iron at temperature 25 °C to 300 °C [29].

The results show that the Fe(OH)2(cr) is stable at T < 85 °C, and therefore the
Schikorr reaction [29] is not thermodynamically possible above this temperature. In addition,
Fe(OH)s(cr) and goethite (a-FeOOH) are not thermodynamically stable at any temperature
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and the stable form of Fe(lll) is hematite. In addition, the Fe3" cation is only stable at

temperatures below 100 °C in acidic environments.
2.4.24  Pourbaix Diagram for the Ternary Fe-Cr-Ni System

Beverskog and Puigdomenech [31] calculated Pourbaix diagrams for the ternary
system of Fe-Cr-Ni at 25 °C to 300 °C. These calculations are needed because with this
alloying system and at elevated temperatures, mixed-cation spinel formation is possible.
Their results show that, depending on the metallic composition of the alloy, the passive film
may be built up by different oxides. One group of oxides, formed hydrothermally, has the
spinel structure. Spinels are very corrosion resistant and have very low solubilities. The
system Fe-Cr-Ni-O-H contains four spinel oxides: magnetite (FezO4), trevorite (NiFe204),
chromite (FeCr204), and nichromite (NiCr204). Figure 2-14, Figure 2-15 and Figure 2-16
show the Pourbaix diagram for Fe, Cr and Ni in the ternary system. The high stability of the
bimetallic spinel oxides (trevorite [NiFe2O4], chromite [FeCr.04], and nichromite
[NiCr204]) is indicated by their large stability regions at the top of their single metal Pourbaix
diagrams. NiFe2O4 has the largest stability area of the spinels, covering the entire potential
range for the stability of water at intermediate pH. FeCr204 has a stability area located around
the hydrogen line. NiCr204 has the smallest stability area and is the least stable of the

bimetallic spinels.
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Figure 2-14: Pourbaix diagrams for iron species in the ternary system of Fe-Cr-Ni at:

(@) 25°C, (b) 100°C, (c) 200°C, and (d) 300°C and [Fe(aq)]tot =
[Cr(ag)]tot = [Ni(aqg)]tot = 10-° molal [31].
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Figure 2-15: Pourbaix diagrams for chromium species in the ternary system of Fe-Cr-
Ni at: (a) 25°C, (b) 100°C, (c) 200°C, and (d) 300°C and [Fe(aq)]tot =

[Cr(aq)]tot = [Ni(aqg)]Jtot = 10-° molal [31].
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Figure 2-16: Pourbaix diagrams for nickel species in the ternary system of Fe-Cr-Ni at:

(@) 25°C, (b) 100°C, (c) 200°C, and (d) 300°C and [Fe(aq)]tot =
[Cr(ag)]tot = [Ni(aqg)]tot = 10-¢ molal [31].

2.4.3 Corrosion of Fe-Cr-Ni alloys

Oxide film formation and corrosion of Fe-Cr-Ni alloys in general and Alloy 800 in

particular have been investigated extensively. A few of these studies that focus on the
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corrosion of Fe-Cr-Ni alloys in the nuclear industry and describe oxide film formation are

presented here.

Li et al. (2013) [32] studied corrosion of Alloy 800 and 690 in simulated primary
water by means of electrochemical experiments. Their results show that increases in pressure
and temperature shift the corrosion potential toward more negative values for both Alloy 690
and Alloy 800. They concluded that Alloy 690 shows a better corrosion resistance than Alloy
800 under their experimental conditions.

Le Canut et al. (2004) [33] used electrochemical techniques to compare the corrosion
resistance of Ni-based alloys in sulphate solution at 320 °C, at neutral and slightly alkaline
pHs. They found that the passive layers are more stable in neutral conditions. They attributed
this observation to the formation of more stable chromium oxide on the surface at near
neutral pH. According to their presented results, alloys 600TT and 690 showed the best
passivity. Their results also show that at alkaline pH, the passivation currents were higher
than those obtained at neutral pH and the alloys have a similar behaviour. Based on their

results, they claimed that the reduction of sulphates to sulphides is possible.

Crum and Scarberry (1982) [34] studied corrosion of Alloy 690 in a PWR steam
generator environment. Their tests in nitric acid and nitric hydrofluoric acid demonstrate that
Alloy 690, with its higher chromium content than Alloy 600, shows a very good resistance
to highly oxidizing environments. Their extensive laboratory testing indicates that the alloy
IS very resistant to cracking in water over a wide range of high temperatures and oxygen
concentrations, in the presence of crevices and lead or chloride contamination. The analysis
by the authors confirms that Alloy 690 releases a negligible amount of material when
exposed to high velocity water at elevated temperatures. Their SCC experiments show that
in constant extension rate tests, Alloy 690 resists crack propagation in a deaerated sodium
hydroxide environment better than Alloy 600. Based on long time-duration experiments, they
also found a greater resistance of Alloy 690 to intergranular attack in deaerated corrosive
solutions than Alloy 600. Finally, they suggested that Alloy 690 offers the necessary
resistance to the highly oxidizing environments and high temperature oxidation conditions

for radioactive waste disposal involving nitric hydrofluoric acid dissolution and vitrification.
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Crum (1986) [35] also studied the effects of heat treatment, carbon content, and
microstructure on the SCC of Alloy 690 and 600 and found the same results as presented in
1982.

Wang et al. (2016) [36] examined the effects of temperature on the electrochemical
behaviour and oxide film properties of Alloy 800 in hydrogenated high temperature water.
According to their results, the corrosion resistance of Alloy 800 passes through a local
minimum at 250 °C. They found that the kinetic controlling step of the growth of oxide films
changes from the diffusion of ions in the aqueous phase to the growth of a Cr-rich barrier
layer at 200-300 °C. Finally, they proposed a modified model to explain the effect of
temperature on the oxide film properties on Alloy 800 in hydrogenated high temperature

water.

Marcus and Grimal (1992) [37] investigated the surface compositions of two Ni-Cr-
Fe alloys (Ni-21Cr-8Fe (at%) single crystal and Ni-17Cr-10Fe) by angle-resolved electron
spectroscopy for chemical analysis (ESCA), after polarization in the passive state or in the
active state in 0.05 M H2SOs4. They found that the passive layer formed on Ni-21Cr-8Fe
(100) has a bilayer structure. The inner layer is an oxide film and the outer part is made of a
hydroxide layer. In terms of film composition, their results indicate that the film is enriched
with chromium oxide and hydroxide. The composition of the inner oxide layer is determined
to be 96% Cr.Osz and 4% Fe;Os; and there was no detectable Ni?*. The outer layer is
composed completely of chromium hydroxide. They observed that the thickness increases
when the applied potential increases. They found the same result for the Ni-17Cr-10Fe alloy,
except that the film was slightly thicker. Their results reveal that the first metallic plane under
the passive film is enriched in Cr (~43%). When the applied potential is in the active region,
there is a monolayer on the surface that contains all three element cations. However, it is still
enriched in Cr¥". In this case they observed a higher chromium enrichment under the passive

film and attributed it to the selective dissolution of Fe and Ni that happens on this alloy.

Sik Hwang et al., (1997) [38] studied the effects of Pb on the passive film of Alloy
600 using polarization and immersion tests. Using the polarization technique, they observed

anodic dissolution behavior in water with up to 500 ppm of PbO at pH 4 and pH 10 at 90°C.
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Their results indicate that as Pb concentration increased, the critical current densities of Alloy
600 increased at both pH 4 and pH 10. Their immersion tests at 250 °C with lead
concentrations of 0, 25, and 250 ppm suggest that at pH 10, the outermost surface films were
enriched in Cr and depleted in Ni with increased levels of Pb, but the inner layer showed the
opposite trend. The ICP solution analysis results indicated that higher concentrations of Ni

were found with increased levels of Pb, which suggests that Pb facilitates Ni dissolution.

The effects of cold work on the oxidation behaviour and carburization resistance of
Alloy 800 were investigated by Leistikow et al., (1987) [39]. Their results indicate the role
of the grain boundaries as easy diffusion paths for Cr and Mn to the alloy/oxide interface on
the structure of the oxide layer formed on Alloy 800 at 600 °C in superheated steam. In their
work the number of grain boundaries increased by applying 10-90% cold work and the
consequence was a higher fraction of Cr and Mn in the oxide that forms on the surface. They

observed a linear relationship between the oxide growth rate and the alloy grain size.

Faichuk (2013) [40] explored corrosion and the oxide film properties of Alloy 600
and Alloy 800. Her work indicates that Alloy 800 is more corrosion resistant than Alloy 600.
This observation was attributed to the easier formation of a Cr.Oz barrier layer due to the
higher Fe content. For Alloy 600, the more noble Ni is not so readily segregated to the outer

surface which results in the formation of a thinner, less protective barrier layer.

Nickchi and Alfantazi (2010 - 2013) [41-44], in a series of works, investigated the
effect of sulphate on corrosion of Alloy 800 in hydrogen peroxide-containing solutions at
temperatures between 25-200 °C. Their electrochemical investigations are an indication of
possibly active behaviour after 24 h corrosion in 25 mM sodium sulphate solution in the
absence of hydrogen peroxide. However, the alloy undergoes active—passive transition in
solutions containing 10™* M hydrogen peroxide. The polarization resistance data
demonstrated that the passive film continues thickening after corrosion potential stabilization

in the presence of H20..

Xia et al. (2014) [45] studied the effect of pH on the sulphur-induced passivity
degradation of Alloy 800. Their experimental results reveal the significance of the solution

pH on the effect of impurities containing sulphur at the reduced or intermediate oxidation
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level (S¥) on the passivity of Alloy 800. Impurities containing sulphur at the reduced or
intermediate oxidation level would cause Alloy 800 to lose its passivity and become active
in an acidic crevice chemistry. Experimental evidence also indicates that the solution pH
alters the semiconductor type of the surface film from n-type in neutral crevice solutions to

p-type in alkaline crevice solutions.

Hickling and Wieling (1981) [46] investigated the resistance of Alloy 800 to pitting
corrosion at elevated temperatures. They suggest that for the SG, the electrochemical data
indicate that a larger margin of resistance to pitting attack is achieved by using Alloy 800
rather than 600. Their experimental results indicate that to prevent pitting corrosion the SG
secondary water chemistry must be strictly controlled, and maintaining low oxygen levels in
the water must be considered at least as important as the control of chloride contamination.
An important conclusion from their work is that the danger of pitting attack in PWR SG may
be at a maximum at temperatures considerably below those in normal operating conditions.
Thus, particular attention should be paid to water chemistry during periods of intermediate

temperatures.

Edwards and Mclintyre (2013) [47] studied oxides on the Alloy 800 surface in dilute
O2 gas at a temperature of 300 °C. They observed a multi-layered oxide film composed of
an exterior y-Fe2O3 with a Cr20z layer at the oxide—metal interface. This oxide film also
contains significant concentrations of NiCr204. They could also detect minor concentrations
of another spinel oxide, NiFe>O4. According to their analysis, the kinetics of oxide growth
were found to follow a direct logarithmic relationship suggesting that the oxide would be

suitably protective.

Huang et al. (2009) [48] investigated the influence of pH on the electrochemical
properties of passive films formed on Alloy 690 in high temperature aqueous environments.
They observed that the chemical compositions and electronic structures of the passive films
are strongly pH-dependent. According to their results, the passive film is a mixture of
Cr203 and FeCr204 below the flat band potential of nickel oxide and NiFe.O4 above this

potential.
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Persaud et al. [49-55], in a series of works, studied the effect of different anions and
the presence of hydrogen on the uniform, SCC and internal corrosion of Ni-based alloys,
using electrochemical experiments and surface analysis techniques. Their findings indicate
that in a mixture of chloride and sulfate anions, sulfate acts as an aggressive anion for
corrosion of Ni and Ni-based alloys. It was shown that Alloy 800 is susceptible to SCC while
Ni and Ni-rich alloys show faster general corrosion. They found that sulfate reduction at the
tip of a crack is possible and sulphur formation is more favourable than oxide formation in
the crack. Their studies exposing the alloys to high temperature environmenst in the presence
of hydrogen resulted in expulsion of Ni to the surface and internal oxidation of Cr at the grain
boundaries. The thickness of the oxide depends on the alloy chemical composition but it was
suggested that this chromium oxide formation at the grain boundaries is responsible for the
alloy embrittlement and intergranular progression of cracks in SCC.

Mclntyre et al. [56] found that because of the pH change in the secondary system
water chemistry, different alloys show different behaviours. Monel 400, which does not have
enough chromium to form a chromium oxide layer on the surface, cannot restrict transport
of Ni to the solution and sulphide crystals grows on the surface of the Monel 400 alloy even
when subjected to a period of mildly acidic pH. However, for Alloy 600, 800 and 690, the
initial acid exposure resulted in the growth of a chromium-rich surface corrosion product
film on all alloys and the precipitation of nickel-rich sulphates. When pH increased to a
higher value, the alloy again had chromium-rich surface oxides but also exhibited sulphide
crystallites adhering to the base oxide, particularly for Inconel 600. They attributed the
tendency to retain these sulphides to the porosity of the protective oxide through which nickel

is transported to the solution.

Marchetti et al. [57-65], in a series of works, studied general corrosion and oxide
formation on Fe-Cr-Ni alloys in primary coolant water conditions and presented a kinetic
model based on their results, focusing on the link between the alloy subsurface defects

density and the shape of the oxidation kinetic curves.

There are also numerous studies on the corrosion of Fe-Cr-Ni alloys in the SCW

environment. Choudhary et al. [66] reported a reduction in the dissolved hydrogen level and
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the apparent corrosion rate when the Ni content of an alloy increased. Data presented by
Steeves et al. [67] reveals that the oxidation mechanism changes with temperature, with
electrochemical oxidation occurring at subcritical temperatures and direct chemical
oxidation at supercritical temperatures. They also demonstrated that the corrosion rate goes
through a local maximum around the critical point but that the overall alloy corrosion rate

increases with increasing temperature, as would be expected.

Tan et al. [23, 68-70] reported that when Alloy 800 with different treatments (as-
received and grain boundary treated (GBE)) are exposed to SCW corrosion conditions, at
different temperatures and oxygen content for different times, oxidation was observed as the
primary corrosion behavior of the alloy with significantly mitigated oxide exfoliation on the
GBE-treated samples compared to that on the as-received samples. They also observed larger
weight gains on the treated samples with a near linear rate law at 500 °C and possibly a cubic
rate law at 600 °C for the growth of the oxide scales. They suggested an outer Fe-enriched
oxide on top of an inner Cr-enriched oxide layer with semi-continuous pure Ni at the
interface of metal and oxide. This is very consistent with what Sun et al., [71], Rodriguez
and Chidambaram [72] and Svishchev et al. [73] observed when stainless steel 316 (316 SS)
was exposed to the SCW environment under different conditions. The same oxide layer

structure has been reported for other alloying systems under SCW corrosion [74-87]

Choudhry et al. [88] presented an online monitoring study for oxide formation and
dissolution on Alloy 800 in SCW by measuring oxygen, hydrogen and metal release to the
solution. Their results suggest that oxide film formation on Alloy 800H can be divided into
five distinct stages. They noticed that the effect of flow rate on the metal release was small
relative to the effect of temperature for Fe, Ni and Mn, but significant for Cr and Al. Their
data show that the formation of a steady-state film requires several hundred hours, and the

time required increases with increasing temperature.

In general, for the use of Fe-Cr-Ni alloys in SCW conditions, it has been shown that
stainless steel 300-series alloys have a comparable corrosion rate with that of Ni-based alloys
up to 550 °C but their corrosion resistance increases rapidly as temperature increases [89]. It

was also shown that the corrosion behaviour of these alloys under SCW can be simulated by
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doing experiments under 100% humidity steam environment, albeit with slower rates [90,
91].

2.5 Review of current oxide growth models

Several corrosion models have been developed for predicting oxide growth rates and
mechanisms on the surface of metals and alloys. To obtain the rate of corrosion under a given
driving force (V), many of these models focus on solving the transport rate equations for
individual charge carriers (interstitial cations and anions, cation and anion vacancies, and
electrons and holes) across the oxide film, as well as the rates of creation of these charge
species at the respective interfaces (i.e. electrochemical redox reaction rates). Since the rate
of charge transport (charge flux) depends on the electric field gradient (electric potential),
the electrochemical potentials of the metal and the oxide and the solution phases are
important parameters in determining the corrosion rate. These potentials may change with
time as corrosion progresses. In these models, it is considered that the driving force for oxide
formation in a metal/oxide/electrolyte system comprises three parts (Figure 2-17): (i) the
potential drop at the metal/oxide interface (oms) that controls the internal interfacial
reactions, (ii) the potential drop at the oxide/electrolyte interface (ofs) that controls the
external interfacial reactions and (iii) the potential drop in the oxide layer (¢f) that controls
the transport mechanisms across the oxide film. Thus, the oxide layer is the result of complex
processes combining transport through the oxide and interfacial reactions. Four of these

models are reviewed here.
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Figure 2-17: Scheme of the potential drop in the metal/oxide/solution system [92]. In
this figure V is the driving force for corrosion, @ms is the potential derop
at the metal / film interface, s is thepotential derop at the film and
solution interface and ¢ is the potential dero inside the film.

2.5.1 Cabrera-Mott model

This is one of the first models developed for oxide film formation on metal alloys
[93-96]. There are three main assumptions in this model:

1. They consider that the oxide grows by the interstitial transport of cations

across the oxide film (transport (Im) in Figure 2-18) to the oxide/solution

interface, which then react with the electrolyte (reaction (g) in Figure 2-18).

2. The electric field € set up in the oxide film controls the activation energy of

the rate-limiting step (& = ¢f/X).

3. For thick oxide films that have a weak electric field a parabolic growth law
(x=VEt, where E is a constant) is used because of the assumption that the
limiting step is the transport of cations through the oxide (transport Im in
Figure 2-18). For thin oxide films (strong electric field) the oxide growth law

is logarithmic because of the slow rate of injection of cations at the
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metal/oxide interface (reaction (c) in Figure 2-18). In this case, the rate of

oxide growth is calculated as: x~! = A — B In(t). (A and B are constants)

Some of the limitations of this model are:

1. The model has initially been developed to describe oxides formed in air. Thus,
the potential drop at the oxide/solution interface that is responsible for the
dissolution of the oxide film according to reaction (i) in Figure 2-18, is not
considered. This means that in this model the pH of the solution does not

affect the oxide growth kinetics, although it is known to affect it.

2. The authors assume that oxide thickening reduces the activation energy for
the rate-limiting step but does not affect the potential drop at the metal/oxide

interface.

3. This model is only applicable for the pure metals and cannot be applied to

alloys.
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Figure 2-18: Scheme describing the reaction and transport processes involved in the
system metal/oxide/electrolyte during the growth of the oxide layer [92].

The Fehlner-Mott model [96] is a modified Cabrera-Mott model with similar
assumptions. The modifications to the model are as follows: (a) The transport of interstitial
anions across the oxide film is assumed to be responsible for the oxide growth. (b) The
transport of the anions in the film is assumed to be the only rate-limiting step and it is assisted
by the electric field. (c) The electric field is assumed to be constant and to not vary with the
oxide thickness. However, the activation energy of the transport of anions across the film
(the rate-limiting step) is considered to increase linearly with the oxide thickness (Wa = W°
+ px, where W and 1 are constants for a given oxide structure) as was originally proposed
by Eley and Wilkinson in 1960 [97]. This assumption of activation energy increasing linearly

with the oxide thickness yields a logarithmic growth law:

x=A+Bin (t + to) (2-19)
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where A and B are parameters depending on p and to. The same limitations for the Cabrera-
Mott model apply for this model. One of the main drawbacks of this model is that it does not
allow for an accurate description of the behaviour of anodically-formed oxide films. In this
model, it is assumed that the electric field is not dependent on the oxide thickness (&=

constant). Also, no interfacial potential is considered; a more accurate approach for

anodically-formed oxide films is to define the electric field as s:V‘lxﬂ where Vepp is the

applied potential and x is the oxide thickness. In general, the assumptions of this model do

not reflect a correct physical description of the mechanisms involved.
2.5.2 Point Defect Model (PDM)

This model was initially developed in 1981 by Macdonald et al. to model the growth
of oxide films formed in electrochemical reactions. This model was the first to include
interfacial potential drops in the description of anodic oxide film growth on metals. It was
then improved to take into account different factors affecting oxide formation, oxide
dissolution and localized corrosion [98-121]. In its original version [119, 120] the main
assumptions of this model are:

a. The mechanism of oxide growth involves the transport of oxygen vacancies
from the metal / oxide interface to the oxide / solution interface (Vo in Figure
2-18). This process to be considered as the rate limiting step for oxide

growth.

b. The oxide dissolution occurs via the diffusion of interstitial cations and / or

cation vacancies (f and d on Figure 2-18, respectively).
c. The electric field does not change across the oxide (&= constant).
In this case, the oxide growth law is formulated as:
x = %(ln(ZK A(B-1) +1Int) (2-20)

Where A, B and K are constants. In this model, the potential drops at the interfaces are

assumed to be functions of the pH and the applied potential Vapp. This model was later
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extended for interfacial controlled oxide growth [121] by implementing another logarithmic
law, a function of pH and the applied potential (Vapp). The modified oxide growth law is
then:

X = Xp—g + %ln(l + Ab exp[—bx;—o] t) (2-21)

In this model oxide dissolution at the oxide/electrolyte interface, reaction (i) in Figure
2-18 is also considered. The oxide chemical dissolution rate is formulated as:

V= ks[H+]m (2‘20)

where ks is the rate constant that depends on the oxide/electrolyte interface potential drop

and m the order of the reaction.

2.5.3 Mixed conduction model (MCM)

The PDM model was modified by Bojinov et al. to work for alloying systems in order
to develop the mixed conduction model (MCM). This model emphasizes the coupling
between ionic and electronic defects in quasi-steady-state passive films [122-139]. The
electronic properties of the oxide layer can be determined by this model as well as the main
kinetics and transport parameters. These parameters are then used to calculate the steady-
state current density, the oxide film impedance response and the time dependent oxide
thickness on many alloys. According to the MCM model, the passive film is considered as a
doped n-type—insulator-p-type semiconductor junction. They suggested that at a high
positive potential the concentration of ionic defects and electron holes reaches a critical value
for the film to act as a conductor. At this potential, oxidation of chromium oxide to CrV' and
/ or oxygen evolution happens on the film surface. The electronic conductivity is formulated
for both DC and AC experiments. For DC it is:

Oe OCMeFCmin (2'213-)
kskq i L kqia k
Comin = Z[kiT:’i]o'S exp (— Z) +—r+ DL,’: (2-21b)
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In these equations pe is the mobility of electronic charge carrier, k is the rate constant of the
reaction(s) involved in the process, L is the thickness of the film or of the space charge layer,
a is atomic jump distance and D; and Dw are diffusion coefficient of interstitial cations and
cation vacancies respectively. The definitions of the parameters can be found in [139]. For

AC conditions, it is estimated as:

o= (22t 152 o (52) 5 =

Where x is distance within the film, and De is diffusion coefficient of electron. The rest of

the parameters are similar to the DC case (for the meaning of each parameter refer to [139]).

In the MCM model, like the PDM model, the system is assumed to be at quasi-steady-
state. As discussed previously for PDM, this model also considers that the interfacial
potential drop at the oxide/film interface and the electric field in the oxide remain constant

during oxide growth, which is valid for the stationary condition.

2.5.4 Generalized Model for Oxide Film Growth

Seyeux et al. present a “generalized model” [92, 140] for the kinetics of oxide growth.
In this model, they included the evolution of the interfacial potential drops as well as the
variation of the electric field in the growing oxide during the film growth. According to the
authors, this new model can describe the growth of oxide films on alloys under non-steady-
state conditions. In this model, two different conditions are considered, oxide growth
controlled by charge transport through the oxide, and controlled by injection of metal cations
at the metal oxide interface. In the case of the transport-controlled condition, the flux of

movement of each species is given by:

o F[w§1+AV(1—af(x>]] -
i exp|qi————|-C;
Ji= .F<Pf(x)D_* i L T e (2-23)
PO Rrx TH Flp+AV(1-af (x)]
exp|qi———F7— |1
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Where C;l.,/r and Ci|f,s are concentrations of species i at the metal/oxide and oxide
lelectrolyte interfaces, respectively. ¢ (x) is oxide potential drop, X is oxide thickness, a is
a positive constant less than 1, AV is potential variation, q; and D;" are charge and diffusion
coefficient of species i. When the oxide growth is controlled by cation injection, the rate of
growth is given by:

dx Q0

— = —=9CH exp (— (2-24)

kT

WIM_en‘Pm/f
dt ~ Ny

Qis molar volume of oxide per Cr cation, Nv is Avogadro’s number, C} is concentration of
M in the metal, ¢ is vibration frequency of M and W} is the activation energy of the reaction.
They also formulated the rate of cation dissolution as:

E e(pfs(d)+af (x)Av
Vaiss = k® exp ( -+ [t ) [HH]™ (2-25)

The parameters are defined in [92].

None of the above-mentioned models express the potentials that control the charge
transport rates as a function of experimentally quantifiable potentials such as E_,. or E,q .
The models assign different rates for the transport of different charge carriers across the solid
oxide phase (ions, ion vacancies, electrons and holes). The individual transport rate
parameters are difficult to verify, and this limits the predictive capabilities and the
application ranges of these models. Oddly, mass and charge balance for the overall corrosion

process, clear physical requirements, are not generally invoked in these models.

2.6 Radiation and Water Radiolysis

2.6.1 Radiation Chemistry

This thesis examines the effect of ionizing radiation on the corrosion of Alloy 800.
Hence, this section provides a brief overview of the chemistry induced in water by ionizing

radiation.
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Radiation chemistry is the study of the chemical effects produced in a system when
exposed to high-energy ionizing radiation. lonizing radiation includes high-energy charged
particles (e.g., o and P particles), fast electrons from accelerators, and electromagnetic
radiation (e.g., x-rays and y-rays). The most common sources of ionizing radiation are
nuclear fission and radioactive isotope decay, but ionizing radiation can also be created by
high energy particle accelerators. The energy of a radiation particle or photon emitted from
a radionuclide is characteristic of the nuclide [141]. For example, the y-rays emitted during
the p-decay of ®°Co have energies of 1.332 MeV and 1.173 MeV. The energy of P particles
and photons from radionuclide decay typically range from 0.1 MeV to 5 MeV[141]. Particles
with this energy cannot induce nuclear reactions but the energy is much higher than that
required to ionize atoms and molecules (typically 10s of eV).

When radiation interacts with matter it leaves a track of ionized particles and hence
is known as ionizing radiation. The main energy transfer mechanism from a radiation particle
or photon to an interacting solvent medium is an inelastic collision whose probability
depends on the electron density of the solvent molecules. The rate of energy loss from the
radiation particle (or the rate of energy absorbed by the coolant) is nearly independent of the
initial energy of the radiation particle or photon. In determining the chemical effects of
ionizing radiation on a medium it is the energy transfer rate per unit mass of the medium that
counts. This is referred to as the linear energy transfer (LET) rate. The LET rate depends on
the type of radiation and the interacting medium. For a given medium, it is higher for a-
particles (due to their large size and charge), lower for B-particles, and lowest for y-photons
[142].

The different LET rates result in different average penetration depths. The depth
depends on the mass density (and more importantly the electron density) of the medium. For
water at room temperature the penetration depths are: 20 — 25 um for a-particles, 0.5 — 1.0
cm for B-particles, and tens of cm for y-photons. These depths are the distances into the
medium at which the incident energy flux is reduced by 50%. For a-radiation, the incident
energy is deposited in a small volume very near the radiation source, while for § and y the
energy is deposited throughout the medium. Alpha particles are considered high LET

radiation while B and vy are considered low LET radiation. Because o-particles can be
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‘stopped’ by thin layers of material and because they deposit their energy in very small
volumes, they play little role in the radiolysis of water systems. Alpha radiation is largely
confined to nuclear fuel and fuel cladding in a nuclear reactor. Hence in the following
discussion we only focus on the interaction of low LET radiation with water. The total
radiation energy depends on not only the energy of individual particles or photons but also
on the number of the particles/photons. The estimated radiation flux (or radiation dose rate)
of low LET radiation to the coolant in the core of a nuclear reactor ranges from 1000 to 4500
kGy-h™! (1 Gy =1J-kg?) [143]. The LET rate is important in determining the density of ions
and electronically excited molecules that are formed along the radiation track. Since this
density can affect further collision/reactions of species in the track, it will have consequences
on the yields of radiolysis products that reach the bulk phase (after diffusing out of the

localized zone near the track) where they can undergo bulk chemical reactions.

Due to their high initial energy, each B-particle or y-photon undergoes many
collisions while it loses energy. Eventually the collisions will reduce the energy of the
residual electrons to the average kinetic energy of the medium being irradiated and the
electrons are “thermalized”. The high energy B or y interactions do not depend on the
chemical nature of the target matter; to a first order they only depend on the relative
abundance of electrons in the interacting matter. This is an important consideration when
irradiating dilute solutions. The total mass of the solutes in such solutions is very much less
than the mass of the surrounding water. Hence, the probability of an incident 3 particle or y
photon interacting with a solute molecule is very small compared to the probability of
interacting with a water molecule. For this reason, chemical processes induced by low LET
radiation of solutions are often referred to as solvent-oriented processes (as opposed to

solute-oriented processes).

lonizing radiation transfers its energy to an interacting medium mainly by colliding
non-discriminately with the electrons bound to atoms and molecules in the medium. The
difference between 3 and y-radiation lies mainly in the different nature of the interactions.
For B particles the energy is transferred directly via inelastic collisions between the incident
fast electron and the quasi-stationary bound electrons. Such collisions can result in the

ejection of a secondary electron from the target molecule leaving behind an ionized and
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excited molecule (or atom). For y-radiation the interaction is more complicated. It involves
a photo-electron process called Compton scattering which results in a lower energy photon
and an ejected electron [142, 144-146]. The Compton-scattered electron (a high energy
‘primary’ electron) behaves very much like a B-particle in its subsequent collisions with
medium molecules and this is why the chemical effects induced by both 3 and y radiation in
water (for the same absorbed energy) are essentially the same. The probability of a Compton
scattering event is much lower than the probability of an electron scattering event (because
the latter is a direct charge-charge interaction). This allows gamma rays to penetrate a
medium much more deeply than a B-particle with the same incident energy. However, once
a y-photon produces a high energy secondary electron, the subsequent radiation deposition
Is the same for 3 and y. Hence, we do not distinguish between them in their chemical impacts

on solutions and refer to both as a radiation particle hereafter.

The average energy transferred from a radiation particle to a water molecule, per
collision, typically ranges from 60 to 100 eV [142, 147]. This amount of energy is a very
small fraction of the initial energy of the radiation particle so that individual collisions do
not slow the particle much or change its path direction appreciably. The radiation particle
moves in a straight line that is described as a radiation track. The initial consequence of each
energy transfer collision is ionization and/or electronic excitation of a water molecule. The
result is creation of ion pairs (H20+" and e hot) or electronically excited water molecules
(H20%*) along the radiation track. The electron of this ion pair is labelled as ‘hot’ because it
has a kinetic energy that is sufficient to excite or ionize one or more neighbouring water
molecules (the 60 - 100 eV transferred in a collision is well in excess of the ionization energy
of a water molecule (12.6 eV) [144]). Secondary (or even tertiary) ionization caused by this
‘hot” electron will occur very near the location of the first ionization that created the ‘hot’
electron (because the ‘hot’ electron kinetic energy is low, it won’t move very far). This
results in clusters of 2-3 ion pairs (or excited water molecules) along the radiation track. This
cluster is referred to as a “spur” and is illustrated in Figure 2-19 [142, 147]. Any
electronically excited water molecules that arise because of a ‘hot’ electron impact have the

option of being stabilized (by radiative decay and de-excitation collisions with other water
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molecules), dissociating into an ion pair (with a low kinetic energy), or separating into free

radical fragments (such as *OH and *H).
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Figure 2-19: The radiation track of a fast electron showing spurs (spur size not to
scale) [21].

The density of spurs along a radiation track is an important parameter in determining
the chemical yields of radiolysis products. The spur density depends mainly on the collision
rate of the radiation particle with the bound electrons in the water molecules. If the spurs are
close enough together the ions and radicals in a spur can interact with those of an adjacent
spur before they diffuse into the bulk water phase. Also, if the spur density is sufficiently
high, these interactions can lead to a lower net decomposition rate of water (per absorbed

energy unit) and a higher ratio of molecular to radical primary radiolysis products.

Figure 2-20 illustrates in detail the process breakdown of water into radiolysis
products in the presence on ionizing radiation and subsequent reactions starting from the
instantaneous interaction of a radiation particle with a molecule to the formation of the
primary radiolysis products. lonizing radiation initially produces a series of spurs of 2-3 ion
pairs (electrons and water cations) or excited water molecules along a radiation track. As

these species diffuse out, expanding the spurs, they can undergo dissociation, recombination
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and ion-molecule reactions to form radical and molecular products as schematically

represented in Figure 2-20.

Time (s) Tracks and Spurs
HO < By "
1016 .2
é ° ... o O ....
* s - 3
HO*  HO*, e o B
(]
H,0 =]
=
_ 10 &
He++OH _ +OH +H,0* -eaq\ 0" &
’ J v v 1\; \4 107 a ‘
H2 'OH H202 30+ OH H' eaq "3
£
:
104 §
H, H0, 0, H,0 |[Stable products S
£
o
I

Figure 2-20: Schematic of water radiolysis as a function of time following absorption
of a single pulse of radiation energy. The figure on the right hand panel
shows the expansion of spurs with time.

The distribution of the radiolysis products in the solution is initially inhomogeneous
but it becomes homogeneous as the spurs expand. The homogeneous distribution is reached
in less than 10 s in water. This time is shorter than the time required for bulk aqueous phase
chemistry to take place. For this reason, the products formed at this stage are referred to as
the primary radiolysis products, even though they are not the very first species created by the
interaction of a radiation particle. The chemical yields per absorbed energy at this stage are
known as the primary radiolysis yields, commonly referred to as G-values (umol-J%). For
gamma-radiolysis of water the primary yields (G values in units of pmol-J) at different

temperatures are listed in Table 2-4 [142].
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Table 2-4: The primary yields (umol-J-!) from y-radiolysis of liquid water at different
temperatures [21].

Tem{leé;‘t”re G(exq) G(Hz) G(H) G(OH) G(H202)
25 0.275 0.044 0.06 0.281 0.071
50 0.285 0.045 0.064 0.307 0.067
100 0.310 0.047 0.071 0.357 0.059
150 0.331 0.049 0.08 0.407 0.051
200 0.346 0.051 0.094 0.457 0.043
250 0.351 0.056 0.118 0.512 0.035
300 0.343 0.064 0.156 0.574 0.043
350 0.319 0.076 0.211 0.645 0.019

After formation, the primary radiolysis products continue to react with each other,
solvent water ions (H* and OH-), water molecules and, if present, solute species. These
subsequent processes following the attainment of the homogeneous “out-of-spur”
distribution of the radiolysis products can be described very effectively by classical reaction
kinetic rate equations. Nevertheless, the chemical system is still very complex because of the
number of primary radiolysis products, the large number of reactions that can occur and the
coupling of these reactions, as schematically shown in Figure 2-21. About 50 elementary

reactions are required to describe the radiolysis kinetics of the pure water system.

In the case of continuous irradiation over a time period that is long compared to
chemical reaction rates (>ms), primary radiolysis products are produced continuously and
their concentrations reach a steady state on a time scale of seconds [142, 148, 149]. The
reactions of secondary radiolysis products, the reverse reactions of acid-base equilibria of
various radiolysis products and cyclic reactions contribute significantly to the net radiolysis
kinetics and the steady-state concentrations. In most practical environments where there is a
radiation source present, irradiation will be continuous and the pseudo-steady-state
concentrations of radiolysis products will dictate the effect of irradiation on the system (such
as the rate of corrosion or degradation of nuclear reactor structural materials in or near a

reactor core). Solid/liquid interfacial reactions such as corrosion generally occur over much
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longer time scales (hours to years). Thus, the rates of the interfacial reactions are dictated by

the long-term steady-state concentrations of reactive species.
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Figure 2-21: Schematic of water radiolysis reaction mechanism under long-term
(>ms) continuous irradiation.

To determine the effect of pH and temperature on the net radiolytic production of Hy,
O, and H.O, and to establish the relationship between the measurable quantities
(concentrations of the molecular products) and non-measurable quantities (the

concentrations of radical species) a computational model has been developed [149].

Model calculations predict the effect of pH on the net radiolysis under deaerated
conditions at 25 °C and 150 °C with dose rate 4.5 kG-h™ as shown in Figure 2-22 and Figure
2-23. These figures show the time evolution of the chemistry in water when exposed to a
continuous flux of radiation that is turned on at time 0. The model results show that the
radiolysis product behaviours at pH2s.c 6.0 and 10.6 are the same at short times (< 10 ps) but

diverge considerably at longer times (> 1 s). This is because the short-term chemistry is
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mostly determined by the primary radiolysis rate while longer term chemistry involves more
chemical reactions.
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Figure 2-22: Model simulation results that illustrate the effect of pH on radiolysis
chemistry in deaerated water at a dose rate of 4.5 kG-h=* at 25 °C [149].
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Figure 2-23: Model simulation results that illustrate the effect of pH on radiolysis
chemistry in deaerated water at a dose rate of 4.5 kG-h~tat 150 °C [149].

The primary radiolysis rate is obtained from,

. dlfi
i =0 = Dg.Gp.p (2-26)
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where Dr is the absorbed dose rate in units of Gy-s* where 1 Gy (Gray) = 1 J-kg?,
Gi is the G-value of species i in units of pmol-J2, and p is the density of water in units of
kg-dm~. At a given temperature, the Gi-p-Dr values are independent of pH. This explains
the similarities in the concentrations of the primary radiolysis products at the two different

pHs at early times.

The concentrations of the primary radiolysis products deviate from a linear
dependence on time after 1 ms. The model results show that the onset of the deviation occurs
earlier at pH 6.0 than at pH 10.6. This effect of pH on the long-term behaviour arises mainly

from a change in the rate of the reaction of *eaq~ with H*:
*Caq +H"S «H pKa of 'H=9.6 (2-27)

At pH < 9.6, the pKa of *H, this reaction is very fast and is the main loss path for *eaq
at long times. The main production path for *eaq™ is the primary radiolysis yield. Under these
conditions, [*eaq’] reaches steady state relatively quickly and its pseudo-steady-state

concentration is relatively small.

At pH > 9.6, the net rate of reaction 2-27 is extremely small. Thus, *eaq~ accumulates
until the concentration of the secondary product O2 reaches a sufficient level to react with

*caq” at an appreciable rate:
02 + *eag” — *02 ko258 = 2.22 x 10 molt-dm?s™ (2-28)

This reaction, however, produces *O2~ which can react with another primary

radiolysis product, *OH, reforming O2:
*OH + *O2~ — 02 + OH~ kz-29 = 8.0 x 10° mol*.dm3.s! (2-29)

Once the reaction cycle between reactions (2-28) and (2-29) is established, *OH and
*eaq” are continually removed and their concentrations decrease steadily. Since the molecular
radiolysis products H> and H20- are removed primarily via reactions with the radical species,

the decreases in [*OH] and [*eaq7] result in an increase in [Hz2] and [H20-].
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With increase in temperature the rate of thermal decomposition of H2O> increases.

The thermal decomposition can occur via two reaction pathways:
2 H,02 — 02 + H20 (2-30)
H202, —» 2 «OH (2-31)

Due to faster decomposition, the pseudo-steady-state concentration of H2O- is
reached at an earlier time and is lower at 150 °C than at 25 °C.

2.6.2 Radiation Induced Nanoparticle Formation

Gamma-radiation decomposes water to yield a range of redox active species and the
chemical yields per unit energy input of the radical species are very high, and cannot be
obtained by other thermal processes. Radiolysis is a promising new technique that can be
applied to the synthesis of metal oxide nanoparticles and thin films to provide superior
control of the size and morphology of the particles. Because y-radiation penetrates deeply in
water, it generates a uniform homogeneous distribution of radiolysis products that, in turn,
leads to the simultaneous generation of homogeneously distributed nucleation sites. This
leads to the formation of nanoparticles with a narrow, uniform size distribution. Radiation-
induced nanoparticle formation is also considered a cleaner technique since the addition of
chemical additives or stabilizers is not required for particle formation or size control.
Important consequences of this are the generation of redox active species without altering
the metal-cation solubility in the solution and without unwanted waste products. This
eliminates the need for other chemical agents that can interfere with the particle growth

kinetics.

Wren et al. have reported the mechanism of y-radiation-induced formation and
growth of metal-oxide nanoparticles from initially dissolved metal cations in aqueous
solutions (y-FeOOH and FesOs from Fe?*, Coz04 from Co?*, and Cr,03 from Cr®*) [150-
155]. In these studies, the strong oxidizing power of *OH and H2O> or the strong reducing
power of *eaq, and the difference in the solubility of the oxidation products are utilized for

metal oxide nanoparticle formation. Depending on the equilibrium potential of the redox
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reactions involved, either the oxidizing or reducing water radiolysis products are utilized for
the generation of nucleation sites and particle growth. In the case of chromium oxide, the
reducing power of *eaq” IS used whereas for the iron and cobalt systems the oxidizing powers

of *OH and H20; are employed.
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Chapter 3

Experimental Techniques and Procedures

This chapter describes the electrochemical methods, surface analysis techniques,
solution analysis techniques and general experimental procedures used in this research. Any
additional experimental details and information that are specific to each chapter are provided

in the appropriate experimental sections of those chapters.

3.1 Electrochemical Techniques

3.1.1 Electrochemical cell setup

A standard three-electrode electrochemical cell design consisting of a working
electrode (WE), a counter electrode (CE) and a reference electrode (RE) was used in this

study (Figure 3-1). A potentiostat is used to control and measure the potential and current.

—V— 4
e 9_
EAPP
(or Ecopel SHEs
RE H WE CE

Figure 3-1:  Schematic of three-electrode electrochemical cell

In the electrochemical cell the current of the reaction under investigation passes
between the WE (the electrode of interest, in this case, Alloy 800) and the CE. The CE should
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have high activity, negligible by-product production and a larger surface area compared to
the working electrode. For these reasons platinum mesh is a common choice for the CE and
was used in this work. The RE is a stable electrode of known potential against which the
potential of the WE can be controlled or measured. In the potentiostat, the WE and RE are
connected through a circuit with a high impedance voltmeter that ensures negligible current
flows through the external measurement circuit between the WE and RE [1]. Therefore, the

potential of the RE remains stable.
3.1.2 Linear Polarization Resistance (LPR) Measurements

The relationship between the applied potential and the corrosion current (Icorr) when

Wagner-Traude equation is applicable is known to be as following (Eq 2-8b).

I = oo [exp (W) —exp (—2.303 (;C—ECORR))] (3-1)

where S, and 3. are the anodic and cathodic Tafel slopes, respectively. Figure 3-2

shows the data for conditions that above equation is applicable [2].
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Figure 3-2: E-log(iapp) data for two hypothetical corroding surfaces with two
different resistances [2]
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If the applied potential is within the £10 mV vs. Ecorr, according to Stern-Geary [3]
the above Eq can be simplified to a linear relation expressing the kinetics of the charge
transfer process as:

=

Alapp

_ ( Ba Be ) (3-2)

E—Ecorr—0 2303 Icorr (Ba + Bc)

where Rp is the linear polarization resistance and is inversely proportional to the

corrosion current (rate).

3.2 Surface Analysis Techniques

A combination of spectroscopic techniques (Raman spectroscopy, X-ray
Photoelectron spectroscopy, Auger electron spectroscopy) and scanning electron microscopy
were used in this study to characterize the composition and morphology of the oxides formed
on the metal substrate after electrochemical or radiation experiments. The principles behind

these techniques are described below.
3.2.1 Raman Spectroscopy

Raman spectroscopy is a surface analytical method used to probe the composition of
materials that are Raman active. The instrumentation of the Raman spectrometer consists of
a laser source, a sample-illumination system and a suitable detector. The laser produces a
beam of monochromatic light that passes through a sophisticated optical network in the
spectrometer, which is designed to align, collimate and attenuate the power of the beam. A
microscope is used to mount the sample on the stage and to locate and focus the laser beam
on the areas of interest on the sample. When the beam strikes the sample, it can polarize it
causing to emit photons that pass as a beam back into the optical network for detection and
analysis [4]. A charge coupled device (CCD) array detector is used to detect the optical
signals. The data from the CCD is read, stored, and processed by a computer.

The incident radiation is scattered by certain molecules and the scattered light is
detected. Scattering involves a distortion of electrons distributed around a bond in a
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molecule, followed by reemission of the radiation as the bond returns to its normal state.
When this excitation occurs, the molecule can scatter the light elastically or inelastically.
Most of the interaction results in elastic, or Rayleigh scattering. In this process, the molecule
absorbs the incident photon, and is excited to a virtual energy state, but returns to the same
ground vibrational state by re-emitting a photon with the same amount of energy as shown
in Figure 3-3a. The molecule may also relax back to its original electronic state, but in a
different vibrational or rotational state. This results in the emission of a photon with different
energy than the incoming light. If the energy is lower than the incident photon energy, the
shift in the frequency of light is called a Stokes shift (Figure 3-3b). If it is higher than the
incident photon energy, it is called an Anti-Stokes shift [5, 6], Figure 3-3c.

3.2.2  Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used for examination and analysis of
microstructure and morphology. A high-resolution beam of electrons is directed onto the
sample surface and the reflected electron intensity is measured and displayed on a cathode-
ray screen to produce an image. The resolution of an image taken by SEM is much higher
than that of an optical microscope, and images with a much greater depth of field are formed.
Samples are analyzed in a vacuum chamber in order to give both incident and resulting
scattered electrons free passage from the source to the sample and from the sample to the
detector. The incident electrons typically have an energy ranging from a few hundred eV to
40 keV. They are focused by one or two condenser lenses into a beam with a very fine focal
spot, typically sized from 0.4 to 5 nm in diameter. The beam passes through pairs of scanning
coils or pairs of deflector plates which deflect the beam either horizontally or vertically so
that a faster scan can be used to image a rectangular area of the sample [7, 8]. When the
incident electron beam hits the surface, scattering and absorption cause energy loss of the
incident beam within a certain volume of the sample, known as the interaction volume. This
volume is dependent on the beam energy, and the atomic number and density of the atoms
in the sample. Within this interaction volume, energy exchange between the beam and the
sample takes place. High energy electrons from elastic scattering and lower energy secondary

electrons formed by inelastic scattering can be detected. After suitable amplification, the
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detected electrons can be used to modulate the intensity of the scanning image on display

video screen.
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Figure 3-3: lllustration of Rayleigh Scattering (a), Stokes Scattering (b) and Anti-

Stokes Scattering (c).
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When a sample surface is subjected to a focused beam of electrons, various processes
such as elastic and inelastic scattering can occur. Incident electrons can interact with the
atoms on the surface of the sample and eject secondary electrons and photons (characteristic
X-rays). These electrons are lower in energy than those in the incident beam (inelastic
scattering), and only arise from the top few nanometers of the sample surface. Measurements
of secondary electrons are used to study the sample topography and morphology. Due to
varying distances from the detector, secondary electrons from areas of higher points on the
sample surface are more likely to be detected than electrons from lower points. The varying
signal strengths of the secondary electrons results in a brightness contrast in the image that

gives the micrograph depth perspective.

Characteristic X-rays are used for elemental analysis. This technique is called energy
dispersive X-ray spectrometry (EDX). Qualitative analysis involves the identification of the

lines in the spectrum and is fairly straightforward owing to the simplicity of X-ray spectra

[9].

Electrons from the elastic scattering of the beam with the specimen are called
backscattered electrons. The escape depth of backscattered electrons can be greater than that
of secondary electrons and consequently resolution of surface topographical characteristics
can suffer. However, backscattered electrons have the advantage over secondary electrons
that they are sensitive to the atomic mass of the nuclei they scatter from [8]. As a result,
heavier elements which backscatter more efficiently appear brighter than lighter elements in
a backscattered electron image. The combined use of both secondary and backscattered
electron imaging modes provides valuable information not typically available through either

imaging method alone.

Secondary electrons and backscattered electrons are commonly used for imaging
samples: secondary electrons are most valuable for showing morphology and topography on
samples and backscattered electrons are most valuable for illustrating contrasts in

composition in multiphase samples.
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3.2.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique
that can measure the elemental composition, chemical state, and electronic state of the
elements within the first 1-30 monolayers of a surface. Because XPS only measures the
properties of a few nm of a surface, it can be used to determine elemental composition as a
function of depth by combining it with ion etching to progressively remove surface layers.
Spectra are obtained by irradiating a sample with X-rays of known energy, hv, and causing
photoelectrons, a core electron, to be emitted from the sample surface. The kinetic energies
(KE) of the photoelectrons are related to the ionization energy (or binding energy, BE) of a
particular element and the work function of the spectrometer, ¢sp, (typically 4-5 eV) by
equation 3-3 [10],

KE = hD —BE - (Dsp (3'3)

Since the binding energy is characteristic of the element from which it was ejected,
measurements of the photoelectron energy and can be used to identify all elements in the
periodic table with the exception of He and H. A typical XPS spectrum is a plot of the
measured photoelectron intensity as a function of the binding energy of the electrons
detected. Each element produces a set of XPS peaks or lines at characteristic binding energy
values. These peaks correspond to ejection of electrons from different orbitals of an atom
and the binding energies correspond to energies of those orbitals (Figure 3-4). The peak
locations and areas can be used (with appropriate sensitivity factors) to determine the
composition of the surface. The shape of each peak and the binding energy can be slightly
altered by the chemical environment of the emitting atom as well (e.g., oxidation state) [11].
The sizes of the peaks are directly related to the amount of a particular element within the

sample volume that is irradiated.
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vacuum

Figure 3-4: Schematic demonstrating the principles of XPS and the ejection of a
photoelectron.

3.23.1 XPS results analysis

For the relative enrichments, the atomic fractions of Cr, Fe and Ni in the surface layer,
[M]surf, Obtained from the survey spectra were first normalized for their atomic abundances
in the alloy, [M]wuik to obtain the surface-to-bulk atomic ratios for individual elements. The
surface-to-bulk atomic ratios, [M]surt/[M]ouk, were then compared to that of Cr,
[Crlsurt/[Crloux. The final ratio, ([M]surt/[M]ou)/([Crlsurt/[Crloui), represents the relative
enrichment in the surface layer of element M with respect to Cr:

ER = ([M]surf)/([CT]surf) (3-4)

[M]puik [CTr]buik

This ratio is referred to as an enrichment ratio (ER) hereafter. The ER for the reference
element, Cr is always 1.0, and a ratio less than 1.0 for Fe or Ni means that there is depletion
of Fe or Ni, or conversely enrichment of Cr, in the surface layer, relative to the bulk alloy

composition.

To obtain the composition of oxidation states, high resolution XPS spectra were
deconvoluted using reference spectra taken from well-characterized powder samples.
Detailed descriptions of binding energies and the spectral deconvolution method can be
found elsewhere [11]. For chromium, contributions of Cr° Cr,Os, Cr(OH)s and CrV! to the

Cr-2p spectra were considered. For iron those from Fe®, FeO, FesO4 (mixed Fe''/Fe'" oxide),
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Fe,03 and FeOOH to the Fe-2p spectra and for nickel those of Ni®, NiO and Ni(OH); to the
Ni-2p spectra were considered. The distinguishing of metal oxide from metal hydroxide was

further aided by deconvolution of the O-1s and C-1s spectra.
3.2.4  Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is one of the most commonly used analytical
techniques to measure the chemical composition of the first few monolayers of a surface. It
can have a sensitivity on the order of 0.1 atomic % and a spatial resolution on the order of
10 nm [7]. Auger spectroscopy involves a three-electron process (Figure 3-5). This process
is initiated by ejection of a core electron of an atom by incident high-energy electrons
(typically with energy between 3 and 30 keV). The vacancy leaves the atom in an
electronically excited state. The excited atom can lose energy in one of two ways. Firstly, an
electron from a higher energy orbital drops down to fill the vacancy. This is accompanied by
either the ejection of a photon of the appropriate energy, or by the ejection of another
electron. Since the differences in energies of the orbitals involved are typically high, the
ejected photon has a high energy (in the X-ray region). The measurement of these X-rays is
known as X-ray fluorescence (XRF) spectroscopy. The kinetic energy of an ejected
secondary electron (a so-called Auger electron) is also characteristic of the source atom. The

Auger electron energy (Eauger) is related to the electronic orbital energies of an atom by,
Eauger = BEb — Eb (L1) — Eb (L23) (3-5)

where BEy is the binding energy of the 1s orbital (core electron), while Ex(L1) and
En(L2,3) are the binding energies of the first and second outer orbitals, respectively. Since the
atomic energy levels are characteristic of an atom, measurement of the energies of the X-
rays and the Auger electrons can determine the atoms that are present. Like XPS, the Auger
X-ray and electron energies can be influenced by the chemical environment of the atom and

give information on properties like the oxidation state.

Similar to XPS, Auger spectroscopy can be used to analyze elemental composition

as a function of depth by combining it with surface etching. For this technique bombardment
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with a well-focused ion beam (Ar*) to remove successive surface layers is used. After

ablation each layer is analyzed for the individual components [10].

)y
_____________ | _ —  Vacuum
‘l Valence Level
X-ray
M
2p \o *—e—0—0—O Ly3
2s I @ L
1s O L K

Figure 3-5: Schematic demonstrating the principles of AES and the ejection of an Auger
electron.

3.3  Solution Analysis Techniques

The concentration of metal ions dissolved into the test solution after each experiment
were determined using ICP-MS and ICP-OES techniques.

3.3.1 Inductively-Coupled Plasma Mass Spectrometry

Inductively-coupled plasma mass spectrometry (ICP-MS) combines a high
temperature ICP (inductively-coupled plasma) source with a mass spectrometer to determine
the levels of trace elements in a sample [12]. An ICP-MS system consist of four main
processes: (1) sample introduction and aerosol generation, (2) ionization by an argon plasma
source, (3) mass discrimination, and (4) ion detection [13], Figure 3-6. In the first phase,
digested solutions are introduced by a peristaltic pump and nebulized in a spray chamber.

The resultant aerosol particles are carried by a noble gas to a plasma region. In the plasma
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region, inductive coupling of energy from a microwave power supply coil heats the gas
stream to a temperature sufficiently high to vaporize and ionize the droplets creating plasma.
The ionization inside the plasma produces both simple and complex (polyatomic) ions. These
include dissociation products of water and the components of the solutes in a solution sample.
The ions produced are extracted from the plasma into a mass spectrometer (frequently a small
quadrupole unit). The ionic stream flows through the quadrupole mass spectrometer and is
separated based on atomic mass. The selected ions are collected by a detector which provides
an output signal. Based on the distribution of the mass fragments that are detected, the
composition of the sample can be determined. The magnitude of the signal can be related to

the quantity of the different compounds in the sample.
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Figure 3-6: Illustration of inductively coupled plasma mass spectrometry (ICP-MS).

3.3.2 Inductively-Coupled Plasma Optical Emission Spectrometry

In ICP-OES, the light emitted by the excited atoms and ions in the plasma is measured
to obtain information about the sample, Figure 3-7. Because the excited species in the plasma
emit light at several different wavelengths, the emission from the plasma is polychromatic.
This polychromatic radiation must be separated into individual wavelengths so the emission
from each excited species can be identified and its intensity can be measured without

interference from emission at other wavelengths.
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Figure 3-7: lllustration of inductively coupled plasma Optical Emission Spectrometry
(ICP-OES).

The separation of light according to wavelength is generally done using a
monochromator, which is used to measure light one wavelength at a time, or a
polychromator, which can be used to measure light of several different wavelengths at once.
The actual detection of the light, once it has been separated from other wavelengths, is done
using a photosensitive detector such as a photo-multiplier tube (PMT) or advanced detector
techniques such as a charge-injection device (CID) or a charge-coupled device (CCD) [14].

3.4 Experimental Procedures

3.4.1 Material and Solution Preparation

The working electrode in all experiments was Alloy 800 purchased from Goodfellow
Inc. and had a composition (in wt.%) of Cr: 22, Ni: 32.5 and Fe: 43. A 10 mm diameter Alloy

800 rod was cut into cylindrical pieces. For the aqueous corrosion studies, these coupons
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were 3 mm thick and 10 mm in diameter, giving each coupon a total surface area of 2.12 cm?,
and for the electrochemical studies the electrode was set in an epoxy resin within a
polytetrafluoroetheylene (PTFE) cylinder so that only the flat front face (0.708 cm?) was
exposed to the electrolyte solution in the cell. Prior to each experiment, the working electrode
was polished manually with 180, 400, 800 and 1200 grit silicon carbide papers. This was
followed by polishing on a Texmet microcloth (Buehler) with a 1 um MetaDi Supreme
diamond paste suspension (Buehler) and lastly sonication in an acetone/methanol mixture
for 5 min to remove polishing residues. The electrode was then rinsed with Type 1 water and
dried with argon.

All solutions were prepared using water from a NANOpure Diamond UV ultrapure
water system (Barnstead International) which removes dissolved organic and inorganic
impurities. The resulting purified water had a consistent resistivity of 18.2 MQ-cm. Borate
buffer solutions (0.01M) were prepared using Na:BsO7 (analytical grade, EMD Inc.). The
solution pH was adjusted to 10.6 by adding the required amount of 2 M sodium hydroxide
(NaOH) solution and pH 6.0 and 8.4 by adding boric acid (H3BOs, analytical grade, Caledon
Laboratories Ltd.). All solutions were purged with argon gas for an hour prior to the

electrochemical tests.
3.4.2 Electrochemical Setup

The Electrochemical tests at room temperature and 80 °C were carried out using a
standard 3-electrode electrochemical cell (Figure 3-8). The working electrode used was the
Alloy 800 sample under study; the counter electrode was a platinum mesh, and the reference
electrode was saturated calomel electrode (SCE) for room temperature and saturated
Ag/AgCl for 80 °C tests, respectively. The working electrode was cathodically cleaned for 5
minutes prior to the start of an experiment. This cleaning process helps to get rid of any
organic compounds on the sample’s surface. For all the experiments, the borate buffer

solution was purged with argon gas for an hour to remove the oxygen in the solution.

A Solartron potentiostat (either model 1480 or 1287) and a Solartron model 1252

frequency response analyzer were used in all electrochemical measurements. Corrwaretm
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and Zplottm software (Scribner and Associates) were used for experiment control and data

analysis.

Figure 3-8: Standard three-electrode electrochemical cell.

For the electrochemical experiments at temperature T > 100 °C, an autoclave made
of stainless steel 316L equipped with a high temperature reference electrode, a titanium rod
for WE connection and a platinum mesh for CE were used (Figure 3-9). The design of the
cell is similar to that of the low temperature cell. An Ag/AgCl electrode was used for
unirradiated tests at 80 °C <T <250 °C. For electrochemical tests performed under radiation
a Hg/HgO reference electrode (Radiometer Analytical) in a 1.0 M KOH solution was
employed. The Hg/HgO electrode has been found to be more resistant to radiation than either
the SCE or Ag/AgCI electrodes. It has a potential of 0.112 V vs. a standard hydrogen
electrode (SHE). All potentials measured in these tests are adjusted to the SCE scale (0.242
V vs. SHE).
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Figure 3-9: Electrochemistry autoclave used for experiments above 100 °C

34.2.1 High-Temperature reference electrode

For high temperature electrochemistry, a high temperature/high pressure saturated
external Ag/AgCI reference electrode was used. The part of the reference electrode that
contains Ag wire (reference electrode) was continuously cooled by a fan during the

experiment to make sure the reference electrode remained at room temperature.
Bogaerts (2016) [15] proposed the following equation for potential conversion:
EsHe" = Emeas + Ecorrection (3-6a)
Ecorrection = Eagiagei®® ° — [70 + 1.20 (AT — 75)] (mV) (3-6b)

At which Esne’ is the potential vs. standard hydrogen electrode at temperature T,
Emeas 1S the potential measured by the instrument, Ecorrection IS the correction potential (taking

into account all the thermal liquid junction phenomena), determined as a function of the
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temperature difference (AT = T — 25 °C) across a cooled salt bridge and Eagagci®® °C is the
potential of the Ag/AgCI electrode at 25 °C. The author showed the validity of this
conversion over a range of pH (7 - 10.5) and up to 4 M KCI.

Bratsch (1989) [16], You, et al., (2010) [17] showed that the standard potential for

hydrogen reduction reaction does not change with temperature. Thus:
Eshe' = Esne® °© (3-7)

and the difference between the saturated calomel electrode (SCE) and SHE is presented as:
Esne® © = Esce®® © — 242 (mV) (3-8)

The measured potential at temperature T using the high temperature-high pressure
saturated external Ag/AgCl reference electrode can be converted to the Esce?® “© using

equations 3-6 to 3-8.
3.4.3 Radiation exposure tests

All radiation experiments were conducted in a MDS Nordion Gammacell 220 Excel
Cobalt-60 irradiator. The autoclave was positioned inside the gamma cell sample chamber,
and the chamber lowered into the irradiation zone, centred within a cylinder bounded by 11

tubular pencils containing ®°Co.

The 8°Co radiation source has a half-life of 5.3 years and emits two characteristic y-
photons with energies of 1.332 MeV and 1.173 MeV [6].

0Co — 0 Ni + 2 y-photons + B-particle (3-9)

A B-particle is also emitted with energy of 0.318 MeV, but this particle is easily blocked
from entering the irradiation chamber by the metal shielding around the chamber. The
absorbed radiation dose rate in the irradiation chamber during the experiments was 3.1-

3.3 kGy-h™*, where 1 Gy = 1 J absorbed per kg of water, determined using Fricke Dosimetry.
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3.4.3.1 Fricke Dosimetry

A Fricke dosimeter is a chemical dosimeter used to quantify the amount of energy
deposited by ionizing radiation in the irradiated system. The Fricke dosimeter consists of an
aerated solution of 1 mM FeSOs under acidic conditions (0.4 M H2SOs). Under these
conditions, Fe?* will be oxidized to Fe3* by the oxidizing radiolysis products as shown in the

reaction scheme below (Figure 3-10).

,—> Fe?*++OH — Fe’ + OH"
Y

H,0 ~+  +e,; *H H,H,0,*OH

(acid) ‘—> Fe?*+H,0, —» Fe®" ++OH+ OH-

(ain

H" ++e,, —°H

*H+O, - HO,

Fe?*+HO,* — Fe® +HO,

Figure 3-10: Schematic representation of the reactions occurring during Fricke
dosimetry.

The rate of oxidation of Fe?* to Fe** is determined by the rate of generation of the
oxidizing radiolysis products. A known volume of the Fricke solution is irradiated using the
gamma cell for a fixed amount of time (60 s). The amount of Fe3* produced is determined
by measuring the absorbance at 304 nm and the dose is calculated from Eq 3-16.

_ 9.648%10°xAAz04 -
Dose(Gy) T e304lpG(products) (3 10)

where AA, is the difference in the absorbance of the irradiated sample and a sample
that was not irradiated, 54, is the molar extinction coefficient of Fe3* at 304 nm, [ is the
length of the UV-Vis cuvette that the light passes through, p is the density of the dosimeter
solution (1.024 g/cm?®), G (products) is the known dose required (15.5) to generate the

89



species necessary to produce the observed [Fe®g], t is time, and 9.648x10° is a

proportionality constant [18].
3.4.4 Coupon exposure experiments at T > 150 °C

For coupon exposure experiments the test samples were prepared inside an argon-
filled glove box. The freshly polished coupons were held on a specially designed sample
holder in quartz vials (for experiment performed at T > 150 °C) and the desired volume of
argon-purged buffer solution was added to the vials. The coupons were fully immersed in
the solution and the vials were capped under argon with PTFE septa. The sample vials were
placed in a 300 mL AISI 316 stainless steel autoclave purchased from Parr Instrument
Company. The autoclave was heated to the desired temperature before being lowered into

the irradiation zone.

The corrosion studies in saturated steam at 285 °C were carried out in a 300 mL AISI
316 stainless steel autoclave. The test specimens were arranged in a pre-oxidized zirconium
specimen holder. At the time of closure, the autoclave contained 20 mL (only 7% of the
autoclave volume) of liquid Type 1 water (Barnstead International NANOpure Diamond UV,
18.2 MQ-cm) to ensure no exposure of the test specimen to the condensed phase during the
experiments. The gaseous headspace of the vessel was filled with either ultra-high purity Ar
(99.999%, Praxair), 35% O + 65% Ar or a 50% Oz + 65% Ar mixture (Praxair), which was
introduced by sparging within the partially closed vessel for 90 min before the autoclave was
sealed. The experiments were carried out either during exposure to gamma-radiation or

without radiation on the lab bench. The duration of each exposure was 5 h.
3.4.5 Post-test surface analysis

The surfaces of test coupons or working electrodes were analyzed by SEM, XPS, and
AES after each electrochemical experiment or coupon exposure test under irradiation. A
LEO (Zeiss) 1540XB focused ion beam (FIB)/SEM/EDX was used to examine the
morphology and carry out quantitative analysis of the surfaces. The chemical compositions
of the surface layers were determined from XPS spectra acquired using a KRATOS Axis

Nova spectrometer using monochromatic Al K(a) radiation and operating at 210 W, with a

90



base pressure of 10~ Pa. The analysis depth of this instrument was approximately < 9 nm.
The analysis spot size was typically 400 um x 700 um and both low-resolution (or survey
spectra) and high-resolution spectra were obtained. The survey spectra were recorded with a
pass energy of 160 eV to verify spatial composition and cleanliness. High resolution spectra
were obtained using a pass energy of 20 eV and a step size of 0.05 eV over the, Ni 2p3»2
(852.6 + 10.6 eV), Cr 2p32 (582.4 + 12.6 eV), Fe 2p32 (720.0 £ 20.0 eV), O 1s (532.0 + 8.0
eV), and C 1s (286.7 + 8.5 eV) regions (calibration set point of 284.8 eV from adventitious
carbon) [10]. The high-resolution spectra were deconvoluted using standard peaks generated
from reference materials. All XPS spectral analyses were performed using CasaXPS

software (version 2.3.14).

Raman scattering measurements were performed using a Renishaw model 2000
Raman spectrometer (Renishaw PLC, UK), equipped with a MellesGriot 35 mW HeNe laser
with an excitation wavelength of 633 nm and a focused beam of ~2 um diameter. The laser
power was reduced to 25% to avoid laser-heating effects, since small changes in temperature

can easily produce minor changes in the frequency and width of Raman lines.

AES combined with argon ion sputtering provided a depth profile of the chemical
composition of surface oxides. Auger spectra were obtained using a Phi 660 AES instrument
with excitation energy of 5 keV and sputtering was accomplished using an Ar* ion beam.
The AES scans for Fe, Cr, Ni, C, and O were performed as a function of sputter time. The
AES intensities were calibrated using standard samples under the same sputtering conditions
to convert the measured intensities into mole fractions and the sputter time into sputter depth.
The sputter rate used for this study was 9 nm-min~ for thin oxides and 30 nm-min-! for

thicker oxides.
3.4.6 Solution Analysis

The test solutions from each coupon exposure test (8.5 ml) were collected after each
experiment for solution analysis. ICP-MS and ICP-OES were used to measure the amount of
dissolved Fe, Ni and Cr in solution after each corrosion test. The detection limits of the ICP

mass spectrometer for Fe, Ni and Cr were 10 pg-L™1,2.5 pg-L-*and 0.2 pg-L-* respectively.
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The detection limits of the ICP-OES for Fe, Ni and Cr were 2 pg-L %, 5 pg-L*and 2 pg-L %,

respectively. The pHs of the solutions were also measured after each experiment.
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Chapter 4
Effects of pH and y-Radiation on Corrosion of Alloy 800 in

Deaerated Borate Buffer at Ambient Temperatures

4.1 Introduction

Nickel-chromium-iron alloys such as Alloy 800 are used in nuclear power plant
components such as thin-walled heat exchange tubing and piping [1]. In nuclear reactors
these alloys are exposed to y-radiation and a range of water chemistries [2]. Corrosion of
these alloys can release dissolved metal ions into the coolant. Corrosion products released
into the reactor coolant circulate through the reactor core and can be deposited on surfaces
in the reactor core where they can be neutron activated producing radioactive species. If these
radioactive species become re-suspended in the coolant, they can migrate out of the core and
deposit on piping and components located outside the biological shield of the reactor core
where they will pose a radiological hazard to plant workers.

When exposed to gamma radiation water decomposes to produce redox-active
species which can interact very effectively with metallic corrosion products, changing their
oxidation states. The solubility of hydrated metal species varies considerably depending on
their oxidation state and pH. This study investigates the effect of pH and gamma radiation
on the corrosion of Alloy 800 in deaerated water at ambient temperatures (room temperature
and 80 °C).

4.2 Experimental

Two sets of tests, coupon-exposure tests and electrochemical tests, were performed
to investigate the combined effects of pH and y-radiation on Alloy 800 corrosion. The setup
and the analyses performed in these tests are schematically illustrated in Figure 4-1. The tests

were conducted primarily at 80 °C but some were conducted at room temperature (normally
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21 °C). The solutions in all of the tests were 0.01 M sodium borate (Na2B407.10H,0) purged

with argon.
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Figure 4-1: Schematic of the experimental setup for the study on the effects of pH
and y-radiation on Alloy 800 corrosion at 21 °C and 80 °C.

The coupon exposure test cell was assembled in an Ar-purged glove box as described
in Chapter 3. A polished coupon with 2.5 cm? total surface area was fully immersed in a 8.5
mL solution in a sealed quartz vial. The vial was then placed in an autoclave. The autoclave
assembly was heated to 80 °C, and the corrosion test began. For irradiation tests the autoclave
heated to 80 °C was placed in the Cobalt-60 y-irradiator (MDS Nordion Gammacell 220
Excel). After 3-d coupon exposure test either with or without radiation present, post-test
analyses were performed for the solution and the coupon surface. The solutions were
analyzed for dissolved metal ions using inductively-coupled plasma mass spectrometry (ICP-
MS). The morphology of the coupon surface was examined by scanning electron microscope

(SEM), and the distribution and oxidation states of the three metal elements in the top ~ 8
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nm surface layer was investigated by X-ray photoelectron spectroscopy (XPS). A detailed

description of these techniques is given in Chapter 3.

The electrochemical analyses performed in this study were open-circuit potential
(Ecorr), linear polarization resistance (LPR) and potentiodynamic polarization (PD)
measurements. These analyses were carried out in a 3-electrode electrochemical cell. For the
electrochemical tests the Alloy 800 working electrode with surface area of 0.785 cm? was
exposed to the deaerated solution containing 0.01 M sodium borate. The preparation of the
electrodes, electrolyte solutions, and the set-up of the electrochemical cell are described in
detail in Chapter 3.

Prior to each electrochemical measurement, the working electrode was cathodically
cleaned for 5 min to remove any air-formed oxides or any organic impurities from the alloy
surface. This was followed by either Ecorr measurement for 72 h or by performing a
potentiodynamic scan. The PD scan was performed over the potential range from the
cleaning potential to a sufficiently high anodic potential (higher than the range of corrosion
potential) with a scan rate of 1 mV/s. The Ecorr measurement was interrupted periodically
(every 2 h) to carry out an LPR measurement. The linear polarization was carried out in the
potential range of £10 mV vs. Ecorr. After the Ecorr /LPR measurements, a PD scan was

performed from (Ecorr — 0.3 V) to a potential above Ecorr With a scan rate of 1 mV/s.

4.3 Results

4.3.1 3-d Coupon Exposure Tests

Figure 4-2 compares the dissolved metal concentrations and the morphologies of the
corresponding surfaces. For corrosion without vy-radiation present, the dissolved
concentration of a given metal element depends on pH. Each metal element has a different
pH dependence; the dissolved concentration of Cr increases with an increase in pH, that of

Fe is nearly independent of pH, while that of Ni is at its minimum at pH 8.4.
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Gamma-radiation increases the dissolved concentrations of all three metals at all
three pHs, except for the case of Fe at pH 6.0. With y-radiation the pH dependence of
dissolved concentration also varies with metal. The dissolved concentration of Cr shows the
same pH dependence as that observed without radiation. However, those of Fe and Ni are
different; with radiation present the concentration of Fe increases with pH, while that of Ni

decreases.

The SEM micrographs of the corresponding surfaces show that the surface of the
coupon corroded for 3 d at pH 6.0 with radiation present is smoother, and the number density
of granular particles deposited on the surface is lower, than those corroded without y-
radiation. The higher dissolved Ni concentration and the smoother surface indicates that the
3-d corrosion of Alloy 800 at pH 6.0 involves primarily metal dissolution with negligible
formation of oxide/hydroxide deposits, and that y-radiation predominantly increases Ni
dissolution. The observation of the lower dissolved Fe concentration and the higher number
density of granular particles at pH 6.0 without than with radiation indicates that the granular
particles may be formed by precipitation of Fe ions dissolved at earlier times — see discussion
in4.3.

The surface of the coupon corroded for 3 d at pH 10.6 without radiation present is
very smooth, smoother than the surfaces corroded at pH 6.0 and pH 8.4. However, the surface
of the coupon corroded at pH 10.6 with radiation present is covered extensively with oxide
particles. The smoother surface and the significantly lower dissolved Ni concentration at pH
10.6 than at the two lower pHs without than with radiation present indicate that the oxide on
the surface at pH 10.6 is uniform and compact. The earlier formation of a uniform and
compact oxide layer suppresses Ni dissolution early, lowering the overall Ni dissolution over
3 d. The higher dissolved Fe and Cr but the lower dissolved Ni concentrations, combined
with the higher density of granular particles, suggest that y-radiation at pH 10.6 may promote
the formation of an underlying uniform and compact oxide layer. Alloy 800 corrosion at pH
8.4 with or without radiation present shows a behaviour somewhere between those observed
at pH 6.0 and pH 10.6.
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(a) Dissolved concentrations of Cr, Fe and Ni species determined by ICP-
MS analysis and (b) SEM micrographs of the surfaces of the
corresponding coupons. These results were obtained after 3-d corrosion
of the coupons in Ar-purged solutions at three different pHs with or
without y-radiation present (labeled as Rad and No Rad, respectively). Fe
dissolved concentration marked with * for pH 8.4 No Rad and pH 6.0
Rad were below the detection limit (10 pg/l).
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The top 8 nm surface layers were investigated by XPS. Both the low-resolution
survey spectra over a wide binding energy range of 0 to 1200 eV and the high-resolution
spectra over the binding energy ranges of Cr-2pzp, Fe-2ps;2, Ni-2ps2, O-1s and C-1s were
taken. Examples of the raw XPS spectra are shown in Figure 4-3. The survey spectra were
used to determine the relative enrichments of metal elements in the surface layer. The high-
resolution spectra of different elements were used to determine the composition of individual
metals and their oxidation states in the top layer.

For the relative enrichments, the atomic fractions of Cr, Fe and Ni in the surface layer
obtained from the survey spectra ([M]surf where M = Cr, Fe or Ni) were first normalized for
their atomic abundances in the alloy phase ([M]buik) in order to obtain the surface-to-bulk
atomic ratios for individual elements. The surface-to-bulk atomic ratios ([M]surt/[M]buik) were
then compared to that of Cr ([Crlsuf/[Crlou). The final ratio, ([M]sur/[M]ou) to

([Cr]sur/[Cr]buik), represents the relative enrichment of element M with respect to Cr:

ERyjcr = ([M]S“rf)/([cr]swf) where M = Cr, Fe, or Ni (4-1)

(M]puik [CT]buik

This ratio is referred to as simply enrichment ratio (ERy ) hereafter. The ER, c, of the
reference element, Cr, is always 1.0. An enrichment ratio for Fe or Ni (ERg, ¢, OF ERy;/cr)
less than 1.0 means that there is depletion of Fe or Ni, or conversely enrichment of Cr in the
surface layer, relative to the bulk alloy composition. An ERg, ¢, OF ERy; ¢ Value higher

than 1.0 means enrichment of Fe or Ni, or conversely depletion of Cr, in the surface layer

relative to the bulk alloy composition.
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Figure 4-3: XPS spectra taken from an Alloy 800 surface corroded for 3 d in
deaerated water at pH 6.0 at 80 °C under y-irradiation: (a) the survey
spectrum in the binding energy range of 0 to 1200 eV, and the high-
resolution spectra of (b) the Ni 2ps;2 band, (c) the Fe 2ps2 band and (d)
the Cr 2psizband. The high-resolution spectra also show the deconvoluted
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spectra of individual components, each consisting of multiple peaks.

The relative enrichment analysis results are compared with the corresponding
dissolved metal concentrations in Figure 4-4. Also shown in Figure 4-4 are the composition
of oxidation states of individual metal elements obtained by deconvoluting the high-
resolution XPS using the reference spectra of standard oxide powder samples. Detailed

descriptions of binding energies and the spectral deconvolution method can be found

elsewhere [3]. For chromium, contributions of Cr° Cr.0s, Cr(OH)s and Cr! to the Cr-2pss

spectra were considered. For iron, those of Fe°, FeO, FesO4 (mixed Fe'/Fe"" oxide), Fe20s3
and FeOOH to the Fe-2ps/2 spectra and for nickel those of Ni°, NiO and Ni(OH); to the Ni-

2p3i2 spectra were considered. The determination of the oxide and hydroxide fractions was
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further aided by deconvolution of the O-1s and C-1s spectra (results not shown). Examples
of the deconvoluted spectra and their composite spectra are compared with the observed
spectra in Figure 4-3.

After 3-d corrosion at pH 6.0 without radiation present, the dissolved concentration
is largest to smallest in the order of Ni, Fe and Cr. The enrichment ratio in the top 8 nm layer
is smallest to largest in the order of Ni, Fe and Cr, while the metallic fraction (M°) in the top
layer is largest to smallest. These results indicate that the 3-d corrosion of Alloy 800 at pH
6.0 without radiation present has led to mostly dissolution of mostly Ni and some Fe. The
solubility of Ni?* is lower than that of Fe?* but higher than that of Fe* as shown in Figure
4-5. These results are consistent with the observation of the granular particles on the uniform
underlying surface seen by SEM (Figure 4-2) if the granular particles are mostly FesO4 and
the underlying layer is composed of Cr.Os and FeCr.04. A few monolayers of the surfaces
of oxides and metals submerged in water would be hydrated and hydrolyzed. Hence, the
observed hydroxide fractions of all three metal elements in the top 8 nm layer are not
negligible, particularly for Fe and Ni. The large Ni metallic (Ni°) fraction further supports
negligible formation of Ni' oxide/hydroxide after 3-d corrosion at pH 6.0.
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Figure 4-4: (a) Dissolved concentrations of Cr, Fe and Ni species determined by ICP-
MS analysis and (b) enrichment ratios (ERy ) and (c) compositions of
metal oxidation states in the top ~8 nm surface layer.
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Figure 4-5: pH-dependent solubility of Fe!', Fe!"', Ni" and Cr''' at 80 °C. The
solubilities are calculated from the thermodynamics data presented in [4-
7].

The pH has different effects on dissolved concentration, enrichment ratio and surface
composition of oxidation-states for different metal elements. For Cr, both the dissolved
concentration and the metallic fraction in the surface layer increase with pH. For Fe and Ni,
the dissolved concentration is lowest, and the enrichment ratio is highest, at pH 8.4.
However, the metallic fraction in the surface layer is nearly independent of pH for Fe while
it increases with pH for Ni. The hydroxide or oxyhydroxide fraction decreases with pH for
all three metals. The fraction of Cr'!" in the hydroxide form (Cr(OH)s) in the surface layer is
negligible, indicating negligible exposure of the surfaces of Cr° or Cr'" oxides to water. For
Fe, while the sum of oxide and hydroxide fractions is nearly independent of pH the fraction
of Fe''/Fe""" and Fe''' oxides increases and the fraction of Fe" oxyhydroxide (FeOOH)
decreases with pH. For Ni, Ni' is all in the form of hydroxide (Ni(OH).) at all three pHs.
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These results suggest that although the rates of dissolution for all three metals are
initially higher at a higher pH, a protective Fe-oxide layer is formed earlier which suppresses
the oxidation of Ni® to Ni?*(sq) earlier. The solubility of Fe** is lowest at pH 8.4 (Figure 4-5).
The lower Fe and Ni dissolution at pH 8.4 than at the other two pHs can therefore be

attributed to the earlier formation of the mixed Fe'/Fe'!

oxide (FesOa4) and its conversion to
Fe''' oxide/oxyhydroxide at pH 8.4. As the iron oxides cover the surface, further dissolution
of Cr'"" from chromium oxide/hydroxide, and oxidation of Ni° to Ni"' which dissolves into
solution, are restricted.

For corrosion at pH 6.0 with radiation present, the relative values observed for
dissolved concentration, enrichment ratio and metallic fraction of the three metals followed
the same order observed for corrosion without radiation present. Of the three metals, Ni
shows the highest dissolved concentration, lowest enrichment ratio and highest metallic
fraction. Gamma-radiation at pH 6.0 increases the concentration of Ni ions dissolved over 3-
d and consequently lowers the enrichment ratio and the metallic fraction of Ni in the surface
layer. Gamma-radiation at pH 6.0 has smaller effects on those of Fe and Cr. These results
indicate that y-radiolysis makes the solution environment more oxidizing and increases metal
oxidation rates, and hence the overall dissolution rates of metal cations, particularly that of
Ni',

The effect of pH on Alloy 800 corrosion with radiation present is different from that
observed without radiation present. With radiation present, the dissolved concentration
decreases while the enrichment ratio increases, steadily with pH for Ni. On the other hand,
the metallic fraction is lowest while the hydroxide fraction is highest at pH 8.4. For Fe, the
enrichment ratio increases while the metallic fraction and the oxyhydroxide fraction decrease
with pH. For Cr, the dissolved concentration increases, while the metallic fraction in the
surface layer remains nearly constant, with pH.

The metallic fractions of all three elements at a given pH are lower on the coupon
corroded with radiation than those on the coupon corroded without radiation, except for the
slight increase for Ni at pH 6.0. The decrease in metallic fraction or the increase in the
fraction of metal cations is mostly due to an increase in the fraction of the hydroxide and not

the oxides of the metal cations (except for NiO).
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4.3.2 Electrochemical Experiments

The 3-d, 80 °C coupon exposure tests show that the dissolved concentrations of
individual metals, and the elemental and chemical compositions of oxides present on the
surface depend on the pH of the solution and whether y-radiation is present or not. To
investigate how the corrosion might have progressed over the 3 d that produced the results,
electrochemical analyses, Ecorr and LPR measurements and PD scans were performed as a
function of time. The electrochemical analyses of Alloy 800 corrosion over 72 h without
radiation present were performed at three different pHs (6.0, 8.4 and 10.6) and at 21 °C and
80 °C. With radiation present the analyses were performed for a shorter duration (15 h) and
only at room temperature due to concerns over the long-term stability of the reference
electrode.

The Ecorr and the PD scan results obtained without radiation present are shown in
Figure 4-6. The linear polarization results will be presented in the following section where

the electrochemical analysis results are discussed.
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Figure 4-6: Ecorr as a function of time, and potentiodynamic polarization curves
taken immediately after cathodic cleaning (broken lines) and after 72-h
Ecorr measurements (solid lines). The Ecorr is plotted in two different
time scales. The black lines represent the data obtained at 80 °C and the
blue lines represent those obtained at 21 °C.

43.2.1 Evolution of Ecorr 0over 72-h Corrosion

Corrosion is an interfacial charge transfer (or electrochemical) process, involving
metal oxidation coupled with solution reduction via interfacial transfer of ions and electrons.
Although Ecorr does not provide direct information on the corrosion rate, it can provide
information on the types of metal oxidation reaction that can occur and hence the types of
oxide that can be formed. Without any externally applied potential, the rate of overall
electrochemical oxidation occurring at any given time must be the same as that of overall
electrochemical reduction due to charge and mass conservation. Mass and charge

conservation may not apply to microscopic space and time domains, but the electrochemical
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analyses performed here measure macroscopic properties of corrosion reactions. This
condition dictates the Ecorr Of a corroding system at any given time because there is only
one potential at which the overall oxidation (or anodic) current can be the same as the overall
reduction (or cathodic) current [8].

A layer of oxide may initially be present on the alloy surface. As corrosion
progresses, corrosion products (dissolved metal cations) may also deposit and grow metal
hydroxide/oxide on the surface. Oxide present on the corroding surface is a reaction potential
barrier for metal oxidation. As oxide grows and converts to different oxide, the magnitude
of the potential barrier (the activation energy) changes. If one can establish the magnitude of
the potential barrier for metal oxidation as a function of oxide thickness, the evolution of
oxide growth rate and its effect on the evolution of overall corrosion rate may be extracted
from the Ecorr 0Observed as a function of time [8, 9].

It is not the absolute value of Ecorr, but the difference between Ecorr and the
equilibrium potential (Eeq) of a specific redox reaction, that determines whether the redox
reaction can occur or not and the rate of the redox reaction. The difference between Ecorr
and the Eeq of a redox reaction is commonly referred to as overpotential (n = Ecorr — Eeq),
and is the driving force for the redox reaction. That is, net metal oxidation will proceed only
if the Ecorr Of the corroding system at the time is higher than the equilibrium potential (Eeq)
of the metal oxidation half-reaction and is lower than the Eeq of the solution reduction half-
reaction.

Alloy 800 contains multiple metal elements and each metal can also undergo many
different oxidation reactions coupled with solution reduction reactions. The metal oxidation
and solution reduction half-reactions that can occur during Alloy 800 corrosion within the
potential range of water stability and their Eeq values at 25 °C are listed in Table 4-1. The
equilibrium potentials at the three pHs studied were calculated using the Nernst equation and
the standard reduction potentials of these reactions [4, 5, 7].
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Table 4-1: Redox half-reactions involving metal and solution species that can occur
during corrosion of Alloy 800 and their equilibrium potentials at

different pH.
Eeq (Vsce) at 25 °C”
Rxn# Metal Redox Half Reactions pH2s°c
6.0 8.4 10.6
Ox0 2Cr°+60H — Cr03+3H0+6¢e -1.187 -1.329 -1.458
Ox1 Fe%+ Cr,03+2 OH — FeCr,04+ 2 ¢ -0.885 -1.027 -1.157
Ox2 Fe’+20H — Fe(OH),+2¢" -0.701 -0.843 -0.973
Ox3 3Fe(OH)2+20H — Fes04+4H0+2¢e -0.621 -0.762 —0.893
Ox4 Fe(OH); + OH™ — y-FeOOH + H20 + e~ -0.349 -0.491 -0.622
Ox5 2Fe304+20H — 3y-Fex03 +HO +2 e -0.223 -0.364 -0.495
Ox6 Fe304+ OH™ + H20O — 3 y-FeOOH + e~ 0.193 0.050 -0.079
Ox7 Ni®+2 OH — Ni(OH)2 + 2 & -0.517 —0.659 —0.789
Ox8 Ni°+H0 > NiO+2H" +2e -0.482 -0.623 —0.754
Ox9 Cr°+3H;0— Cr(OH);+3H"+3¢ -1.115 -1.297 -1.428
Ox10 Cr(OH)3 + H:O — CrO4> +5H* + 3 e" 0.339 0.253 0.175
Solution Redox Half-Reaction™

Redl 2H,0+2e — Hp+2OH- ~0.596 —0.612 —0.742
Red2 H»O2+2e —2O0H- 1.119 0.977 0.847
Red3 O+ H0+2e — Hx02+20OH- 0.369 0.227 0.097
Redd 0;+2HO0+4e —40H 0.515 0.373 0.242

*

The equilibrium potentials were calculated using the Nernst equation and the standard reduction
potentials reported for these reactions [4, 5, 7, 10, 11].

The equilibrium potentials for solution reduction reactions are for H at 5.50 x 1075 atm that more closely
represents the Ar-purged solution environment, and [H2O2] and [O,] at 10“* M that more closely
represent the steady-state radiolysis environment [12, 13]

Hk

Not listed in the table are the redox half-reactions that involve dissolved metal cations
(M™ (aq) Such as Fe?*(ag), Ni?*(aq) and Cr3*(q)) because their Eeq values depend on the dissolved
concentrations of these cations, which are continuously shifting as corrosion progresses. The
higher the dissolved concentration is, the higher the Eeq will be. If the dissolved concentration
of M™ ) is at its saturation limit the Eeq for a redox reaction involving M™ (ag) will be the
same as the Eeq Of the metal oxidation leading to its hydroxide (M(OH)n) because of the
hydrolysis equilibrium of the metal cation:

M™@g) + N OH™ 5 M(OH)"™* o) + (n-X) OH~ 5 M(OH)x) + (n-X) OH-  (4-2)
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For example, at a given pH the E¢q of (FE® S Fe?* () + 2 &) when [Fe?* ] is at its saturation
limit is the same as Eeq of (Fe® + 2 OH- S Fe(OH), + 2 e7) because of the hydrolysis
equilibrium of ferrous ions (Fe** ) + 2 OH~ S Fe(OH)2). Note that the Eq values of metal
and solution redox-half reactions all decrease by 59 mV per one pH unit increase (for one
proton transfer per one electron transfer).

Some of the metal oxidation half-reactions that can occur during Alloy 800 corrosion
and their Eeq values are also shown in Figure 4-7. Because the chemical activity of solid
species is 1.0, the Eeq values of the metal redox half-reactions that involve only solid species
(metals and oxides) all have the same pH dependence, all decreasing by 59 mV per pH unit
increase. Hence, different potential axes for different pHs are used in the potential diagram.
Plotted this way, the Eeq values at different pHs all appear on the same place on the pH-
dependent potential scales.

The oxidation reactions involving only chromium species are not shown in Figure
4-7. The Eeq of CrP oxidation to Cr,Os is lower than that of Fe? in the presence of Cr.0s to
FeCr,04, and the Eeq of the oxidation of Cr'!' (Cr,03 and Cr(OH)s) to CrV'ions (e.g., Cr207%)
is higher than the Eeq of Fe304 oxidation to y-FeOOH. Note that Cr20s is easily formed by
air oxidation and possibly during cathodic cleaning and hence, a thin layer of Cr20s is likely
to be present on the surface prior to corrosion. Due to its insulating nature, the Cr2O3 layer
is not expected to grow thicker during corrosion but as the Cr'"" is hydrated and dissolves into
solution, Cr° can be oxidized to Cr,Os3 to maintain the layer at a steady-state thickness with
minimal change.

Figure 4-6 shows that upon removal of the externally applied potential for cathodic
cleaning, Ecorr rises nearly instantly (within a minute) to a certain value before it increases
at a much slower rate. The Ecorr at which the slow increase begins are approximately —0.65,
—0.77 and —0.90 Vsce at pH 6.0, 8.4 and 10.6 at 21 °C, and —0.68, —0.77 and —0.87 Vsck at
80 °C. These potentials will be referred to as the initial Ecorr (Ecorr (0 h)). The observed
Ecorr ranges, from the initial (Ecorr (0 h)) to the final Ecorr (Ecorr (72 h)), are indicated on

the pH-dependent potential scales in Figure 4-7.
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Figure 4-7:
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Equilibrium potentials of redox half-reactions of iron, nickel and
chromium species, and the observed Ecorr ranges (from Ecorr (0 h) to
Ecorr (72 h)) and potentiodynamic (PD) polarization curves. Different
potential scales are used depending on pH. In the Ee¢q diagram the Eeq
values are indicated by black bars, and the corresponding redox couples
are shown both sides of the bars. The PD polarization curves taken at 0
h and 72 h are shown with dotted and solid lines, respectively.
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Some metal oxidation followed by dissolution may occur in the initial rapid transient
period prior to establishing the initial Ecorr. However, the change in the double layer
structure (or the IR drop) in the interfacial region contributes significantly to the change in
Ecorr in this short period. Hence, the initial transient Ecorr behaviour will not be discussed.

The initial Ecorr values all lie above the Eeq of the oxidation half-reaction of Fe® in
the presence of Cr,03 to FeCr,04. The difference between Ecorr(0 h) and the Eeq of Fe?
oxidation to FeCr,Ox4 (i.e., the overpotential for Fe oxidation to FeCr,O4) is larger at a higher
pH. This pH dependence is stronger at 80 °C than at 21 °C, and the Ecorr (0 h) at pH 10.6 at
80 °C approaches the Eeq of Fe° to Fe(OH)s.

4322  Potentiodynamic Polarization at 0 h versus at 72 h

The voltammograms obtained during the PD scans presented in Figure 4-6 are also
replotted on the pH-dependent potential scales in Figure 4-7. The potential at which the
current switches from negative to positive during the PD scan will be referred to as the
potential of zero current (Ei=o). The Ei=o during the PD scan obtained immediately after
cathodic cleaning will be referred to as Ei=o(0 h) and that obtained following 72-h corrosion
Ei=o(72 h).

At all studied pHs, the Ei=o(0 h) is close to the Eeq of Fe° oxidation to Fe(OH),
(Eeq(Fe® S Fe(OH)2)). Note that at pH 10.6 at 80 °C, there are two potentials at which the
current switches from negative to positive. The lower of the two is closer to the Ecorr (0 h)
while the second Ei=o(0 h) lies above the Eeq of the oxidation of Ni to Ni(OH)2 (Eeq (NI S
Ni(OH)2)).

These observations indicate that irrespective of pH, temperature or radiation
environment the initial corrosion process is mainly the oxidation of Fe in the presence of
Cr;03 to FeCr204, and the metal cations on the surfaces of the oxides are hydrated (Cré*(q)
and Fe?*(aq) and diffuse into the bulk solution phase. The concentration of Fe?*q) near the
surface at a given time will be determined by the combination of the rates of Fe oxidation
to FeCr,04, and the surface hydration of Fe'' from the oxide followed by hydrolysis and
diffusion of the hydrated Fe?* (ag).

That Ecorr (0 h) is lower than Ecq(Fe® S Fe(OH).) indicates that it takes much longer
than a minute to saturate the solution near the surface with Fe?*(aq) and hence, it takes longer
for Fe?*(aq) to hydrolyze to Fe(OH),. The observation that the Ecorr(0 h) at pH 10.6 at 80 °C
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is closer to Eeq(Fe® S Fe(OH).) further suggests that the saturation concentration is reached
very fast at pH 10.6.

The surface hydration and hydrolysis of transition metal cations from their metal
oxides are known to increase with pH [14]. On the other hand, the solubility of Fe?* ()
decreases with pH within the studied pH range [14]. The net effect of pH is a faster approach
to the saturation limit and hence the earlier formation of Fe(OH).. Increasing temperature
from 21 °C to 80 °C increases both the solubility of Fe?*(,q) and the rate of its hydrolysis to
Fe(OH)2. However, the latter rate is more sensitive to temperature and hence, the fastest
formation of Fe(OH)2 occurs at pH 10.6 and 80 °C.

Under all conditions Ecorr continues to increase with time. The final Ecorr values
reached after 72-h corrosion (Ecorr(72 h)) are all below the Eeq of the oxidation of Cr'"! to
CrV!'species (which is higher than that of Fe3O4 to y-FeOOH and hence is not shown in Figure
4-7). However, the final Ecorr Values are all above the Eeq of the oxidation of Ni® to Ni'
species (NiFe204, Ni(OH)2 and NiO), indicating that the Ar-purged environment is oxidizing
enough to form Ni'" oxide/hydroxide on Alloy 800 surface from which Ni?*(q) can dissolve
out.

The final Ecorr values (Ecorr(72 h)) are also above the Eeq values of the oxidation
of Fe? to Fe(OH),, Fe(OH)2 to Fes04 and Fe(OH): to y-FeOOH, indicating that all three iron
oxides (Fe(OH)., Fe3sO4 and y-FeOOH) can form during corrosion of Alloy 800 at all three
pHs in Ar-purged solutions. The Ecorr(72 h) values at pH 8.4 and 10.6 at 80 °C as well as
pH 10.6 at 21 °C lie above the Eeq of Fe304 oxidation to y-Fe2Oa.

The final Ecorr Vvalues are above the Eeq (Fe(OH). S y-FeOOH) but below the Eeq
(Fe3Os S y-FeOOH). That is, the oxidation of Fe(OH). to y-FeOOH (reaction 4-3) can
couple with the reduction of y-FeOOH to FesO4 (reaction 4-4), and the redox coupling

(reaction 4-5) accelerates the growth of Fe3Oa:

Fe(OH)2 + OH™ — y-FeOOH + H;0 + e~ (4-3)
3 y-FeOOH + e~ — Fe304+ OH™ + H20 (4-4)
Overall:  Fe(OH)2 + 2 y-FeOOH — Fe304 + 2 H20 (4-5)
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Note that because Fe(OH): is in hydrolysis equilibrium with Fe?*q) and y-FeOOH is in
equilibrium with Fe**(aq) the conversion from one oxide to another is likely to occur through
dissolution and precipitation.

This catalytic redox coupling will be established earlier at a higher pH and at a higher
temperature due to faster saturation of the solution with Fe?* (g and Fe®* ) and hence faster
formation of Fe(OH)2, y-FeOOH and FezO4 on the alloy surface.

The catalytic redox coupling can then explain the high Ei=o(72 h) values observed at
pH 8.4 and pH 10.6 at 80 °C. These Ei=o(72 h) values are higher than the Eeq of water
reduction in Ar-purged solution, and hence water reduction cannot couple with metal
oxidation at these potentials. However, the observed Ei=o(72 h) values lie between
Eeq(Fe(OH)2 S y-FeOOH) and Eeq(y-FEOOH S Fes0s) and the overall current during the
PD scan corresponds to the sum of the currents generated from these two redox reactions. In
addition, the increase in Ecorr With time appears to continue after 72 h, which can be
attributed to the continuous growth of Fe3O4 as the coupled redox reactions continues. The
Ecorr(72 h) values for some conditions also lie above Eeq(Fe30s S y-FeoO3) as mentioned
before. The overpotential for this oxidation is small and hence, the conversion of FesO4 to y-
Fe>Os is slow. Nevertheless, y-Fe2Os is insulating and insoluble and its build-up can suppress
the subsequent metal oxidation reactions.

At pH 6.0 at 80 °C the Ecorr(72 h) is below Eeq (Fes0s S y-Fe203), whereas the
Ei=o(72 h) is close to Eeq (FE(OH)2 S y-FeOOH). The Ecorr(72 h) and Ei=o(72 h) values
indicate that the net oxidation of Fe(OH)2 to y-FeOOH is negligible and the catalytic redox
coupling of Fe(OH)2 oxidation to y-FeOOH with y-FeOOH to FesO4 cannot be established.
Hence, the formation of Fe3O4 is mainly via direct oxidation of Fe(OH)2 (in equilibrium with
Fe?* g at a saturation level) and is much slower at pH 6.0 than at the other two pHs. Without
a thicker layer of FesO4 (which also oxidizes to y-Fe,QO3) the oxidation of Ni® to Ni"
oxide/hydroxide from which Ni%* g can dissolve will not be suppressed. Thus, the Ecorr(72
h) at 80 °C is mainly controlled by the oxidation of Ni° to Ni'' species coupled with water

reduction.
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4323 Evolution of Linear Polarization Resistance over 72-h Corrosion

The linear polarization resistance (LPR) analysis was performed periodically during
the 72-h Ecorr measurement to determine the evolution of the corrosion rate as corrosion
progresses. In this study the potential was scanned from Ecorr (t) to (Ecorr (t) — 10 mV),
and to (Ecorr (t) + 10 mV) and back to Ecorr (t). A few examples of the LP curves (obtained
at 2, 10, 20, 40, 60 and 72 h) are presented in Figure 4-8. Each LP cycle shows a hysteresis
loop; the current during negative potential scan is not the same as the current observed during
positive scan. Nevertheless, the slope of current versus potential during the negative potential
scan is nearly the same as that observed during the positive scan. The inverse of LPR (1/Rp)
presented in Figure 4-8 are the average value of the slopes obtained from the LP with
negative and positive scans.

It is generally considered that in a given corrosion environment the inverse of LPR
(1/Rp) is proportional to corrosion rate. However, the current obtained during linear
polarization consists of a large contribution from charging and discharging current. The
magnitude of charging (or discharging) current can be obtained from (half of) the difference
in the current values at potentials at which the potential scan direction was switched. The
magnitude of the charging current is nearly proportional to the inverse of the polarization

resistance (1/Rp).
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Figure 4-8: Linear polarization resistant (LPR) measurment on Alloy 800 at 21 °C

and 80 °C at pH 6.0, 8.4 and 10.6. for each temperature and pH, the top
graph shows the LPR data after 2, 10, 20, 40, 60 and 72 h and the bottom
graph shows the 1/Rp as well as corrosion potential. Note that the
potential scale is corrected to account for the 59 mV/pH difference.

The average of the currents obtained during negative and positive potential scans

corresponds

polarization

to the current due to interfacial charge transfer. That is, the line for the

current due to only interfacial charge transfer (or electrochemical redox

reactions) lies in the middle of the two polarization lines during negative and positive scans.

The LP results presented in Figure 4-8 show that the current due to interfacial charge transfer

at Ecorr (1) is not zero, but negative, in all cases except for that of pH 10.6 at 80 °C.

The interfacial charge transfer current (overall current — charging current or overall

current + discharging current) consists of two components, anodic and cathodic current. The
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anodic current arises from the interfacial transfer of metal cations (produced by metal
oxidation) from the metal to the solution phase through the metal oxide phase, if present. The
cathodic current arises from the interfacial transfer of electrons (produced by solution
reduction) from the solution phase to the metal phase through the metal oxide phase. The
observations of the negative current at Ecorr (t), while the slopes of current versus potential
during negative and positive potential scans are nearly the same, and the large contribution
of charging current to the overall current, indicate that the potential dependence of the
interfacial charge transfer current arises primarily from that of electron transfer. That is, the
electron transfer rate (or solution reduction current) increases exponentially (or linearly over
the small potential range of £10 mV), while the metal cation transfer rate (or metal oxidation
rate) is nearly constant, with an increase in externally applied potential.

When the interfacial charge transfer current at Ecorr(t) is negative, the 1/Rp value is
a measure of the potential dependence of the overall electron transfer rate from the solution
to the metal phase through the metal oxide phase. Thus, the Rp represents the resistance of
the oxide phase to electron transfer from the solution to the metal phase, and not necessarily
the resistance to metal oxidation (or corrosion). In particular, direct comparison of the 1/Rp
values when different oxides are present does not provide any information about their relative
corrosion rates. This can explain the observations that higher 1/Rp values are observed at pH
10.6 than at pH 6.0 (Figure 4-8), while the dissolved metal concentrations are lower at pH
10.6 than at pH 6.0 (Figure 4-2).

The oxides present on the alloy surface are in hydration and hydrolysis equilibrium
with the oxide constituent ions, metal cations and oxygen anions. The observation that the
magnitude of the charging current is proportional to 1/Rp can then be attributed to the change
in the rate of migration of these ions in the double layer due to the changing electric potential

gradient in the layer as the potential is scanned.

4.3.3 Effect of y-Radiation on Ecorr

Exposed to y-radiation, both the alloy and solution phases absorb the y-photon
energy. In the alloy phase, the absorbed energy dissipates predominantly as heat (increasing
the alloy’s temperature slightly - by 2-3 °C). But in the solution phase it induces ionization

and decomposition of water molecules to produce a number of redox active species [15]:
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Ho0 —/"YY\—» «OH, *€aq”, *H, HO2¢, H, H202, H* (4-6)
The reducing species are mostly radicals (e.g., *eaq~ and *H) and very reactive in the solution
phase where they are produced. The probability of the radicals reaching the surface and
engaging in electrochemical reactions is much lower than that of the longer-lived oxidizing
species (e.g., H20z). Thus, the solution environment quickly becomes highly oxidizing under
continuous y-irradiation [10, 16-21]. Of the radiolytically produced oxidants, H2Oz is most
effective for metal oxidation [10]. The Eeq of H202 reduction to OH™ is higher than that of
O2 to OH™ and significantly higher than that of H>O to H,. The production of H.O: increases
the driving force for interfacial electron transfer processes, and hence y-radiolysis can
increase the rate of metal oxidation that is coupled with the reduction of solution species.

Unfortunately, we were not able to measure Ecorr during corrosion at 80 °C with
radiation present due to concerns over the stability of the reference electrode. Thus, the Ecorr
measurement with radiation present was performed only at 21 °C and for a shorter period.
The Ecorr Observed during corrosion at 21 °C with and without radiation present are
compared in Figure 4-9. The effect of y-radiation on Ecorr depends on the pH of the solution.
At all three pHs, the Ecorr changes more slowly during corrosion with than without radiation
present. The duration of this initial stage depends on pH and is longer at a lower pH.
However, the Ecorr at later times increases at a faster rate with radiation than without
radiation present, and the Ecorr values reached after 15-h corrosion with radiation present

are the same as those reached after 72-h corrosion without radiation present (Figure 4-6).

| pH 6.0 | | pH 8.4 | | pH 10.6
0.0 0.0/ 0.0
8.04 .04 8.04
2’ ——RT No Rad 2’ a
w —RTRad w ——RT No Rad w ——RT No Rad
08 08 ——RTRad 0.8 ——RTRad
0 4 8 12 18 0 4 8 12 16 0 4 & 12 18
time (h) time (h) time (h)

Figure 4-9:  Ecorr measurements in the presence and absence of radiation and RT for
15 h at all three pH. The black line is RT No Rad and the red line is with
radiation results.
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The faster approach to the final steady-state Ecorr during corrosion with radiation
than without it is consistent with the expectation that y-radiolysis produces stronger oxidants
and hence, increases metal oxidation rates causing metal oxidation to progress to the
formation of metal cations with higher oxidation states. However, the overall rate of
corrosion is determined by not only electron transfer but also metal cation transfer. The
interfacial metal cation transfer is affected by the rates of dissolution and oxide formation of

the metal cation.

4.4 Proposed Corrosion Mechanism

The experimental study indicates that the specific metal oxidation reactions that occur
during corrosion of Alloy 800, and their rates, change with time. Based on this analysis a
corrosion mechanism consisting of elementary metal oxidation steps is proposed and

schematically illustrated in Figure 4-10.

Alloy 800 Corrosion Pathways
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Figure 4-10: Proposed mechanism for Alloy 800 corrosion

The proposed mechanism considers that Alloy 800 corrosion mechanism involves a

series of metal oxidation reactions coupled with solution reduction reactions, and each metal
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cation produced either dissolves into solution or precipitates as solid hydroxide/oxide. The
metal-solution redox reactions are interfacial charge transfer processes. Thus, the driving
force for a specific metal oxidation is the difference between the potential energy of the
corroding system (Ecorr) and the Eeq of the metal oxidation half-reaction. However, because
corrosion (loss of metal from the metal phase) involves not only electron but also metal
cation transfer, the overall rate of metal oxidation is determined by not only interfacial
electron transfer but also other processes that affect the interfacial transfer of metal cation
from the alloy phase to the solution phase and, if present, the oxide phase.

Mass and charge conservation during corrosion dictates that the rate of each oxidation
reaction producing a metal cation must be equal to the sum of the rates of dissolution and
oxide formation of the metal cation. As metal oxidation to produce a specific metal cation
continues and the solution near the surface becomes saturated with the metal cation, the
dissolution of the metal cation becomes suppressed while the hydrolysis followed by
precipitation of the metal cation as solid hydroxide/oxide increases. The oxide present on the
metal surface is a potential energy barrier for metal oxidation leading to the formation of the
oxide. As long as metal oxidation continues the hydroxide/oxide of the metal cation
continues to grow. Once the solution is saturated with the metal cation the overall rate of the
metal oxidation is determined by the precipitation and growth of the oxide of the metal
cation. However, as the oxide grows it slows down the metal oxidation. Consequently, the
rates of metal oxidation, dissolution and oxide formation evolve as corrosion progresses,

before the system (consisting of the alloy and solution phases) reaches steady state.

The proposed mechanism shows that different corrosion pathways are available
because many metal oxidation reactions occur, some in sequence and some in parallel, and
each oxidation leads to dissolution and oxide formation of the metal cation produced.
Competition kinetics between different elementary processes determine the corrosion
pathway. The pH and y-radiation affect the rates of individual elementary processes and
thereby influence not only the overall rate of corrosion but also the corrosion pathway.

The pH of the solution does not affect the driving force for an electrochemical redox
reaction (i.e., metal oxidation coupled with solution reduction), but it affects the hydration

and hydrolysis rates and the solubilities of metal cations. The rates of hydration (or solvation)
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and hydrolysis of transition metal cation are known to increase with an increase in pH [14].
The solubility of a metal cation in water also depends strongly on pH, but it does not increase
continuously with pH but rather has a minimum at a mildly basic pH. Each metal cation has
a characteristic pH dependence and a specific pH of minimum solubility, as can be seen in

Figure 4-5.

On the other hand, y-radiolysis produces highly redox active species and increases
the driving force for metal oxidation. However, it has a negligible effect of the solvation

properties of water such as the hydration rate and the solubility of metal cations.

4.5 Conclusions

This study has found that corrosion of Alloy 800 involves a series of metal oxidation
reactions coupled with solution reduction reactions, and each metal cation produced either
dissolves into solution or precipitates as solid hydroxide/oxide. The driving force for a
specific metal oxidation is the difference between the potential energy of the corroding
system (Ecorr) and the Eeq of the oxidation half-reaction. However, the overall rate of
corrosion (sum of dissolution and oxide formation) is determined by not only the
electrochemical oxidation but also other chemical and transport processes. Mass and charge
conservation during corrosion dictate that the rate of each oxidation reaction producing a
metal cation must be equal to the sum of the rates of dissolution and oxide formation of the
metal cation. Consequently, the rates of metal oxidation, dissolution and oxide formation
evolve as corrosion progresses before the system (consisting of the alloy and solution phases)

reaches steady state.

Based on the experimental study, a corrosion mechanism has been proposed. The
mechanism shows that different corrosion pathways are available because many metal
oxidation reactions occur, some in sequence and some in parallel, and each oxidation leads
to dissolution and oxide formation. Competition Kinetics between different elementary
processes determine the corrosion pathway. The pH and y-radiation affect the rates of
individual elementary processes and thereby influence not only the overall rate of corrosion

but also the corrosion pathway. The pH of the solution does not affect the driving force for
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metal oxidation, but it affects the hydration and hydrolysis rate and the solubility of metal
cation. Gamma-radiolysis produces highly redox active species and increases the driving
force for metal oxidation. However, it has a negligible effect of the solvation properties of
water such as hydration rate and solubility of metal cation.

The combined effect of pH and y-radiation on 3-d corrosion of Alloy 800 in Ar-
purged solution at 80 °C is that y-radiation increases the overall dissolution of Ni?*(q) at pH

6.0 whereas it promotes the formation of a passive oxide layer at pH 10.6.
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Chapter 5
Combined Effects of Gamma-Radiation and pH on
Corrosion of Alloy 800 at 150 °C

5.1 Introduction

Alloy 800, a member of the Fe-Cr-Ni alloy-family, is widely used in heat exchangers
in power generation plants, and especially nuclear power plants, due to its good mechanical
properties and acceptable corrosion behaviour [1-3]. It is typically used for applications that
involve long-term exposure to high temperature. Normally, in nuclear power plants, the
primary water coolant passes through tubes made of Alloy 800 where they exchange their
heat with the secondary system which has a different temperature and water chemistry [2,
4]. In pressurized light water reactors (PLWR) the primary coolant has a pHt ~ 7 and the
temperature ranges from ~ 270 to 325 °C [4] whereas in the pressurized heavy water reactors
(PHWR) also known as Canadian deuterium uranium (CANDU) it has a pH range of 10.2 —
10.4 and operates at temperature range of 265-325 °C [2, 4].

In this chapter, electrochemical experiments were performed to investigate the
general corrosion behaviour of Alloy 800 at a higher temperature in borate buffer solutions
at pHzs -c 6.0 and 10.6. The corrosion tests were performed at 150 °C for different time
periods to study the effect of pH and y-radiation on the corrosion behaviour of Alloy 800.

5.2 Experimental

5.2.1 Material and Solutions

The electrochemical experiments and coupon exposure tests were performed as
shown in Figure 5-1. The details of the composition of Alloy 800 and sample preparation are

described in detail in Chapter 3. For the electrochemical measurement, only one side of the
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samples with surface area 0.785 cm? was exposed to the solution. All experiments were
conducted in argon-purged 0.01 M sodium borate (Na2B4O7.10H,0) solution at pH2s -c 6.0
and 10.6. The pH of the solutions was adjusted to 10.6 by adding the required amount of
sodium hydroxide (NaOH) and to 6.0 by adding boric acid (HsBOs). All solutions were
prepared with water purified using a Nano pure Diamond UV ultra-pure water system from

Barnstead International to give a resistivity of 18.2 MQ-cm.
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Figure 5-1: Experimental setup for coupon exposure tests and electrochemical
experiments

5.2.2 Electrochemical Tests

Open-circuit potential (Ecorr) and potentiodynamic polarization (PD) experiments
were performed at 150 °C with borate buffer solution at pH2s -c 6.0 and 10.6. The tests were

carried out using an autoclave with a built-in 3-electrode electrochemical cell. The working
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electrode was the Alloy 800 sample under study, the counter electrode used was a high
surface area platinum mesh, and the reference electrode used was a high-temperature high-
pressure external saturated Ag/AgCl electrode. All measured potentials are converted to SCE
values at room temperature using the procedure reported in Chapter 3. The borate solution
was purged with argon gas for an hour prior to start of experiment to remove dissolved
oxygen from the test solution. The working electrode was cathodically cleaned for 5 minutes
prior to the start of experiments to remove any organic impurities from the sample’s surface.
After cathodic cleaning, the corrosion potential was recorded for 10 h. At the end of this 10
h potential measurement, PD was performed from —0.3 V vs. Ecorr to anodic potentials with

the same scan rate of 1 mV/s.
5.2.3 Corrosion Experiments

For coupon exposure experiments, both sides of the sample were exposed to the test
solution with a total surface area of 2.5 cm? in a sealed quartz vial. The vials were then placed
in an autoclave and irradiated using a MDS Nordion Gammacell 220 Excel Cobalt-60
irradiator as described in detail in Chapter 3. The dose rate during the period of
experimentation was 2.7-2.9 kGy-h?, as calibrated by Fricke dosimetry.

5.2.4 Post-test Analysis

After the coupon exposure test, the test solution was analysed for dissolved metal
concentration using inductively coupled plasma — optical emission spectroscopy (ICP-OES).
The lower limits of quantitation for Ni, Cr and Fe were 5 pg-L™%, 2 pg-L* and, 2 pg-L 72,

respectively.

The corroded coupons were rinsed with water, dried with argon gas and stored under
vacuum prior to surface analysis. The morphology of the oxide formed on the coupon surface
was analyzed using a scanning electron microscope (SEM). The composition and thickness

of oxide formed was analyzed using Auger electron spectroscopy (AES).
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5.3 Results

The Ecorr measurement was performed only for the first 10 h of Alloy 800 corrosion
and only without radiation present and was followed by a potentiodynamic (PD) scan. The
Ecorr and PD scan results are shown with the calculated equilibrium potentials of metal
redox half-reactions at 150 °C in Figure 5-2. The pH-dependent Eeq values were calculated
from thermodynamic data available in literature [5-10]. Only the Eeq values that are within
the observed Ecorr ranges are shown in Figure 5-2.

The Ecorr Value increased rapidly upon removal of the externally applied potential
for cathodic cleaning. The increase was faster at pHzsec 10.6 (~ 30 min) than that at 6.0 (~ 2
h). This was followed by a slow change in Ecorr before it reached a steady-state value. At
pH2sec 6.0 the Ecorr Stabilized at —0.2 Vsce for almost 90 min before it dropped to —0.25
Vsce for the rest of the measurement. The steady-state Ecorr Value at pH2sec 10.6 is about
100 mV higher than that observed at pHzsec 6.0. Not only the Ecorr Vvalue, but also the
difference between Ecorr and Eeq for any given reaction is larger at pH2sec 10.6 than that at
pH2s-c 6.0.

The steady-state Ecorr Values all lie above the Eeq of the oxidation half-reactions of
Fe® to FeCr,04, Fe® to Fe(OH),, Fe(OH), to FesOs, Ni° to Ni" species (NiFe,O4 and
Ni(OH).), Fe304 to y-Fe.0z and Fe(OH). to y-FeOOH, but they are below the Eeq of the
redox half-reactions of Cr'"" to CrV! species (not shown in Figure 5-2) and at pHzsec 6.0 it is
below the equilibrium potential of Fe3O4 to y-FeOOH. Note that the metal oxidation that can

lead to these oxides and hydroxides also results in the dissolution of the metal cations.
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Figure 5-2:

PD

Eeq at 150°C

ECORR

=
o

Ecorr Observed as a function of time for Alloy 800 corrosion in Ar-purged
solutions at pHzs.c 6.0 (pH15 °«c ~7) and pHzsec 10.6 (pHis0°c ~9.6) (left
panel); equilibrium potentials of redox half-reactions of metal species as
a function of pHiseec (centre panel); and the potentiodynamic (PD)
polarization curves obtained at 10 h (right panel).
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At pHasec 10.6 the Ecorr(10 h) value is above the Eeq (Fe30s S y-FeOOH) and close
to Eeq (Fe304 5 a-Fe203). That is, the oxidation of FezO4 to y-FeOOH and the dehydration
of y-FeOOH to a-Fe203 [11-13] can couple with the reduction of a-Fe.O3 to Fe3Os. Note
that a-Fe20s3 is a stable phase and if it has formed, its reduction would be slow. Therefore,
the Ecorr(10 h) is close to Eeq (FesOs S a-Fe203), due to the slow kinetics of the reaction.
At pHasec 6.0 the Ecorr(10 h) value is below the Eeq (Fe30s S y-FeOOH) and above the Eeq
(Fe(OH)2 5 y-FeOOH). This is similar to the observed behaviour at lower temperature
presented in Chapter 4. Once Fe is oxidized to Fe?*, it hydrates forming Fe(OH)z and it can
be further oxidized to y-FeOOH. The electrode potential is below Eeq (Fe304 S y-FeOOH)
and causes reduction of y-FeOOH to FezOs. In addition to FesO4 formation by this cycle,
reduction of y-FeOOH can also oxidize Ni to Ni' species (Ni(OH). and NiFezO4 in the
presence of magnetite). Note that because FesO4 is in hydrolysis equilibrium with Fe?* (g
and Fe* (g and y-FeOOH is in equilibrium with Fe** (s the conversion from one oxide to
another is likely to occur through dissolution and precipitation. This catalytic redox coupling
will be established earlier at the pH with lowest solubility of a certain cation, due to the faster
saturation of the solution with Fe?*(aq) and Fe*(aq) and hence the faster formation of Fe(OH)z,

y-FeOOH and Fe3O4 on the alloy surface.

The potential at which the current switches from negative to positive during PD scan
will be referred to as the potential of zero current (Ei=o). The potentials of zero current
(Ei=0(10 h)) are below the Ecorr(10 h) values at both pHs. At pHasec 6.0 (= pH1so°c ~7) the
Ei=0(10 h) value is closer to the Eeq Of the redox reaction between FezO4 and y-Fe,O3, while
at pH2sec 10.6 (= pH1so°c 9.6) the Ei=o(10 h) the value is closer to the Eeq Of the redox reaction
between FesO4 and y-FeOOH. These Ei=o(10 h) values are too high for the water reduction
half-reaction to effectively couple with the metal oxidation half-reactions (Figure 5-2).
Because at Ei=o the overall oxidation rate is the same as the overall reduction reaction, the
PD scan results indicate that at pH2sec 6.0, the current as a function of potential near
Ei=0(10 h) is primarily determined by the oxidation and reduction cycle of FesO4 and y-Fe>03
and that of y-FeOOH and FesO4 at pH2sec 10.6. The comparison of Ecorr(10 h) with Eeq

indicates that adequate amounts of FesO4 and y-Fe Oz are present on the surface corroded
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for 10 h at pH2s°: 6.0 while sufficient amounts of y-FeOOH and Fe3O4 are present on the

surface corroded for 10 h at pH25°%¢ 10.6, to allow these redox cycles to occur.

The electrochemical analysis results are consistent with the results obtained in the
studies at room temperature and 80 °C presented in Chapter 4. The corrosion Kinetic
pathways proposed from the low temperature studies are still applicable to the corrosion of
Alloy 800 in Ar-purged solution at 150 °C. The proposed corrosion pathways are presented
again here in Figure 5-3. The different observed behaviours at different temperatures can be
attributed to the fact that the rates of different elementary processes have different

temperature dependences.

Alloy 800 Corrosion Pathways
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Figure 5-3:  Proposed Alloy 800 corrosion pathways

Alloy 800 corrosion kinetics at 150 °C over longer times (up to 5 d) were studied by
analyzing dissolved metal concentrations and the surfaces of coupons corroded for different
durations at pHzs -c 6.0 and pH2s -c 10.6 with or without y-radiation present. The SEM images
of the surfaces and the dissolved concentrations of three different metal ions from the same

tests are presented in Figure 5-4.
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Figure 5-4:

Dissolved metal concentrations (Cr in blue, Fe in red and Ni in green)
and SEM micrographs of the surfaces of the coupons corroded for
different durations in Ar-purged solutions at pHzs -c 6.0 and 10.6 with y-
radiation (Rad) or without y-radiation present (No Rad). The
experimental uncertainties in the dissolved concentrations are indicated
with bars.
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The dissolved metal concentrations are also listed in Table 5-1. Note that the
dissolved concentrations determined by ICP-OES include colloid particles dispersed in the

solutions as well as completely soluble species.

Table 5-1: Concentrations of metal cations dissolved over different durations of Alloy
800 corrosion in Ar-purged solutions at pH2s°c 6.0 and 10.6 at 150 °C with
radiation (Rad) and without radiation present (No Rad).

Concentration (uM/cm?)

D“Eﬁg'on OHas -c 6.0 bHas -c 10.6
Cr Fe Ni Cr Fe Ni
5 018 116 008 003 081 005
orag 2 005 063 008 001l 033 001
72 00l 018 003 008 093 006
120 022 020 072 004 024 003
5 005 004 003 006 1100 004
o 24 002 249 051 002 063 000
72 003 060 126 097 255 248

120 0.17 2.83 0.10 0.02 0.11 0.02

Although the Ecorr reaches a steady state within 5 h (the first data collection time)
at a given pH without radiation present (Figure 5-2), the dissolved metal concentrations
fluctuate with time, showing wave patterns, under all conditions studied. The SEM images
of the surfaces also show changes in morphological characteristics with time. The dissolved
concentrations of metal cations are sometimes above their solubility limits except for the
solubility of ferrous ion. The solubilities for iron, chromium and nickel cations as a function
of pH at 150 °C were calculated from the Gibbs free energy of formation reported in literature

[5-8] and are presented in Figure 5-5.
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or' Ni"

Figure 5-5:  Solubilities of Fe!', Fe''", Ni' and Cr'"" ions in water at 150 °C calculated
using the Gibbs free energies of formation reported in refs [5-8].

The decrease in the concentration of dissolved metal cations accumulated over the
duration of corrosion with time indicates that the fluctuation in dissolved metal concentration
is not due to fluctuation in the metal oxidation rate. While metal oxidation is occurring, the
overall amount of metal cation accumulated should increase, irrespective of the rate of
oxidation. Rather, the fluctuation in dissolved concentration indicates that the metal cations
dissolved at earlier times precipitate as solid oxide/hydroxide adhering to the surface at later
times. The period when dissolved metal concentration is observed to decrease is when the
rate of metal dissolution is lower than the precipitation of metal cation on solid metal
hydroxide and/or oxide.

The dissolved concentrations of individual metal ions as a function of time presented
in Figure 5-4 show wave patterns. For example, the dissolved Fe concentration is highest at
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5 h (the first data collection time) under all conditions except for pHzs -c 6.0 with radiation.
This is followed by a decrease before the dissolved Fe concentration increases again. The
cycle of increase-decrease of dissolved concentration repeats within the studied duration.
Different metals have different rates of increase and decrease in dissolved concentration, and

the rates for individual metal cations depend on pH and whether radiation is present or not.

The cycling of dissolved metal concentration with time is a form of chemical wave,
a typical pattern produced by oscillating reactions. Chemical waves can be observed in the
time domain such as observed in the iodine clock reaction [14, 15], or in the space domain
such as observed in the Belousov-Zhabotinsky (B-Z) reaction [16-20]. Observation of a
chemical wave indicates that the reaction system is far from equilibrium and remains so for
a significant length of time. A feature of B-Z reactions is that they oscillate between two or
more metastable states. This does not contradict the laws of thermodynamics, as over longer

times these oscillations move towards equilibrium of the overall reaction system.

During corrosion, the concentration of dissolved metal cations in solution is initially
controlled by the rate of metal oxidation coupled with solution reduction. However, as
corrosion progresses and the solution becomes saturated with metal cations, the metal cations
precipitate and grow hydroxides/oxides. As the metal hydroxides/oxides grow they can
suppress further oxidation of metals. For Alloy 800 corrosion at 150 °C, the time to approach
the overall slow metal oxidation rate appears to be short (in 5 h). After 5 h the oxidation of
metallic species would have slowed down considerably.

The metal cations from oxide/hydroxide particles can be hydrated and hydrolyzed.
The dissolved metal cations that are in dynamic equilibrium with solid metal hydroxides can
diffuse into solution and then reprecipitate onto other oxide/hydroxide particles some
distance away. This coarsening (or Ostwald ripening) is considered mainly responsible for
the changes in the surface morphology and dissolved concentration at longer times. The wave
of dissolved metal concentration at times longer than 5 h may be attributed to the oscillation
between net dissolution (hydration and diffusion) of metal cations from oxide particles and
net precipitation of dissolved metal ions on oxide particles, while the overall amounts of

individual metal cations (as dissolved and oxide species) increase slowly as corrosion
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progresses; see further discussion below. The metal oxides/hydroxides can further oxidize

and convert to different oxides.

The depth profiles of the atomic percentages (at.%) of the three main metal elements,
carbon and oxygen were determined by AES with Ar" ion sputtering. The depth profiles for

the surface layers of the coupons corroded for 5 h and 120 h are shown in Figure 5-6.

The depth profiles presented in Figure 5-6 show that the C at.% near the surface is
significantly higher than its at.% in the bulk alloy and the front of the high C at.% moves to
a deeper depth with time. In addition, in the depth range over which the C at.% is high the
atomic percentages of Fe, Ni and Cr are very low while the O at.% is high. As discussed in
more detail later, these depth profiles suggest that the metal species have been dissolved from
this layer, enriching the fraction of carbon in the alloy bonded to titanium (which is very
low) in this layer. Note that a distinct solid phase of metal carbide is not likely to be present
in this alloy. However, carbon forms a strong covalent bond with titanium and chromium at
the alloying temperature in the interstitial sites of the FCC crystal structure of austenite and
is likely to be distributed uniformly in the alloy phase. These phases are hard to dissolve, and
as Fe and Ni (and to some extent Cr) dissolves into the solution, they remain on the surface.
Therefore, as the surface is sputtered by Ar* in the AES analysis, because of depletion of Fe,
Crand Ni, it shows a high C concentration. It should be noted that the first monolayers of C
on the surface might be because of contamination, but those deep into the metal are an
indication of carbon bonded to metals.

Dissolution of metal cations from the alloy phase results in high C at.% while very
low metal at.%. At later times, as the solution becomes saturated with the dissolved metal
cations, the metal cations can precipitate easily as metal hydroxide/oxide particles and films.
Accumulation of metal oxide/hydroxide increases the atomic percentages of metal elements
and O, and accordingly C at.% decreases. The depth profile of C at.% will depend on the

relative progression of dissolution and metal oxide growth.
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Figure 5-6: AES depth analysis for coupons exposed to pHzsec 6.0 and 10.6 for 5 h
and 120 h in the presence and absence of radiation at 150 °C. The black
line represents oxygen, red Fe, blue Cr, green Ni and gray is C.

Due to the large contribution of C to the atomic percentages of other elements the
ratio of the atomic percentages of O to total metal (1.5Cr + Fe + Ni), not their absolute atomic
percentages, provides the type and thickness of the oxide/hydroxide deposited on the surface.
The depth profiles of O/(1.5Cr + Fe + Ni) obtained for the coupons corroded for 5 h and 120
h are compared in Figure 5-7. Also shown in the figure are the depth profiles of C at.% on
the same coupons. The depth at which the ratio of O/(1.5Cr + Fe + Ni) is one is the depth
where all of the metal species are present in oxide forms of metals in their lowest stable
oxidation states (e.g., FeCr204 and NiO). The depth at which the ratio is 0.5 thus represents
the average depth of the metal oxide/metal interface. The depth at which the ratio is 2.0 is
that at which the metal cations are in hydroxide forms, Cr(OH)3, FeOOH (or Fe(OH).) and
Ni(OH)2. A ratio greater than 2.0 indicates the presence of highly hydrated metal cations
(e.g., Fe(OH)s-3(H20)) and adsorbed water molecules (or electrolyte ions). The ratio does
not stay constant with depth for all of the surfaces studied. The steep change in the ratio with
depth indicates that the oxides/hydroxides do not grow as pure or distinct oxide phases,
although with time they may slowly convert to stable distinct oxide phases. Note that the

lines representing different oxide compositions such as the line of O/(2Cr + 2Fe + 2Ni)
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representing CrOOH, FeOOH and Ni(OH)2 can be constructed. However, the variation in

the ratio of O to metal is within a factor of 1.5.

Because of the continuous nature of the metal oxide/hydroxide transition, we define
the range between the depth at which the ratio is 0.5 and the depth at which the ratio is 3.0
(both arbitrary values based on the oxygen analysis) as the layer of metal oxide. The oxide
that grows on the surface can be considered as a spinel with a composition of NixFe1+xCra-
2x04 (0<x<1) where x=0 at the region close to the interface of metal and oxide and x=1 close
to the interface of solution and oxide. The range of depths shallower than this range is
depleted of metals and has not yet filled with metal oxides, consisting of mostly molecular
metal carbides and highly hydrated surfaces.

The average depth of the oxide/metal interface (i.e., the depth at which the ratio of
O/(1.5Cr + Fe + Ni) is 0.5) coincides with the depth at which the Ni at.% (Figure 5-6) is at
its maximum under all studied conditions. This is consistent with the general observation
that Ni is enriched at the interface of metal and oxide [21, 22]. This also indicates that Ni
dissolution is initially slower than Fe and Cr dissolution.

Under all studied conditions, the depth at which the interface lies increases steadily
with corrosion time. At 5 h the interface front is at a deeper depth at pH2s-c 10.6 than at
pH2s oc 6.0 without or with radiation present. However, the interface front moves more slowly
at pHas oc 10.6 than at pH2s -c 6.0, and the difference in the interface depths at the two pHas ¢
values is much smaller at 120 h. These observations indicate that the rate of metal dissolution
is initially higher at higher pH, but metal dissolution continues longer at a lower pH. As
discussed in detail later, rates of surface hydration and hydrolysis of metal cations are higher
at a higher pH. This can explain the observation that the oxide/metal interface is at a greater
depth for the coupons corroded for 5 h at pHzs -c 10.6 than at pH2s -c 6.0. However, the faster
the dissolution of metal cation, the faster the solution near the surface becomes saturated by
the metal cation, and the hydroxide/oxide of the metal cation is formed earlier and grows
faster. The solubilities of metal cations are in general lower at pH2s -c 10.6 than at pHzs -c 6.0
(Figure 5-5). The combination of faster hydrolysis and lower solubility at pHzs -c 10.6 thus
promotes earlier and faster growth of metal oxide particles and films on the surface,
passivating the surface earlier.
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Oxygen and carbon analysis of AES results on Alloy 800 after 5 h and
120 h immersion at pHzs.c 6.0 and 10.6 at 150 °C in the presence and
absence of y-radiation. The dashed vertical lines shows where the ratio is
0.5, 1.0 and 2.0. The ratio of 0.5 for the oxygen line is considered to be the
interface of metal and oxide, 1.0 is the oxide region and 2.0 is the
hydroxide layer.

depleted region changes with pH and the presence of radiation. Without

radiation, the depth range increases with time at both pHs. With radiation, the change is not

significant for pHzs-c 6.0 while it increases with time at pH2sc 10.6. The reason for the

different behaviour at pH2s-c 6.0 in the presence of radiation could be the homogeneous

oxidation of metal cations (mostly Fe) in the solution, as reported previously [23].
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5.3.1 Corrosion at first5 h

The rate of metal dissolution will be highest at the beginning of corrosion when the
solution is free of metal cations. The electrochemical results presented in Figure 5-2 indicate
that the Ecorr already reaches a high steady-state value by 5 h, and the overall metal
oxidation rate should slow down considerably by the time the Ecorr reaches the steady-state

value. Thus, most of metal dissolution occurs in the first 5 h, and perhaps even earlier.

The evolution of Alloy 800 corrosion at 150 °C in the first 5 h is difficult to observe
experimentally. However, the Ecorr and the PD polarization results indicate that while the
Ecorr approaches steady state faster, Alloy 800 corrosion at 150 °C involves the same metal
oxidation reactions and transport processes as those observed at lower temperatures, as

schematically shown in Figure 5-3.

The proposed mechanism suggests that corrosion of Alloy 800 proceeds first by
oxidizing Fe® to Fe'" which quickly dissolves into solution as Fe?*(aq). Because its solubility
is high at all pHs the dissolution can continue for some time. The concentration near the
surface is determined by the rate of its production (i.e., Fe® oxidation to Fe'') and the rate of
Fe'' removal from the surface. The removal of metal cation from the surface of solid metal
or solid metal oxide requires hydration of the metal cation followed by diffusion from the
surface to the bulk solution phase. The surface hydration of metal cation increases with an

increase in pH (assisted by base catalyzed hydrolysis) and with temperature.

As the metal oxidation continues the concentration of Fe?*(,q) in the solution near the
surface increases. When the concentration of Fe®'(q in the solution near the surface
approaches its saturation limit, the diffusion of Fe?*(q from the surface into the solution
phase is significantly hindered. This slows down the net dissolution of the Fe!' species to the
solution phase and the concentration of Fe'' on the surface increases and the formation of
FeCr.04 and hydrolysis of Fe**(q) to Fe(OH). increase accordingly. The Fe'' species on the
surfaces of metal or growing oxide/hydroxide particles are also more easily oxidized to the

less soluble Fe'/Fe"

oxide (FesOs) and/or y-FeOOH, compared to homogeneous solution
oxidation. Thus, once the solution near the metal surface becomes saturated with Fe?* ) the

growth of iron hydroxides/oxides is accelerated.
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As the layer of solid oxide/hydroxide particles grow, the oxidation of Fe? to Fe'' slows
down because an oxide layer present on metal surface is an energy barrier for metal
oxidation. The conversion of the Fe'' species to the less soluble Fe''' species will deplete the
surface of adsorbed ferrous ions, and Fe2*(aq) will continue to adsorb on the surface.

The Ecorr Values observed at 5 h are also above the Eeq of Ni° oxidation to Ni'' and
hence dissolution of Ni?* also occurs. Similarly, once the solution near the surface reaches
the Ni" saturation limit, the formation and growth of Ni(OH). and/or NiFe,QO4 starts to
accelerate. The rate of nickel oxidation is affected by the type of iron hydroxide/oxide as
well as the nickel hydroxide/oxide that forms and grows. The overall nickel oxidation slows
down while the growth of Ni(OH). and/or NiFe.O4 by precipitation of Ni?*q continues,
decreasing the concentration of Ni%*q). The surface of Alloy 800 would be covered with air-
formed Cr,Os. Dissolution of Cr is limited by the hydration and hydrolysis of Cr'" ions from
the chromium oxide which is replenished by oxidation of Cr° to Cr,Os. As the FeCr,04 starts

to form by precipitation of Fe?*(ag) and Cr**(sq) the dissolved Cr concentration can decrease.

The observed effects of pH on Alloy 800 corrosion in Ar-purged solutions at 150 °C
over 5 h can thus be explained as follows. The pH has a negligible effect on the driving force
(or overpotential) of metal oxidation coupled with water reduction (because of the same pH
dependences of the metal redox half-reaction and the water reduction half-reaction).
However, pH affects the rate of surface hydration and hydrolysis of metal cation and the
solubility of metal cation. The net dissolution rates of Fe?*(ag) and Ni?*(,q) are initially higher
at pHos-c 6.0 than at pHas-c 10.6. Their solubility limits are higher at pH2s-c 6.0 than at
pH25.c 10.6. Thus, the rate of metal dissolution is initially faster at pH2s-c 6.0 than at
pH2s -c 10.6 and the maximum dissolved concentration reached is higher at pH2s -c 6.0 than
at pHas -c 10.6 because hydroxide/oxide formation is negligible until the concentration of

Fe?*(ag) in the solution near the surface reaches its saturation limit.

The faster metal dissolution at pHzs-c 6.0 than at pHzs-c 10.6 at early stages of
corrosion is consistent with the observed depth profiles of the atomic percentages of C and
the three metal elements determined by AES (Figure 5-6). On the coupon corroded for 5 h

without radiation present the depth at which the Ni at.% is maximum and the C at.% is

139



approximately that of the bulk alloy phase, and is deeper at pH2s -c 6.0 than at pH2s -c 10.6.
This layer is severely depleted of Fe, Ni and Cr. However, the dissolved concentrations of
all three metal elements observed at 5 h are lower at pHzs-c 10.6 than at pHas-c 6.0,
indicating that the concentrations of these ions near the surface may have reached their
solubility limits and that hydroxide/oxide formation has occurred more significantly at
pH2s oc 10.6 than at pH2s -c 6.0. These observations are consistent with the observed effect of
pH over 5-h corrosion on the depth profile of O at.% (Figure 5-7) as well as the surface
morphology observed by SEM (Figure 5-4).

Corrosion under y-radiation in the first 5-h seems to be faster than that with no
radiation. For pHasec 10.6, dissolved Cr concentration is almost double of that of no radiation
and it is more than an order of magnitude higher for Fe while Ni dissolution is similar to the
No Rad condition. Also, for this sample, oxide is thicker than its no radiation counterpart.
These observations suggest that the rate of corrosion is higher in the presence of radiation

because radiolytic products act as oxidants and increase the overall rate of oxidation.

At pH 6.0, the results are different from that of no radiation. The dissolved metal
cation concentrations are lower than those with no radiation and the oxide is thicker. This
observed difference could be because of partial radiolytic oxidation of metal cations and
formation of nano-particles. In the other words, the highest dissolved metal concentation in
the presence of radiation might have been attained at a time shorter than 5 h. Therefore, it is
possible that similar behaviour to that of no radiation happens in the presence of radiation,
albeit in a shorter time scale than that studied here.

5.3.2 Corrosion at longer times

As exposure time increases the depleted region changes as well as the morphology
and the amount of dissolved metal cations in the solution. The Ecorr measurement shows
that corrosion potential does not change significantly and no other oxidation / reduction
reactions except for those already seen in the shorter time are taking place. This suggests a
significant role for the solution pH at longer times. The solution pH dictates the solubility of
metal cations (Figure 5-5) and the difference between Ecorr and Eeq (Figure 5-2) and

therefore, the corrosion pathway (Figure 5-3). The rate of solution reduction species is
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significantly lower and most of metal and oxides oxidation is coupled with the reduction of
oxides with higher oxidation state. The adsorbed metal cations on the surface can precipitate
on the surface and form an oxide or diffuse into the solution. In the presence of radiation,

radiolytic precipitation of metal oxides is possible.

When time increases from 5 h to 24 h, the number of oxide particles on the surface
increases. This increase is greater for pHzs -c 10.6 than that for pHzs-c 6.0, which is consistent
with the more significant drop in the dissolved metal cations determined by ICP for pHazs oc
10.6. At both pHs, the surface is covered with more oxide for the sample exposed for 72 h
than that for 24 h. However, the morphology of oxide is different as it is more dispersed
small particles with size less than 100 nm for the pHas -c 6.0 sample and filament-like film
for pH2s -c 10.6. It seems that the particles that form after 24 h (at pH2s -c 6.0) did not grow
and there are more particles that nucleated on the surface. The ICP-OES measurements
support this interpretation, as the concentration of the dissolved metal cations decreased from
24 h to 72 h at this pH. However, the sample immersed in a pH2s -c 10.6 solution has oxides
with a filament-like morphology. This type of morphology was previously reported for
transition metals at alkaline pH [3, 24-28]. The surface morphology after 72 h shows denser
and smaller filament-like oxides than those after 24 h at the same pH. However, the only
difference between 24 h and 5 h at pH2s .c 10.6 with no radiation is the increase in the number
of the filament-like oxides. The fact that the morphology of the sample after 72 h is different
from shorter times suggests that the type of oxide that forms on the surface is different in this
case. This new type of oxide is probably formed because of the change in the oxidation
pathway. The final morphology of the oxide on the surface after 120 h shows filament-like
oxide for both pHs. However, the filaments are larger at pH2s -c 6.0 than that at pH2s -c 10.6.
Generally, oxides are thicker at longer times; however, the change in the thickness is pH-

dependent.

The dissolved metal concentration of Cr at pH2s -.c 6.0 under radiation is similar to
that with no radiation except for the continuous increase in the metal cation concentration in
the solution from 24 h to 120 h, after the initial drop from 5 h to 24 h. Cr dissolution at pH2s
-c 10.6 and Ni dissolution at both pH under radiation show an initial increase in the dissolved
metal concentrations up to 72 h but then decrease as time increases to 120 h. Iron dissolution
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at pHzs -c 10.6 under radiation mirrors that of no radiation except for the faster rate of
dissolution or redeposition. This shows that at pHzs -c 10.6, radiation affects mainly the rate

at which iron dissolves or forms an oxide.

The morphology of the oxides on the surface is similar to that in the no radiation
experiments except for the size of particles and the density and length of the filament-like
oxides. The only significant difference is observed for pHzs -c 6.0 after 120 h of experiments
which shows a surface where the particles that formed earlier are flattening on the surface
and forming an oxide layer instead of forming oxide filaments. In addition, at pH2s-c 6.0, the
particles formed under radiation are more spherical rather than the elongated oxides formed
in the absence of radiation. This may be due to the fast redeposition of the oxide on the
surface. As this rate is very high, the particles prefer to maintain the lowest possible surface
area to volume, which produces spheres.

The concentrations of metal cations dissolved during corrosion with radiation present
determined by ICP-OES are far above their solubility limits which also suggests that some
of these metal cations may be present as hydroxide/oxide colloid particles dispersed
uniformly in the solutions. Consequently, the ICP-OES analysis required considerable

digestion of the solution samples prior to the analysis.

5.4 Conclusions

The effects of pH and y-radiation on oxide formation and metal dissolution on Alloy
800 surface in high temperature aqueous solution were investigated by coupon exposure
experiments and electrochemical tests. The results show that the rates of oxide formation and
metal dissolution vary with pH, but the main effect of y-radiation is on the oxidation rate.
Normally, the oxide formed at pH2s-c 10.6 is thicker than that at 6.0. Homogeneous radiolytic
oxidation of metal cations happens at pH2s-c 6.0 but not at pH2s-c 10.6. The oxide that grows
on the surface can be considered to be a spinel with the composition of NixFe1+xCr2.2xO4
(0O<x<1) where x=0 at the region close to the interface of metal and oxide and x=1 close to
the interface of solution and oxide. The electrochemical experiments show that at higher pHs,

the difference in the equilibrium potential of oxidation (Eeq) and corrosion potential (Ecorr)
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is higher than that at low pH. This indicates that at higher pH, the oxide film provides a

greater potential barrier for the oxidation reaction.
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Chapter 6
The Effect of Oxygen Content and Gas Phase Radiolysis on
Corrosion of Alloy 800H in High-Temperature Steam

6.1 Introduction

The importance of safe and optimal operation of nuclear power plants motivates
researchers to better understand the factors influencing the corrosion of metal alloys.
Uniform corrosion of system components in nuclear reactors introduces dissolved metal
impurities in the reactor coolant that can lead to the formation of insoluble metal oxide
particulates that deposit in the heat transport system. In addition, the circulation of these
dissolved metal species through the reactor core can cause neutron absorption by stable
isotopes to form radioactive products (e.g., >*Mn, %8Co, >°Fe, ®°Co, or *®Ni) [1]. Deposition
of radioactive materials on coolant system components outside of the shielding of the reactor

core creates a potential source of radiation exposure for plant workers.

The emphasis in this study is on the effects of radiolysis products on the corrosion of
structural materials in high temperature steam. Strongly oxidizing radiolysis products such
as H202 and O3 can interact with the protective oxide on different materials and influence
their subsequent corrosion behaviour. Furthermore, it is important to understand the release
of corrosion products from these structural materials, as this influences the radioactivity

transport within the coolant circuit.

This study investigates the effect of O and y-radiation on Alloy 800H corrosion in
steam at 285 °C. Alloy 800H is one of the candidate fuel cladding materials being
investigated for potential use in a Canadian design of a Generation 1V supercritical water
reactor (SCWR). Because the solvent properties [2-10] and the radiolysis kinetics [10] of
SCW lie somewhere between those of liquid water and steam, this study on steam corrosion,

combined with existing studies [10-17], may provide an insight into SCW corrosion of Alloy
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800H and, in particular, the effect of y-radiolysis on the SCW corrosion. Due to difficulties
in performing SCW corrosion tests in the presence of high dose y-radiation, it has been
suggested that SCW corrosion in the highly oxidizing environment induced by radiolysis
could be simulated by adding a high concentration of Oz into SCW. This study tries to
partially address this possibility by performing corrosion tests with different O>

concentrations in steam with or without radiation present.

6.2 Experimental

6.2.1 Materials

The Alloy 800H was purchased in rod form (American Special Metals Corp.). The
chemical composition of this alloy is given as (in wt.%) 45 Fe, 31 Ni and 23 Cr. The rod was
cut into discs. The total surface area of Alloy 800H exposed in each experiment was
9.12 cmz. Prior to each experiment, the discs were ground manually in sequence with 180,
400, 800 and 1200 grit silicon carbide papers, followed by polishing on a Texmet micro cloth
(Buehler) with a 1 um MetaDi Supreme diamond paste suspension (Buehler), and lastly,

sonication in a 1:1 acetone/methanol mixture for five minutes to remove polishing residues.
6.2.2 Experimental Conditions

Corrosion experiments were conducted in saturated steam at 285 °C. The corrosion
studies were carried out in a 300 mL AISI 316 stainless steel autoclave purchased from Parr
Instrument Company. The test specimens were arranged in a pre-oxidized zirconium
specimen holder to ensure no exposure of the test specimen to the condensed phase during
the experiments. At the time of closure, the autoclave contained 20 mL (only 7% of the
autoclave volume) of liquid Type-1 water (Barnstead International NANOpure Diamond
UV, 18.2 MQ-cm). The gaseous headspace of the vessel was filled with either ultra-high
purity Ar (99.999%, Praxair), or a 35% Oz + 65% Ar or a 50% Oz + 50% Ar mixture
(Praxair), which was introduced by sparging the partially closed vessel for 90 min before the
autoclave was sealed. The experiments were carried out either during exposure to y-radiation

or without radiation. The duration of each exposure was 5 h.
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All experiments involving irradiation were conducted in a MDS Nordion
Gammacell 220 Excel Cobalt-60 irradiator. As described in Chapter 3, in irradiation
experiments, the autoclave was positioned inside the gammacell sample chamber, and the
chamber lowered into the gammacell irradiation zone, centred within a cylinder bounded by
11 tubular pencils containing %°Co. The dose rate during the period of experimentation was
3.1-3.3 kGy-h?, as calibrated by Fricke dosimetry.

6.2.3 Surface Characterization

Scanning electron microscopy (SEM) images were obtained using a LEO (Zeiss)
1540XB focussed ion beam (FIB)/SEM/EDX. X-ray photoelectron spectroscopic (XPS)
analyses were performed using a Kratos Axis Ultra XPS with a monochromatic Al K(a)
source. Raman scattering measurements were performed using a Renishaw model 2000
instrument. Auger electron spectroscopy (AES) combined with argon-ion sputtering
provided a depth profile of the chemical composition of surface oxides. The AES analyses
were performed using a Physical Electronics Model PHI 660 instrument with an excitation

energy of 5 keV.

6.3 Results

The surfaces of Alloy 800H coupons corroded for 5 h in saturated steam containing
different concentrations of O with or without radiation present were examined using several
surface analysis techniques. The SEM micrographs are shown in Figure 6-1. On the sample
exposed to 285 °C saturated steam in an Ar atmosphere in the absence of radiation, scattered
crystallites of 100 nm dimensions were observed to be distributed over a surface that appears
to have experienced only minor amounts of corrosion, since the scratches from surface
preparation are still clearly visible. This picture shows that there is no preferential site for
nucleation of particles and they are randomly distributed on the surface. The sample exposed
to 285 °C saturated steam with added 35 % oxygen showed numerous particles, mostly in
the ~30 nm range, carpeting the Alloy 800H surface. Here also the superficial scratches from
the initial surface preparation remain visible, indicating that the total amount of corrosive

attack was minimal, but in this case the fine particulate corrosion products are found
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everywhere on the surface including the ridges and valleys of surface scratches, however
they are too small to obscure the surface topography. The surface of the sample exposed to
the 50 % O shows an underlying oxide layer which is covered by secondary oxide particles.
These particles (generally less than few nm size) are agglomerated locally to form a network
of particles linked to each other. The effect of change in the oxygen content of environment
can be clearly seen in the number of particles nucleated on the surface and their size after

growth.

In the presence of gamma radiation, in the Ar environment, Alloy 800H appears
similar to the one in the absence of radiation except for the size and distribution of the
particles on the surface. In this case, number of density of particles is less and they are bigger
in the size than the one in the absence of radiation. In oxygen-bearing steam at 285 °C, with
the autoclave exposed to gamma radiation, only a few, widely dispersed filaments of
deposited material could be seen, along with the scratches from surface preparation.
However, in the presence of 50% O, these particles seem to form on top of a thick oxide
layer underneath.

The oxide morphology analysis shows that the effect of change in the oxygen content
is not as significant as the presence of radiation. In the presence of radiation, increase in the
oxygen content significantly affect the surface morphology and oxide thickness. However,
in the absence of radiation, when oxygen content increases, change in the corrosion rate is
not as fast as in presence of radiation. In fact, it seems that presence of radiation completely
changes the corrosion pathway however, oxygen only changes the rate at which the reactions

happen under saturated steam corrosion.
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Figure 6-1: SEM micrographs of the surfaces of Alloy 800H coupons exposed for 5 h
to saturated steam in Ar gas containing different Oz concentrations,
without (No Rad) or with (Rad) y-radiation present.

The Raman spectra are compared with the spectra of standard powder samples of
various Cr, Fe and Ni oxides in Figure 6-2 [18]. Although more granular particles are present

on the coupons corroded without radiation, the intensities of the Raman spectra are much
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lower than those observed for the coupons corroded with radiation. For the coupons corroded
without radiation present, the spectrum of the coupon corroded in 0% O in Ar shows the
peaks that correspond to the two main peaks of FeCr.O4 and the main peak of FesO4 while
that spectrum of the coupon corroded in 50% Oz in Ar matches more closely that of magnetite
(FesO4). For the coupons corroded with radiation present, the spectrum of the coupon
corroded in 35% O in Ar consists of the main peak associated with Fe304 and minor peaks
that are associated with CrOOH and Ni(OH).. The Raman spectrum of the coupon corroded
in 50% O in Ar is similar to that observed for the coupon corroded in a lower O>
concentration environment, but the intensities of the peaks associated with Fe3O4 and
Ni(OH): are higher while those of CrOOH are lower.

The Raman analysis suggests that the main oxide present on these surfaces is Fe3Oa
(except for the coupon corroded in 0% Oz in Ar without radiation present). However, the
morphologies of the granular oxide particles are very different. These observations suggest
that the oxide particles may grow into different shapes and that the oxide morphology
evolution depends on the exposure environment. The oxide thickness and the depth variation

of the oxide composition can provide some information on oxide growth.
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Figure 6-2: Raman spectra of the surfaces of Alloy 800H coupons exposed for 5 h to
saturated steam in Ar gas containing 0% or 50% O3, without y-radiation
present and spectra for surfaces exposed in Ar gas containing 35% or
50% O3 with y-radiation present. Shown below the coupon spectra are
the spectra of standard powder samples of various Cr, Fe and Ni oxides.
The Raman shifts of the main peaks of these oxides are also noted on the
top of the coupon spectra [18].
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The XPS analysis was performed to determine the oxidation-state composition of the
metal elements in the top ~ 8 nm surface layer. A low-resolution survey spectrum over a
wide binding energy range of 0 to 1200 eV and high-resolution spectra over the binding
energy ranges of Cr-2psp2, Fe-2ps2 and Ni-2ps. along with those of O-1s and C-1s were
taken. Examples of the raw XPS spectra are shown in Figure 6-3. The high-resolution XPS
spectra were deconvoluted using reference spectra taken from well-characterized oxide
powder samples to obtain the composition of the oxidation states present of individual metal
elements. For chromium, contributions of Cr% Cr,0s, Cr(OH)s and CrV! to the Cr-2pss
spectra were considered. For iron, those from Fe?, FeO, Fes04 (mixed Fe''/Fe'" oxide), Fe20s3
and FeOOH to the Fe-2pa2 spectra, and for nickel those of Ni°, NiO and Ni(OH): to the Ni-
2p32 spectra were considered. The separation of metal oxide from metal hydroxide was
further aided by deconvolution of the O-1s and C-1s spectra (results not shown). Detailed
descriptions of binding energies and the spectral deconvolution method can be found
elsewhere [19-22]. The results of the deconvolution of the high-resolution XPS data into
metallic and oxidized components for the three main metal elements are presented in Figure
6-4.
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Figure 6-3: XPS spectra taken from an Alloy 800H surface corroded for 5 h in
saturated steam in 50% O2 in Ar at 285 °C without y-radiation: (a) the
survey spectrum and the high-resolution spectra of (b) Ni 2ps», (¢) Fe
2p32 and (d) Cr 2psp. Also shown are the deconvoluted spectra of
individual components, each consisting of multiple peaks, and the fitted
spectra from the deconvoluted spectra.
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Figure 6-4: Oxidation-state compositions of chromium (blue), iron (red) and nickel
(green) determined by XPS analysis of Alloy 800H coupons exposed for 5
h to saturated steam in Ar gas containing different O2 concentrations
without (No Rad) or with (Rad) y-radiation present. The atomic
percentages of metallic components are shown with white bars, those of
oxide components with solid bars, and those of hydroxides or
oxyhydroxides with patterned bars.

Except for the surface layer of the coupon corroded in 0% Oz in Ar with radiation
present, the metallic fractions are small but not negligible. For a given radiation condition,
the metallic fraction is generally lower at a higher Oz concentration in the exposure

environment. The lower the metallic fraction is, the thicker the oxide layer is. Interestingly,
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for the coupons corroded in 0% Oz in Ar, the metallic fraction is higher on the coupon
corroded with radiation than on the one corroded without radiation present. However, the
metallic fraction decreases more extensively with increased O» concentration in the exposure
environment with radiation present. Consequently, with radiation present the metal fraction

is extremely small or zero in the surface layer of the coupon corroded in 35% O2 or 50% O..

Comparison of the oxidation-state compositions presented in Figure 6-4 with the
surface morphologies presented in Figure 6-1 provides interesting observations. The coupon
corroded in 50% O without radiation present shows more granular oxide than the one
corroded with radiation present, but the XPS analysis results indicate that the average
thickness of the oxide present on the coupon corroded without radiation present is thinner
(there is a higher metallic component) than that on the coupon corroded with radiation
present. Similarly, with radiation present the number density of oxide particles decreases
with increasing Oz concentration while the average thickness of the oxide increases.

The ratio of hydroxide to oxide fraction in the surface layer shows a different
dependence on O concentration depending on the metal element. For chromium, the
oxidized components in the surface layer are Cr''' oxide and Cr'"' oxyhydroxide. Although
they are labeled as Cr.Oz and Cr(OH)s they may not be present as pure Cr,03z and Cr(OH)3
phases. For nickel, the oxidized components in the surface layer are Ni' oxide and Ni"
hydroxide. Although the Ni'"' oxide is labeled as NiO in Figure 6-4 it may be present as
NiFe204 and NiCr.Oa. For iron, the oxidized components in the surface layer are Fe'/Fe'!
oxide (labeled as Fes0s), Fe''' oxide (labeled as Fe203) and Fe'"' oxyhydroxide (FeOOH).

On the coupons corroded without radiation present, the oxyhydroxide fraction of iron
in the surface layer increases, while the metallic Fe® fraction decreases, with increasing O
concentration in Ar. For chromium, the hydroxide fraction is lowest while the metallic
fraction is highest on the coupon corroded in 35% O in Ar. For nickel, the Ni' is all in the
form of hydroxide and the dependence of the Ni'' hydroxide fraction on the Oz concentration
follows that of Cr. These observations suggest that Ni(OH). and Cr(OH)s are present in the
outer-most surface layer and underneath this hydrated and hydroxide layer is a layer of iron
oxides/hydroxides that grows thicker in a higher O2 environment.

On the coupons corroded with radiation present, the metallic fractions of all three

metal elements decrease with increasing O> concentration. However, the Cr(OH)s fraction
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decreases with increasing Oz concentration, the opposite trend to that observed without
radiation present. In addition, the FeOOH and Ni(OH). fractions are highest when the O>
concentration is 35%. In 50% O in Ar, the average thickness of oxide is thicker than 8 nm
and within this surface layer, most of the chromium is present as Cr'!" oxide and most of the
iron is present as mixed Fe'/Fe'"" oxide and Fe'" oxide, while a significant fraction of the
oxidized nickel is in the form of Ni'' oxide as well as Ni' hydroxide.

The XPS analysis results are consistent with the Raman analysis results. The
combined results indicate that during 5 h steam corrosion without radiation present the metal
oxidation progresses up to the oxidation of Fe® to Fe'' forming FeCr,04 (in the presence of
Cr,03) but not to the oxidation to Fe''/Fe'"" and Fe'!' oxides/hydroxides. The rate of formation
of Fez04 (and its conversion to y-Fe>03) increases with increasing O2 concentration. Without
radiation present the oxidation of Ni® to Ni' is limited to the formation of a few monolayers
of Ni(OH).. The rates of the oxidation reactions are slow without radiation present even
under high O concentration conditions. The higher fractions of Cr(OH)z and Ni(OH)2 with
an increase in O, concentration are consistent with the claim that the formation of Fe'//Fe!!
and Fe''' oxides is not fast enough to cover the metal surface quickly enough to suppress the
hydration and hydrolysis of Cr'"" ions from Cr,03 and FeCr,O4, and the oxidation of Ni° to
Ni'", see further discussion later.

Gamma-radiolysis of water produce stronger oxidants than Oz, such as ®OH and
H202 [23]. Hence, the rates of the oxidation of Fe® to FesO4 (y-Fe203) and Ni° to Ni'' oxide
and hydroxide will all increase with radiation present. Of the radiolytically produced
oxidants, H20 is the more effective oxidant for surface reactions, and the steady-state
concentration of H.O> produced by a continuous radiation flux increases with an increase in
O concentration in steam. This is consistent with the observed increases in the Raman peaks
associated with FezO4 (y-Fe203) and Ni(OH)2 and the reduction in the peaks associated with
Cr(OH)s with increasing O2 concentration with radiation present.

The SEM, Raman and XPS analysis results all indicate that different oxides are
formed at different rates and different stages of corrosion. The rates of individual oxide
formation and growth vary depending on Oz concentration and whether radiation is present
or not. To understand how the oxidation may have progressed over 5-h corrosion the depth
profiles of different metal elements and O atom were examined by AES with Ar* sputtering.
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The depth profiles of atomic percentages of three main metal elements (Cr, Fe and Ni) and
oxygen (O) are presented in Figure 6-5.

The depth profiles of elemental atomic percentages show four depth ranges with
different characteristic depth dependences. The four depth zones are most noticeable on the
coupon corroded in 50% O2 in Ar with radiation present, and the different zones on the depth
profiles of this coupon are illustrated in Figure 6-6. Also shown in the figure are the depth
profiles of atomic percentage ratios of O/(Fe + Ni + 1.5Cr) and O/(1.5Fe + 2Ni + 1.5Cr). On
this coupon, in the depth range of 0 - 8 nm (zone 1) the Cr at.% and Ni at.% remains nearly
constant with depth at ~ 5 at.%, while the Fe at.% increases very slowly with increasing
depth and the O at.% decreases at a similar rate. In zone 1, the ratio of O/(1.5Fe + 2Ni +
1.5Cr) is greater than 1.0. In depth range of 8 — 18 nm (zone 2), the Cr at.% and the Ni at.%
increase with increasing depth while the Fe at.% and the O at.% decrease with increasing
depth. In zone 2, the rate of decrease in the Fe at.% is faster than that of the O at.%. In this
zone, the ratio of O/(1.5Fe + 2Ni + 1.5Cr) is less than 1.0 while the ratio of O/(Fe + Ni +
1.5Cr) is greater than 1.0. At greater depths (> 18 nm) the O at.% decreases sharply while
the atomic percentages of all three metal elements increase. The Fe at.% and the Cr at.%
increase steadily until they reach constant values as the O at.% decreases to a background
level (~ 5 at.%), but the Ni at.% shows a maximum at ~ 25 nm before it decreases to a
constant value (Figure 6-5). The depth where the Ni at.% is maximum is typically the depth
where the ratio of O/(Fe + Ni + 1.5Cr) is 0.5. The ratio of 0.5 is the average depth of
oxide/metal interface. Thus, zone 3 is defined as the depth range over which the ratio of
O/(Fe + Ni + 1.5Cr) lies between 1.0 and 0.5. Zone 4 (22 — 30 nm) is the oxide-metal phase

transition range. The pure (unoxidized) alloy phase begins below zone 4.
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Figure 6-5:  AES depth profiles of the atomic percentages of metal elements (Fe, Cr
and Ni) and oxygen (O) obtained for Alloy 800H after 5-h exposure to
saturated steam containing different Oz concentrations without (No Rad)
or with (Rad) y-radiation present.
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Figure 6-6: Schematic of the four depth zones of different characterisitic depth
profiles of the atomic percentateges of metal elements (Fe, Cr and Ni) and
O (black line) and the ratios of O/(Fe + Ni + 1.5Cr) and O/(1.5Fe + 2Ni +
1.5Cr) on a coupon corroded for 5 h in saturated steam and 50% O: in
Ar with y-radiation present.

In summary, there are four characteristic oxide zones and their depth ranges correlate
well with the atomic percentage ratios of O/(1.5Fe + 2Ni + 1.5Cr) and O/(Fe + Ni + 1.5Cr).
Zone 1 is the depth range where the ratio of O/(1.5Fe + 2Ni + 1.5Cr) is greater than 1.0, and
the high ratio indicates that this outermost layer is a hydrated or hydroxide layer. Zone 2 is
the range where the ratio of O/(1.5Fe + 2Ni + 1.5Cr) is less than 1.0 but the ratio of O/(Fe +

Ni + 1.5Cr) is greater than 1.0. This is the layer where all of the metals are in oxidized states.
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In this oxide layer the chemical and phase composition may change with depth from that
consisting of Fe"" and Cr'"' oxides and Ni'"" hydroxide to that consisting of the oxides of Fe',
Cr'""and Ni'". Zone 3 is the range where the ratio of O/(Fe + Ni + 1.5Cr) is between 1.0 and
0.5. In this layer, not all metals are in oxidized states.

Because the different ratios of O/(1.5Fe + 2Ni + 1.5Cr) and O/(Fe + Ni + 1.5Cr) are
good indicators of the depths where the transitions from one zone to the next occur, the depth
profile data presented in Figure 6-5 are replotted as the depth profiles of the ratios in Figure
6-7. The depth range of each zone varies with O, concentration and whether radiation is
present or not. Without radiation present, the range of zone 1 is very thin and it increases
with increasing O> concentration. The ranges of zone 2 and zone 3 increase with increasing
O concentration. The increases in zone 2 and zone 3 are not significant when the O
concentration is increased from 0% to 35%, but are more significant when the O
concentration is increased from 35% to 50%. With radiation present, the depth ranges of all
three zones increase with increasing O2 concentration. The depth range of zone 3 is narrower
while the depth range of zone 2 is wider with radiation present compared to without radiation

present.
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Figure 6-7:  Atomic percentage ratios of O/(Fe + Ni + 1.5Cr) and O/(1.5Fe + 2Ni +
1.5Cr) calculated from the AES depth profiles taken for Alloy 800H after
5-h exposure to saturated steam containing different Oz concentrations
without (No Rad) or with (Rad) y-radiation present. The vertical bars
indicate the depths where the ratios of O/(Fe + Ni + 1.5Cr) and O/(1.5Fe
+ 2Ni + 1.5Cr) are 1.0 and the ratio of O/(Fe + Ni + 1.5Cr) is 0.5 as shown
in Figure 6-6.

The AES depth profiles are consistent with the XPS results. The dependences of the
average oxide thickness (or the depth of the oxide/metal interface) on O concentration and
radiation determined by AES depth profile analysis are inversely related to the dependences
of the metallic fractions in the top ~ 8 nm layer determined by the XPS analysis. The
dependences of the thickness of zone 1 which contains a high fraction of hydrated and

hydrolyzed metal cations on O concentration and radiation correlate well with the
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hydroxide/oxyhydroxide fractions in the top 8 nm layer, except for the coupon corroded in
50% O with radiation present which has an average oxide thickness far greater than the XPS

analysis depth.

6.4 Discussion

The depth profiles, the oxidation-state compositions determined by XPS, the
chemical and phase compositions of oxides characterized by Raman analysis and the surface
morphologies seen by SEM suggest that the oxide formation and growth over 5-h corrosion
in saturated steam may progress as schematically shown in Figure 6-8.
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Figure 6-8:  Schematic of oxide formation and growth pathways during corrosion of
Alloy 800H in saturated steam.

According to the proposed mechanism metal oxidation progresses to form metal

cations (Figure 6-8) having different oxidation states at different rates, depending on how
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oxidizing the exposure environment is. Steam with no added Oz (0% O2) without radiation
present provides the least oxidizing environment, and in this exposure environment the
dominant process is the oxidation of Fe? to Fe'' which either dissolves into any condensed
steam droplets present as Fe?*(q), grows as FeCr.Oa, or further oxidizes to Fe"" which
dissolves as Fe**(aq) followed by precipitation as mixed Fe'/Fe""" hydroxides and their
conversion to Fe3O4. The rate of oxidation to form Fe' is slow in 0% O without radiation
and hence the oxides that could be formed over 5 h are primarily FeCr,04 and some Fe3Oa.
The oxidation of Ni° to Ni" which either dissolves into condensed steam or precipitates as
Ni(OH), upon saturation of the condensed water with Ni%* g may occur, but the 0% O
environment is not oxidizing enough for the nickel oxidation to occur at any substantial rate.
Steam with 35% Oz in Ar without radiation present is more oxidizing and this increases the
rate of Fe® oxidation to Fe'' and Fe'"" and the rate of formation and growth of Fe3O4. However,
the rates of metal oxidation and particle growth are still too slow to form an extensive layer
of FesO4 over 5 h. When the O concentration is increased to 50 % in Ar the formation and
growth of FesO4 over 5 h is more extensive. Without radiation present the oxidation of Ni°
to Ni'' is still too slow to compete with the formation of Fe3O4. The proposed mechanism is
consistent with the observed dependences of the thickness and composition of oxide on O>
concentration during 5-h corrosion of Alloy 800H in saturated steam without radiation
present.

As described earlier, y-radiolysis of water produces stronger oxidants than O,. With
radiation present, the iron oxidation can progress beyond the formation of FesO4 as the
radiolytically produced oxidants can oxidize Fe3Os to y-Fe2Os. This oxidative conversion is
very fast because the two oxides share the same oxide phase structure [24]. The rates of
oxidation of Fe° to FesOx (y-Fe03) and Ni° to Ni" oxide and hydroxide will also all increase
with radiation present. Of the radiolytically produced oxidants H>O- is the more effective
oxidant for surface reactions, and the steady-state concentration of H.O> increases with an
increase in Oz concentration in steam under a continuous radiation flux [25, 26]. Thus, the
thickness of Fe3Os4 (y-Fe203) and Ni(OH)2 increase with increasing O2 concentration with
radiation present, consistent with the surface analysis results presented above.

In 0% O3 a thinner oxide is formed with radiation present than with no radiation

despite the presence of oxidizing radiolysis products. This can be explained by the effect of
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oxide growth on subsequent metal oxidation. As the layer of solid oxide/hydroxide particles
grows, metal oxidation slows down because an oxide layer present on metal surface is an
energy barrier for further metal oxidation. Thus, depending on how fast oxide can form and
grow, metal oxidation can be suppressed earlier in a more oxidizing environment.

Because y-radiolysis produces more powerful oxidants, the relative rates of different
metal oxidation reactions occurring during corrosion with radiation present will be very
different from those occurring during corrosion without radiation present. It is often
suggested that the effect of radiolysis on steam or supercritical water corrosion can be
simulated by using a high O> concentration. Comparison of the results observed for the
corrosion in 50% O without radiation with those observed for corrosion in 0% O> with
radiation present indicates that using a high Oz concentration may not be able to simulate the
oxidizing environments induced by radiation.

The mechanism proposed for oxide formation and growth during steam corrosion of
Alloy 800H is the same as the mechanism proposed for aqueous corrosion based on studies
under wide ranges of temperature and pH with or without radiation present (Chapters 4 and
5). The aqueous corrosion mechanism consists of the same reaction steps involving metal
oxidation and dissolution, and oxide formation. The corrosion of Alloy 800 in saturated
steam at 285 °C occurs primarily through electrochemical oxidation of metals coupled with
reduction of oxidants dissolved in condensed steam or a thin water film. The main difference
between steam corrosion and aqueous corrosion would be the thickness or volume of the
water layer which affects the total amounts of metal cations that can dissolve. This, in turn,
can affect how early the metal cations can precipitate as solid hydroxide/oxide particles.

6.5 Conclusions

This study indicates that the corrosion of Alloy 800H in saturated steam at 285 °C
occurs primarily through electrochemical oxidation of metals coupled with reduction of
oxidants dissolved in condensed steam or a thin water film. The thin water film is quickly
saturated with the metal cations and the metal cations quickly precipitate as solid
hydroxide/oxide particles. Without y-radiation present the oxides formed over 5-h corrosion

consist of mainly FeCr204 (without O present in steam) or FesO4 (with O present in steam).
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An increase in Oz concentration in steam increases the amount of FezO4 formed and changes
the shape of the oxide particles. With radiation present, the oxides formed consist of Fe3Oa/y-
Fe>0z and Ni(OH)..

These short-term exposure studies showed that corrosion of Alloy 800H in steam
progresses differently with y-radiation present and that the effect of y-radiolysis on corrosion

in steam cannot be simulated by simply adding high concentrations of O to steam.
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Chapter 7
A Mechanistic Model for Oxide Growth and Dissolution

during Corrosion of Cr-Containing Alloys?

Abstract

We have developed a corrosion model that can predict metal oxide growth and
dissolution rates as a function of time for a range of solution conditions. Our model considers
electrochemical reactions at the metal/oxide and oxide/solution interfaces, and the metal
cation flux from the metal to the solution phase through a growing oxide layer, and
formulates the key processes using classical chemical reaction rate or flux equations. The
model imposes mass and charge balance and hence, has been named the “Mass Charge
Balance (MCB)” model. Mass and charge balance dictate that at any given time the oxidation
(or metal cation) flux must be equal to the sum of the oxide growth flux and the dissolution
flux. For each redox reaction leading to the formation of a specific oxide, the metal oxidation
flux is formulated using a modified Butler-Volmer equation with an oxide-thickness-
dependent effective overpotential. The oxide growth and dissolution fluxes have a first-order
dependence on the metal cation flux. The rate constant for oxide formation also follows an
Arrhenius dependence on the potential drop across the oxide layer and hence decreases
exponentially with oxide thickness. This model is able to predict the time-dependent
potentiostatic corrosion behaviour of both pure iron, and Co-Cr and Fe-Ni-Cr alloys.

L A version of this chapter has been published as: “M. Momeni and J. C. Wren, A mechanistic model for

oxide growth and dissolution during corrosion of Cr-containing alloys, Faraday Discussion 180 (2015) 113-
1357,
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7.1 Introduction

Several corrosion models have been developed for predicting the rate of metal
dissolution in the presence of an oxide film [1-13]. To obtain the rate of corrosion under a
given driving force (V), many of these models focus on solving the transport rate equations
for individual charge carriers (interstitial cations and anions, cation and anion vacancies, and
electrons and holes) across the oxide film, in addition to the rates of their creation at their
respective interfaces (i.e. electrochemical redox reaction rates). Since the rate of charge
transport (charge flux) depends on the electric field gradient (electric potential), the
electrochemical potentials of the metal, oxide and solution phases are important parameters
in determining the corrosion rate. These potentials may change with time as corrosion
progresses. However, these models do not specifically define the driving force for corrosion
as a function of quantifiable potentials such as the equilibrium potential of a redox pair
involved in corrosion (E£2

rdx

circuit, or the applied potential (Eapp) during polarization.

), or the electrode potential (corrosion potential (Ecorr)) on open

In these models, the distribution of the driving force for corrosion on a corroding
surface is often presented schematically as shown in Figure 7-1. The implicit assumptions in
this schematic are that the driving force for corrosion (V) is the potential difference between
the Fermi levels in the metal and the solution phases, that the driving force is distributed
between the metal/oxide (m|ox) and oxide/solution (ox|sol) interfaces and the oxide film
present, and that the potential may not be constant across the oxide film. The models differ
in their assumptions on how the driving force is distributed and on how the potential
distribution changes as the oxide film grows. For example, the potential drop across an oxide
film is assumed to be independent of oxide thickness in the Cabrera-Mott model [4], while
it increases with oxide thickness in other models [9-13]. Alternatively the potential difference
at the ox|sol interface may be assumed to be constant as the oxide grows (the Point Defect
Model (PDM)) [9] while the potential difference at the mjox interface is assumed to be
constant in the Generalized Model for Oxide Film Growth [12, 13].
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Figure 7-1: Commonly accepted scheme for the distribution of the potential
difference between the metal and solution phases, V, in a
metal/oxide/solution system.

In addition, these models do not explicitly express the potentials that control the
charge transport rates as a function of quantifiable potentials such as E.,. or Eyq.. The
models assign different rates for the transport of different charge carriers across the solid
oxide phase (ions, ion vacancies, electrons and holes). The individual transport rate
parameters are difficult to verify, and this limits the predictive capabilities and the
application ranges of these models. Oddly, mass and charge balance for the overall corrosion

process, clear physical requirements, are not generally invoked in these models.

We have developed a corrosion kinetic model that can simulate both oxide film
growth and metal dissolution as a function of time for a range of potentials, pHs and
temperatures. Our model considers many of the elementary processes that are included in
other models: electrochemical redox reactions at the m|ox and ox|sol interfaces, the transport
of charged species across the oxide film, metal oxide formation and growth, and metal ion
dissolution. The rates of the individual elementary reactions/processes are formulated using
classical chemical reaction rate, and mass and charge flux equations. However, our model

imposes mass and charge balance requirements on these rates, and reaction thermodynamic
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and kinetic constraints on electrochemical redox reactions. Hence, we have named our model
the “Mass Charge Balance (MCB)” model.

In this paper, we describe the fundamental physical and chemical processes that
underlie the MCB model and show how it can predict both oxide growth and dissolution
during corrosion of an alloy. The rationales for the MCB model assumptions and the rate or
charge flux equations used in the model are presented. In particular, we establish the driving
force for corrosion as a function of equilibrium potential and how the driving force is
distributed among the m|ox and ox|sol interfaces and across the oxide layer. The model
includes relationships between the potential drop across the oxide film and the film thickness,
and between the potential drop and the activation energy for oxide formation, and the rate of
oxide growth as a function of the oxide thickness. We present a few comparisons of model
simulations of the time-dependent corrosion current and oxide growth during potentiostatic
polarization with data obtained for pure iron (using data from Sato et al. [14]) and for Cr-

containing alloys: a Co-Cr alloy, Stellite 6 [15], and an Fe-Ni-Cr alloy, Alloy 800.

7.2 The MCB model

7.2.1 Overview of the MCB Model

The MCB model considers corrosion to consist of four elements: electrochemical
redox reactions at the m|ox and ox|sol interfaces, the transport of charged species across the
oxide film, metal oxide formation and growth, and metal ion dissolution. The rates of the
individual elementary reactions/processes in the model are formulated using classical
chemical reaction rate, and mass and charge flux equations. The MCB model imposes mass
and charge balance requirements on these rates, and reaction thermodynamic and kinetic
constraints on electrochemical redox reactions. The mass and charge balance requirements
invoked in the MCB model dictate that the rate of metal oxidation must equal the rate of its
coupled solution species reduction, and the rate of metal oxidation must equal the sum of the
rates of oxide formation and metal dissolution. This allows us to avoid the need for detailed
modeling of charge transport across the oxide film. Instead, the MCB model takes into
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account the dependence of the potential drop across the oxide film on the type and thickness

of the oxide(s) that grow with time.

Metal alloys may contain more than one active element that may form an oxide or
hydroxide. This oxide may contain only a single metal element, or it can be a mixed oxide/
hydroxide with more than one metal element. In addition, transition metals have many stable
oxidation states and this, combined with the possibility of forming several different stable
oxides and hydroxides, leads to the possible formation of many different layers of
oxides/hydroxides on a metal surface. The MCB model recognizes that different metal oxides
can form and that the oxide composition and structure may change as corrosion progresses
[15, 16]. The result can be a complex and shifting set of oxides that form and grow as a
function of time, even at a fixed potential [15]. The different types of metal oxides can have
different oxide layer resistances and this will affect the potential drop across the oxide, and
evolution in the nature of the oxide layer with time will change the potential drop as a

function of time.

Irrespective of the type of oxide that forms and the rate of its formation, oxide
formation is an electrochemical reaction and constrained by reaction thermodynamics. The
thermodynamic constraints invoked in the MCB model dictate that metal oxidation (coupled
with solution reduction) leads to formation of a certain type of oxide with a driving force
given by the difference in the equilibrium potentials of the two coupled redox half-reactions
for that process. Energy pathway minimization prevents an oxide that requires a higher free
energy of reaction from forming in competition. The MCB model assumes that the
thermodynamic driving force is distributed between the m|ox and ox|sol interfaces and the
oxide layer, in a manner somewhat similar to that shown in Figure 7-1. Due to the potential
distribution, the effective driving force for metal oxidation decreases as the oxide grows. In
the MCB model the distribution of the driving force at the m|ox and ox|sol interfaces and
across the oxide layer is dictated by the mass and charge balance requirements. That is, the
potential is distributed such that the rate of metal oxidation that produces metal cations must
be the same as the rate of the metal cations moving across the oxide film, and these rates

must be the same as the sum of the rates of metal oxide formation and metal ion dissolution.
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The MCB model assumes that for a given type of oxide there is a charge distribution
across the oxide layer (there is a higher metal cation concentration near the m|ox interface
and a higher oxygen anion concentration near the ox|sol interface). In this case the oxide film
on a corroding surface resembles a p-n junction in a solid-state diode device and is not a
uniform semiconductor. Consequently, the potential drop across an oxide layer (AVoxide =
—A@oxide) increases linearly with oxide thickness. An increase in AVoxige decreases the
effective overpotentials for the redox half-reactions at the two interfaces. The result is that
the metal oxidation rate can be formulated using a modified Butler-Volmer equation with an
effective overpotential, provided that one can define the linear rate of oxide growth with

time.

The MCB model assumes that the rate of oxide growth has a first order dependence
on the flux of metal cations and that the oxide growth rate constant has an Arrhenius
dependence on the activation energy for the metal oxide formation. The activation energy
increases with an increase in AVoxige, and hence, the rate constant for metal oxide formation

decreases exponentially with an increase in oxide thickness.

The last key component of the MCB model takes into account the competition
between oxide formation and dissolution for the metal cations produced by metal oxidation.
Due to the mass and charge balance requirements the rate of metal oxidation must be the
same as the sum of the rates of metal oxide formation and dissolution. In contrast to the
changing oxide growth rate with oxide thickness, the rate constant for metal dissolution at
the ox|sol interface is generally assumed to be independent of oxide thickness, but dependent
on the type of dissolving oxide and the metal cation dissolution properties of the contacting

solution (pH, temperature, etc.).

The principles behind the MCB model assumptions and the formulation of the rate

equations are described next.
7.2.2 Elementary Electrochemical and Transport Processes

The elementary physical processes considered in the MCB model are schematically

presented in Figure 7-2 [15]. Metal oxidation occurs at the m|ox interface (Process 1a) and
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the reduction of aqueous species occurs on a counter electrode (Process 1b). On a naturally
corroding surface (an open circuit) both the metal oxidation and the aqueous species
reduction occur on the same (on a macroscopic scale) surface. When an alloy electrode is
polarized in an electrochemical cell the two redox reactions occur on separated surfaces. The
redox half-reactions are coupled via a flux of metal cations from the m|ox interface to the
ox|sol interface (Process 2). The metal cations at the ox|sol interface can be hydrated and
dissolve into the solution (Process 3), or combine with oxygen anions in the solution (0% or
OH") to form a solid metal oxide that attaches to the ox|sol interface (Process 4). In this
schematic, the metal cations are depicted as moving from the mj|ox interface to the ox|sol
interface. This does not mean that the individual metal cations physically move through the
oxide layer, but rather that there is relative movement of the interfaces with respect to each
other. Oxygen anions moving from the ox|sol to the m|ox interface results in the same
transport rate equation. The net result is the transfer of metal species from the metal phase to

the solution phase.

The oxyhydroxides of transition metals typically exhibit semiconducting properties
[17]. For a chemically inert semiconductor, charge transport through the semiconductor is
normally accomplished by movement of electrons (for an n-type) and holes (for a p-type).
On a corroding metal surface, transfer of more massive charged species (metal cations and/or
oxygen anions) also occurs. Movement of relatively massive ions through a solid oxide phase
is not easy. To account for the charge flux through a solid oxide lattice, many mechanisms,
such as transport of metal cations (or oxygen anions) via interstitials, or cation and anion
vacancies, and electron hopping (or ion exchanges), have been proposed [4, 5, 9, 11-13].
Irrespective of the ion transport mechanism, the charge flux through a corroding surface can

be modeled as the net flux of metal cations from the mj|ox interface to the ox|sol interface.

For simplicity, only one active metal element, M, and its oxidation to one oxidation
state M?* are shown in Figure 7-2. Similarly, only water is reduced. However, for an alloy
the set of elementary reactions will be much larger, taking into account all of the metal
components of the alloy and their possible stable oxidation states, and the solution redox
conditions. For example, in a highly oxidizing solution (e.g., containing H2O>) the oxide

growth process (Process 4) on a Ni-Fe-Cr alloy may consist of (1) oxidative conversion of
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an pre-existing layer of defective Cr,03 to FeCr.04, followed by (2) formation and growth
of Fe304 and NiFe204 and then (3) formation and growth of NiO/Ni(OH).[16]. On a Co-Cr
alloy Process 4 may consist of (1) conversion of pre-existing Cr.03 to CoCr204, followed by
(2) formation and growth of CoO/Co(OH)2 and then (3) formation and growth of CoOOH
and Co304[15].

" —
M . Ox v Sol
1a
e .\( )
. - L OH---- H®  (3)
MO MZ-I- iy M2+," ______ = M2+(aq)
 -OW¥----- H¥
)
'
~ MCr,0,/MO/M(OH), + 2 H* 20H + H,
Sha o

Figure 7-2:  Schematic of the elementary processes considered in the MCB model

7.2.3 Mass and Charge Balance

In the MCB model, the rates of individual reactions/processes are formulated using
classical chemical reaction rate and mass and charge flux equations. The rates of the
individual processes shown in Figure 7-2 cannot vary independently. The mass and charge

balance requirements dictate that at any given time, the rate of metal oxidation must satisfy

Oxidation rate = rate (1a) = rate (1b) = rate (2) = rate (3) + rate (4) (7-1)
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Mass balance dictates that the rates of the reactions that occur in series must be the same.
Also, the total rate of reactions in parallel is the sum of the individual reaction rates. Hence,
the slowest in a series of reactions dictates the oxidation rate while dissolution (3) and oxide
formation (4) in parallel compete for the metal cations.

For processes occurring at an interface the rates are better expressed in terms of fluxes
than in terms of the change in concentration of a species (although the flux may depend on
concentration gradient of a species at the interface). Furthermore, in electrochemical studies
of corrosion, the current (charge flux) is the measured quantity. The mass and charge balance

requirements in terms of charge flux are:

The flux of positive charges from the metal to the oxide phase at the m|ox interface
(Process 1a) must be equal to the flux of negative charges from the solution to oxide phase
at the ox|sol interface (Process 1b). Hereafter, these fluxes are referred to as the metal

oxidation flux, Jpun+ (t)|mjox and the oxidant reduction flux, —Jreqs (t) |oxjsor, respectively.

]M#"+ (t) |m|0x = _]red# (t) |ox|sol (7'2)
where the fluxes are in units of mol-st.cm=.

The metal oxidation flux at the m|ox interface must be equal to the average flux of
the metal cations across the oxide phase, (Jyn+ (2, t))oxide, (Process 2) and hence the total

flux of metal cations arriving at the ox|sol interface:
Jmgn+ (t) |m|ox = (]M#n"' (Z’ t))oxide = Jmsm+ (t) | ox|sol (7'3)

The flux of the metal cations may vary along the oxide layer but the MCB model does not
formulate this in detail. The average flux is assumed to be inversely proportional to the
thickness of the oxide layer, Loxide(t), that may be initially present or growing

U (2O Yoxige = —— (fOLMO(t) Jugn+ (2, 1) - dz) (7-4)

Lyo(t)

Again, it should be emphasized that a flux of the metal cations from the mjox to ox|sol
interface does not mean the physical movement of individual cations through the solid oxide
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phase but rather the relative movement of the interfaces with respect to each other. A flux of
oxygen anions from the ox|sol to m|ox interface in the opposite direction yields the same flux

equation for positive charges.

The charge flux must be equal to the sum of the fluxes of metal cations that dissolve
into the solution phase (Process 3) and those that are used for growing an oxide film (Process
4)

]M#"+ (t)loxlsol = ]diss#(t)lsol +]M0#(t)|oxide (7'5)

and these are referred to as the dissolution flux, J;iseu(t)|s0;, @and the oxide growth flux,

Jmo# (Ol oxiae, respectively.

The condition of equal fluxes for metal oxidation and solution reduction dictates the
potential on a naturally corroding surface (Ecorr) With the net current at Ecorr being zero.
Under polarization, the rate of oxidation (or reduction) occurring on the working electrode
must equal the rate of reduction (or oxidation) occurring on the counter electrode, and this

rate depends on the polarization potential (Eapp).

In the MCB model we formulate the metal oxidation flux, Jyun+(t)|m0x and the
oxide growth flux, Jy04(t)|oxiqe @S functions of corrosion parameters (potentials, pH, T,
etc.) and the other fluxes are determined using the mass and charge balance equations
(equations 7-1 to 7-5).

In formulating Jpun+ (€)lmjox aNd Jyox(8)loxice: the MCB model takes the free
energy of reaction for the redox reaction forming a specific oxide MO as the driving force
(or reaction potential) for the reaction. The driving force is then distributed between the m|ox
and ox|sol interfaces and the oxide film present on the surface. How the potential is

distributed between the three components is discussed in Section 7.2.5.

Equal rates for metal oxidation and the sum of the metal oxide formation and metal
ion dissolution rates then dictate the rate of oxide growth and its dependence on pH and

temperature. Since metal oxidation results in both metal cation dissolution and oxide
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formation, the competing kinetics of these two pathways affects the rate of oxide growth [15,

16]. These fluxes are discussed in Section 7.2.6.
7.2.4 Formulation of the Metal Oxidation FIux, J yyn+ () |mjox

The overall redox reaction of M during corrosion can be expressed as,
M+ Ox 5 M"™ + Red (7-6)

where Ox represents the solution oxidant and Red represents its reduced species. Knowing
the nature of the metal and the solution redox species we can calculate the Gibbs free energy
of this reaction. The driving force for the overall reaction (the free energy of reaction,

—A,G(t)) is the difference in electrochemical potential of the reacting system at time t

(Erqx(t)) and at equilibrium (E; 1 ):
~AG(t) = —n-F-AE(t) (7-7a)

—AG(t) =n-F - (Epqe(t) — Efd

rdx

(7-7b)

By convention the electrochemical potential scale uses the reduction potential with respect
to the standard hydrogen electrode potential (SHE), but the scale zero point is not important.
A chemical reaction depends on the difference in potential and not the absolute values of the

potentials. The overall redox reaction is often expressed using two half-reactions:
OXMS M™+ne- (7-8a)
Red:Ox +ne~ S Red (7-8b)

This division is used for convenience in evaluating reaction thermodynamics. The
electrochemical equilibrium potential for the overall redox reaction (7-6) can then be

expressed using the equilibrium potentials of the two half-reactions,
AEZd = E°T — EC] (7-9a)

rdx red

On the potential scale with respect to Vsne this becomes
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AE;S, = E;q,(Vsup) (7-9b)

rdx

For an electrochemical reaction of a specific redox pair, rdx#, the net rate of the reaction (or

the net flux of charges) can be defined by the Butler-Volmer equation. In terms of current:
nF
lrdx#(t) rdx# <exp ( P Oyt rdx#(t)> — exp <_ RT ) (1 - ardx#) )
nrdx#(t))> (7-10a)

nrdx#(t) = E€lec(t) - Efgx# (7'10b)

where i1 ., is the exchange current, or the anodic or cathodic current at equilibrium, n is the
number of electrons involved in the reaction, a,4,4 IS the transfer coefficient (typically with
avalue of 0.5), F is Faraday’s constant, R is the universal gas constant (8.314 J-mol*.K?), T
is absolute temperature (K), 7, ... (t) is the overpotential at the reaction interface, and
E...c(t) is the electrode potential or the potential at the reaction interface at time t. The
electrode potential is the potential that we measure as the corrosion potential, Ecorr, 0N an
open circuit or the applied potential, Eapp, On polarization. When E, ;.. (t) is sufficiently more
positive or more negative than the equilibrium potential E, ., the Butler-Volmer equation

can be approximated to:

‘F

.5
irash (6) = Lo (D) = 162+ (30 (2501, (0) ) FOr M, 40 (6) > 0

(7-11a)

0.5-n'F
irah () = frean(®) = 150y - (—ep (=255 1, 4y () ) FOT 1, 1 (8) < O

(7-11b)
where

— € — ;e (7-11c)
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T]rdx#(t) = 1ﬂlox#(t) = _nred#(t) (7_11d)

The transfer coefficient is often empirically determined for a particular corrosion
process [18]. In the MCB model the transfer coefficient for each elementary redox reaction,

rdx#, is fixed at 0.5 and is not an adjustable parameter.

On a bare metal surface, there is only one reaction interface, the metal/solution
interface, and the overpotential at the interface is defined as in Eq. 7-10b. In the presence of
an oxide film the corrosion process involves reactions between three phases and at two
different interfaces. The metal oxidation half-reaction (7-8a) occurs at the m|ox interface and
the aqueous reduction half-reaction (7-8b) occurs at the ox|sol interface and/or on a counter
electrode. The rate of each redox half-reaction can still be expressed using the Butler-VVolmer
equation (Eq. 7-11). However, not all of the free energy of reaction is available due to the

potential barrier of the oxide film, AV,,;4.(t):

nrdx#(t) = Tlox#(t) = _Tlred#(t) = (Eelec(t) - E:gx# - Avoxide(t) (7_12)

Thus, the rate of metal oxidation depends strongly on how the thermodynamic driving

force is distributed between the two interfaces and across the oxide film.

For each possible metal/metal cation oxidation reaction, rdx#, in a specific solution
environment the metal oxidation flux is formulated by a modified Butler-VVolmer equation

with the overpotential for the metal oxidation as defined in equation (7-12):

0.5n'F
Tt (O lmjor = Sy (exp( s nrdx#(t))> (7-13)
7.2.5 Potential Distribution

The potential energy for an interfacial charge transfer process is often described using
the Fermi-levels (the total chemical potential of electrons (¢)) in the reacting phases. For a
given interfacial redox reaction, the change in the chemical potential of electrons and the
change in the chemical potential of the redox species must be the same. Although the electron
potential energy scale uses a different reference point and is opposite in sign to that of the

hydrogen reduction potential scale, the relative values are the same in both scales, Ap = —AE.
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At phase equilibrium, the Fermi-levels of the two reacting phases at the interface

must be the same. On a bare metal surface the Fermi-levels of the metal and solution phases

at the mjsol interface must be the same, ¢>ij = ¢ = o1 Thus,

Noes () = O (£) — @) (7-14a)
N, ogn (D) = Pedh — Pso1(D) (7-14b)
9,0 — ¢, () = Efeq — Eox = AErq, = Eg, (Vsug) (7-14c)

These relationships are schematically presented in Figure 7-3. The driving force for

corrosion on a bare metal surface is equivalent to the difference between the Fermi-levels of

the metal and solution phases at time t, and this is the same as the difference in the

equilibrium potentials of the two half-reactions. If there is no change in the electrochemical

potential of the solution as corrosion progresses, the corrosion rate on a bare metal surface

does not change.

@€ (electron energy)

Figure 7-3:

m sol
—_— E (Vsug)
Pm(t) - - T Eydxs
Nox#
o MoV AE, -+ Eec(t)
Nred#
Ps(t) = g — Esyp=0
v

Relative positions of the redox reaction potentials at time t during
corrosion on a bare metal surface. The potential drops across the double
layer and diffusion layer are not considered for simplicity.
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The Fermi level in the solution at equilibrium is the electron energy level where the
density of unoccupied electron energy states (¢gox)) and the density of occupied electron
energy states (@g(req)) are the same. In the presence of an oxide, the Fermi-levels of the
solution and the oxide at the ox|sol interface must be the same. The Fermi level in the metal
phase at equilibrium is the electron energy level where the density of unoccupied electron

energy states ((pE(Mn+) ) and the density of occupied electron energy states (¢g ) are the

same. In the presence of an oxide film the Fermi-levels of the metal and the oxide at the m|ox
interface must be the same. The questions are then, “What is the Fermi gap across the oxide

layer?” and “Is this gap constant across the oxide layer during corrosion?”

Most of the transition metal oxides present on corroding surfaces exhibit
semiconducting properties [17]. The Fermi level of a pure n-type semiconductor lies closer
to the lowest energy of the conduction band, ¢, whereas the Fermi level of a pure p-type
semiconductor lies closer to the highest energy of the valence band, ¢y5. In order for
corrosion to progress at any appreciable rate, the Fermi-level of the metal at the interface
must lie above the ¢ of the semiconducting oxide while the Fermi-level of the solution

phase must lie below the ¢, of the oxide:

¢,() > gcgand o (t) < @yp (7-15)

These conditions reduce the overpotential that is available for metal oxidation or solution

reduction:
Ny ) = @ (1) = @ — Apoyiqe (t) for a p-type semiconductor  (7-16a)
Mog ) = Psor() = @i + A@oyiae(t) for an n-type semiconductor
(7-16b)

The mass and charge balance conditions further dictate that the effective overpotentials for
the metal oxidation and its coupled solution reduction are related as given in Eq. (7-13).

Thus, for both n-type and p-type semiconductors,
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Nar(® = Mo () + (1,00 (O) = 0 () = G0 (- Apoyie ()

= E 1 - AVoxide (t) (7'17)

rdx

These relationships are schematically presented in Figure 7-4. (Here the potential
drops across the space charge layers such as Mott-Schottky and double layers are not
considered for simplicity. On a corroding surface, these barriers should be negligible
compared to the potential barrier of the oxide film.)

On a pure semiconductor, the potential drop, A@,iqe(t), is the band gap (Vug). If the
oxide film is a pure phase, the band gap does not change with an increase in oxide thickness
and the growth of that oxide should not affect the interfacial charge transfer rate. This can
explain some of the observations where the potential drop across an oxide film is independent
of oxide thickness and justifies this assumption in the Cabrera-Mott model [4]. However,
typically the oxide film composition on a corroding surface will not be uniform. Instead,
there will be a charge distribution within the oxide lattice; the M"™ concentration will be
higher nearer the m|ox interface and the O% concentration will be higher nearer the ox|sol
interface. Therefore, the oxide near the mj|ox interface will behave more like a p-type
semiconductor (due to doping of the positive charges) while near the ox|sol interface the
oxide will behave more like an n-type semiconductor (due to doping of the negative charges).
The oxide film present on a corroding surface will then behave like a p-n junction in a solid-

state diode device.
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Figure 7-4: Relative positions of the reaction potentials at a time t during corrosion:
(middle panel) on the reduction potential scale (E(VsHEg)), (left panel) for
an n-type film on the electron energy scale (¢¢), and (right panel) for a p-
type film on the electron

In the absence of any external potential the Fermi levels of two reacting phases at the
reaction interface must be the same. At equilibrium (no external force) the ¢ of the p-type
semiconductor is higher than the ¢ of the n-type semiconductor. This results in a potential
barrier to the flow of electrons (the majority of charge carriers). Similarly, holes cannot flow
forward (from p-type to n-type regions) unless a positive external potential (Vext) is applied
to overcome the potential barrier across the junction, and this potential barrier (Vj, the
junction potential) is not the band gap (Vbg). Only when Ve is larger than Vjand the Fermi-
level in the n-type semiconductor region is raised above the ¢ of the p-type semiconductor

region can electrons flow from the n-type to p-type regions.

We can envision the potential distribution across an oxide film on a corroding surface
as being similar to that in a p-n junction. In the presence of an oxide layer, the corrosion
redox reaction can occur only when the potential is sufficient to overcome the oxide potential
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barrier, Apoxige (€quivalent to Vj) so that electrons can migrate from the ox|sol interface to
the m|ox interface. If the potential at the m|ox interface is the same as the aqueous redox
potential, there will not be any current — i.e., no metal oxidation. The potential distribution

on such a corroding system is schematically shown in Figure 7-5.

m oxide sol E (Vsug)
ESY
G I R o
Nox#
PcB T
Avaxide(t)
—_..eq By
(psol + clu( )
Nred#
(psol(t) Esne =
£ 7

Figure 7-5:  Relative positions of the reaction potentials at a time t during corrosion
in the presence of a n-p type oxide film: (left panel) on the electron energy
scale (¢®) and (right panel) on the reduction potential scale (E(VsHg)).

Figure 7-6 presents the potential energy distribution on a corroding surface at a
specific time under a specific solution redox condition. If the oxide grows as corrosion
progresses the potential barrier across the oxide film increases. For a system where a specific

metal oxidation coupled with a specific aqueous reduction reaction that leads to growth of a
specific oxide film, MO#, it is reasonable to assume that AVy,qe () (= —A@oriae(t)) is

proportional to the changing oxide thickness:
AVoxide (t) = AVoxide (O) + AVMO#(t) (7'183-)

AVpmou(t) = emosn * Lyou(t) (7-18Db)
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where AV,,;4.(0) is the potential drop over, if present, the pre-existing oxide layer,
Ewos 1S the proportionality constant or the specific potential gradient (potential drop per unit

length) of oxide MO# and L, (t) is the thickness of oxide MO# grown over time t.

Since the reaction potential energy is distributed such that it will satisfy the mass and
charge balance requirements, the effective overpotential for metal oxidation will change
according to Eqg. (7-17). For a given solution redox condition where E/{ , is constant, the
potential gaps at the two interfaces and across the oxide film at two different times are
schematically shown in Figure 7-6. For simplicity AV,,;4.(0) is assumed to be zero. This
schematic also illustrates that even with a constant solution redox environment, as the oxide
layer thickens the corrosion potential, Ecorr, Which is the Fermi-level at pseudo equilibrium
(or steady state), increases. This occurs even though the effective overpotential and, hence,
the rate of the metal oxidation decreases. If the electrode potential, Eapp, instead of E/7 , is

maintained constant, as is the case for potentiostatic polarization, the effective overpotential

for metal oxidation decreases as the oxide grows, as schematically shown in Figure 7-7.

m oxide sol
tIZ —> E (Vsug)
=t] >
t1 t2
eq
(Pm(t) I (pm(t) 7Y ETdX#
A 4
[ Nox# =
iw's
A(Poxide(tl) A(Poxide(tz) AV{)xide(t)
o5 —,L E(-,,.<|,<(t1>
,’/ e =,
AL_ (P[q Nred# _}! Ecorr(t2)
, § T
Psa(t) Ps01(t) SHE

Figure 7-6:  Effect of linear oxide growth on the potential distribution in a corroding
system: (left panel) on the electron energy scale (¢¢) and (right panel) on
the reduction potential scale (E(VsHE)).
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Figure 7-7: Effect of linear oxide growth on the potential distribution during
potentiostatic polarization: (left panel) on the electron energy scale (¢®)
and (right panel) on the reduction potential scale (E(VsHg)).

The potential energy diagrams presented in Figure 7-5, Figure 7-6 and Figure 7-7
describe a system where there is only one redox reaction occurring. In a real system for an
alloy with multiple elements, there may be multiple redox reactions that occur in parallel or
in series. Nevertheless, the same principles apply to each individual redox reaction (rdx#)
with its own electrochemical equilibrium potential, E;1 ... The existence of multiple redox
reactions is also the reason that Ecorr depends on the aqueous redox environment and the

type(s) of oxide that can be formed.
7.2.6 Formulation of the Oxide Growth and the Dissolution Fluxes

The electric potential barrier across the oxide film is an important rate controlling
parameter. As discussed above, for a specific redox reaction that leads to a specific oxide
film, it is reasonable to assume that AV« (t) is proportional to the oxide thickness, Lo« (t)
(Eg. 7-18). The oxide growth flux and the time dependence of Lyo«(t) can be established as
follows. Oxide formation will compete with dissolution for the metal cations. Assuming that
both processes have a first order dependence on [M#"*] with rate constants, kmos and Kaiss#,

respectively, the mass balance requirement results in:
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Imo# (Ol oxiae = fr—mon () * Inpsn+ () limjox (7-19)

Jaisst Olsor = (1 = fimmos(®) * Taggn+ (O lmjox (7-20)
fk_MO#(t) - (kMOI;Z())j‘(’?diss#) (7-21)

The ratio of the rate constants, fi_yo4(t), depends strongly on pH and temperature. An
increase in temperature will increase both the oxide formation and dissolution rates whereas

a change in pH will primarily affect the dissolution rate.

Oxide formation is a chemical reaction and its rate constant can be assumed to have
a normal Arrhenius dependence on the activation energy for the reaction. The electric
potential energy gap across the oxide layer (AVyo4(t)) contributes to the activation energy
for the formation of an oxide (MO#) (AEa 4 (t)):

AEappu(t) = AEayos(0) + ¢’ - AViou(t) = AEayo4(0) + cyos * Lyos(t)
(7-22)

where ¢’ is the dependency of activation energy of oxide growth of the potential drop across
a layer of MO# and cwmox is the specific activation energy gradient of oxide. The activation
energy for the oxide formation increases as the oxide grows and the rate constant for the

oxide formation decreases accordingly:

know(t) = kuox(0) - exp (— %ATW) (7-23a)
where
AE 0
knmo#(0) = ko_pmos - €xp (— %) (7-23b)

Note that the other contributors to the reaction activation energy are included in AEa;;4(0)
and the value of k,_,,0# Which is the pre-exponential factor for the oxide formation, and they

are assumed to be constant with time.
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The fluxes calculated in the model are related to physical parameters that can be
measured. For example, the metal oxidation flux, Jpun+ () |ox, Can be measured as anodic
current if metal oxidation current can be effectively separated from the water reduction

current in an electrochemical cell:
lox(t) =n-F - Jmyn+ (t)|m|ox (7-24)
The dissolution flux, J ;.4 (t) |01, IS related to the amount of dissolved metal:

Asor (]diss# (t)lsol) dt = dmdiss# (t) (7'25)

where dm;qs4 (t) represents the amount of dissolved metal over time dt (mol) and Asol is the
surface area exposed to solution (cm?). The oxide growth flux, Jyou(t)|oxige, IS related to

the thickness of the oxide:

Omo# * Umo# (O loxide) - dt = dLyoy(t) (7-26)
where vwvox is the molar volume of MO# (cm®mol™).

Equation (7-23) shows that the rate constant for oxide formation decreases
exponentially with increase in oxide thickness. If the metal oxidation flux does not depend
on oxide thickness, the oxide grows at a progressively slower rate (exponentially slower with
time). However, since the metal oxidation flux also decreases exponentially with oxide
thickness (Egs. (7-11c), (7-13a) and (7-18)), the slower rate of oxide growth with time also
slows down the rate of decrease in metal oxidation flux with time (Eq. (7-22)). As derived
in more detail in Appendix A, the net effect is that the oxide thickness can be approximated
to increase logarithmically with time under a constant electrode potential (Eeiec(t)) condition

(i.e., constant Ecorr Or Eapp):

Lyos(t) = @ (In(Apos  Imox™) +1nt) (7-27a)
0.5nF
Avos = R—;l “EMo# (7-27b)
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0.5-n'F

Juos" = Vumos * fi-mos(0) - Jrgey - (exp (T' (Eelec(t) — Egpy =

AVoxide(O))>> (7-27c¢)

fre-mo#(0) = (kMO—#(O)) (7-27d)

kmo#(0)+ kgissy

where A4 represents a constant related to the potential drop across a unit length of the

layer of oxide in inverse-length equivalent units, and Jyox" represents the constant

component of the metal cation flux.

The approximated analytical solution of the flux equations in the MCB model
(equation 7-27a) has the form that we recognize for logarithmic film growth as previously
reported by McDonald in his PDM model [6]. They expressed the rate law for film growth
(for Lyou(t) >5 A) as

Luo(®) ~ —(In(2K - A- (B — 1)) + Int) (7-28)

where K, A and B are constants. That their derivation for the oxide growth rate is based on
very different physical and chemical descriptions, but results in the same rate expression,

suggests that the simpler approach used in the MCB model is sound.
7.2.7 Summary of the Mathematical Formulation of Model and Model Parameters

The MCB model is summarized in Table 7-1. It consists of three key flux equations:
metal oxidation flux, Jyun+(t)|mjox, and metal oxide growth flux, Jyo#(t)|oxiqe @and metal
cation dissolution flux, J;.s4(t)|s0;- Due to mass and charge balance requirements the oxide
growth and dissolution fluxes cannot vary independently, and their sum must be the same as
the metal oxidation flux. Thus, the MCB model consists of really only two independent flux
equations. These flux equations are applied to each redox pair (designated with # in the flux

equation) of metal oxidation and solution reduction.

In the MCB model these flux equations are formulated based on well-established

classical rate equations. The metal oxidation flux is formulated using a modified Butler-
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Volmer equation with an effective overpotential, where the effective overpotential takes into
account the decrease in the driving force due to the potential drop across the oxide layer that
Is present or growing during corrosion. The oxide growth flux is formulated based on a first-
order dependence of the oxide formation on the metal cation flux, and on an Arrhenius
dependence of the rate constant on activation energy, which increases with an increase in the
potential drop across the oxide layer. The metal ion dissolution flux is simply the difference
between the metal oxidation flux and the metal oxide growth flux. The ratio of the oxide
growth flux to the dissolution flux is determined by their rate constants. The rate constant of
the oxide growth changes with time as the oxide grows while the rate constant for dissolution

from a given oxide surface is constant with time.

In the MCB model, the model parameters are: (1) the equilibrium potentials of the

two coupled half-redox reactions (E, ., and E .

ox#

), (2) the potential drop over the initially
present oxide layer (AV,iq4.(0)) and the specific potential drop over the MO# oxide that is
growing (ey04), and (3) the rate constant for MO# oxide formation without an oxide barrier
(kmo#(0)). The last term can be further divided into two more fundamental parameters, a
pre-exponential factor and an activation energy (ko_po# and AEa,04(0)). These model
parameters for a given alloy depend on the corrosion environment (which includes the type
and concentration of aqueous redox species present, pH and temperature). The effects of the
environmental parameters on the overall corrosion kinetics are thus modeled through their
effects on the model parameters. The flux equations can be numerically solved using any
standard computer software differential equation solver. The results presented below were
obtained using MATLAB.
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Table 7-1: Mathematical Formulation of the Model.

Flux Equations used in the Model Model Output

e 05-n-F Current (t

1 Jmun+ (t)|m|ox = ]rdx# | exp (T "oyt (t)> iox#(t) =n-F
' jm#n*' (t)|m|ox

Oxide thickness (t)

Lyo#(t)
) ']M#"+(t)|m|ox = Upmo#

t
) f(]MO#(t)loxide) -dt

I:_)issolved amount (t)
Myiss# (t)

t
= Agor * f(]diss#(t)lsol) -dt
t=0

kyou(t)
kyou(t) + kaisss

2 ]MO#(t)loxide = <

3 Jaiss# (O)so1 = T+ (t)|m|ox — Jmo# (Ol oxide

Time Dependent Terms in the Flux Equations Model Parameters
1 Urdx#(t) = E:gd# - Egg# — AVpyige(t) ]eq g€ £
1,60 = Egroc(t) = Egdy — AVoyige (1) rdxi Tredt » Hoxk
AV, ... (t) = AV, ,....(0) + -L t
2 oxlde( ) oxlde( ) EMo# MO#( ) AVoxide(O)a Evos Umos
3 AEayou(t) = AEapos(0) + cyos - Lyos(t) AEap04(0), cpos
Cmo# * Lmon(t)
4 kmos(t) = kyox(0) - exp <— RT ) kno#(0), kgissu

7.3 Examples of model simulation results

The fluxes that the MCB model calculates correspond to measurable quantities, the
current, the oxide thickness and the amount of dissolved metal as a function of corrosion
time. These are all independently measurable quantities and so the model’s capability to
predict corrosion kinetics over a wide range of environmental conditions can be verified

experimentally. We have applied the MCB model to simulate the potentiostatic polarization
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of a number of alloys including carbon steel, stainless steel, Co-Cr alloy Stellite 6, and Fe-
Ni-Cr alloys Inconel 600 and Alloy 800. The preliminary results are very promising in all

cases modelled to date and a few examples are presented here.
7.3.1 Oxide Thickness on Pure Iron

We have applied the MCB model to predict the thickness of iron oxide grown as a
function of Eapp and compared the results to experimental data obtained from potentiostatic
polarization of pure iron in mildly basic solutions by Sato et al.[14]. The model simulation
results and the experimental data are compared in Figure 7-8, showing an excellent
agreement. For this simulation, following parameters were used: inl,,, = 6x107°,
fre—mo#(0) = 0.9, €pez04 = 3x10° vpo4 = 30 and E_1, was calculated based on the Eq. 5

of Sato’s work [19].

5.0 1
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4.5 4 O Experimental data
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Figure 7-8: Measured average oxide thickness on pure iron after 1 h potentiostatic
polarization at 25 °C in a range of pHs from 7.45 to 10.45 in 0.15 N boric-
borate solution (symbols are data from Table 7-2 of Ref. [14]). The
straight line is the prediction of the MCB model at pH=10.45. (Note that
Sato’s work showed no dependence of oxide thickness on pH over the
range studied.)
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7.3.2 Corrosion of Cr-containing Alloys

Model simulations and the results of polarization tests (at —0.6 Vsce) of two alloys,
Co-Cr (Stellite 6) and Fe-Ni-Cr (Alloy 800), are shown in Figure 7-9. The tests were
performed at two different pHs, 10.6 and 8.4, in 0.01 M borate buffer solutions at 25 °C. The
polarization potentials modelled are near the corrosion potentials measured on these alloys
in deaerated solutions. The model predictions of the current behaviour are in very good

agreement with the data.

In these simulations, the surface was assumed to be initially covered with a 2 nm
thick layer of chromium oxide (Cr203) [20]. With this Cr2O3 layer present the only oxidation
pathway that is thermodynamically possible at —0.6 Vsce is the conversion of the chromium
oxide to chromite (CoCr204 or FeCr204) [15]. (When this conversion is complete Fes04 may
grow over the chromite layer for the Fe-Ni-Cr alloy. For simplicity, this process is not
considered in the following discussion as it did not occur under the test conditions.) Since
the solubility of chromium is much lower than that of cobalt (for the Co-Cr alloy) and iron
and nickel (for the Fe-Ni-Cr alloy) under the test conditions [21], we assumed that only cobalt
dissolution occurred (from the Co-Cr alloy), or that only iron dissolution occurred (from the
Fe-Ni-Cr alloy). The solubility of nickel is also lower than that of iron and hence nickel
dissolution from the Fe-Ni-Cr alloy at this low potential was not modeled. Nevertheless, the

oxidative conversion of Cr.Oz3 to chromite requires additional modeling considerations.
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Figure 7-9:  Current observed during polarization at —0.6 VSCE of (left panel) Co-Cr
alloy Stellite 6 and (right panel) Fe-Ni-Cr alloy 800 at (top row) pH 10.6
and (bottom row) pH 8.4. Experimental results are in black and
modelling results are in red.

Alloys which contain more than about 10% Cr typically display corrosion resistance
because of the presence of a thin protective layer of air-formed Cr.O3z on the surface. This is
the case for the Fe-Cr-Ni and Co-Cr alloys that we have studied. Mott [3] has shown that
there can be a 5 nm maximum thickness of chromium oxide formed after long time of
exposure to room temperature air. Even in deaerated solutions (Ecorr = —0.48 Vsce and —0.59
Vsce on Stellite 6 in deaerated solutions at pH 10.6 and 8.4, respectively [21]), this chromium
oxide is converted to a mixed element chromate layer (CoCr.O4 for cobalt alloys and
FeCr,04 for Fe-Cr-Ni alloys):
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M + Cr203 + 2 OH™ — MCr204 + H20 + 2 e-on WE (7-29a)
Ox+ne — Redon CE (7-29b)

While this occurs, there are two types of oxide in the oxide film: a more chromite-like layer
and a more chromium oxide-like layer. During conversion of chromium oxide to chromite,
the thickness of the chromium oxide layer decreases while that of the chromite layer
increases correspondingly [20]:

Ler203(t) = Lo — fi * Lycr204(t) (7-30)

where L¢yo03(t) and Lycr204(t) are the thicknesses of the chromium oxide and chromite
layers, Lo is the initial air-formed chromium oxide thickness. The factor f; is used to adjust
for differences in the unit cell lengths of Cr,Oz and chromite oxide. In actuality, there may
not be a sharp division of the oxide into two distinct layers but a gradation between the two
oxide types. In the model, the oxide thicknesses in equation (32) are for pure-oxide-phase

equivalent thicknesses. The potential drop across the film can then be expressed as:

AVpxige(t) = €cr203 * Ler203(t) + Emcr20a * Lucrzoa(t) (7-31)
AVoxiae(t) = €cra03 " Lo + (€mcraoa — f1 * €cr203) * Lmcr204(t) (7-32)

where and &q,203 and eycr204 are the specific potential drops across the different oxide
layers, respectively. The specific potential drop, €504, IS characteristic of the oxide [9] (with
a value in the range of 10° to 107 V-cm™). The values for e.,,03 and €yc,r204 are not known
and the values used in the simulations were those that yielded best fits of data on a given
alloy. The values used in the simulations shown in Figure 7-8 are listed in Table 7-2. Ideally,
at a given temperature these values are fixed, independent of pH and Eapp. The best-fit values
of these parameters in the MCB model are indeed nearly the same at two different pHs. The

values of the other model parameters are also listed in Table 7-2 and discussed below.

Under potentiostatic polarization, the aqueous reduction reaction that is not coupled
with metal oxidation, but coupled with aqueous oxidation on the counter electrode, can also

occur on the working electrode. This aqueous reduction reaction on the working electrode is
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treated as a separate independent redox reaction with its own equilibrium potential (or the
difference of the equilibrium potentials of the two half-reactions of aqueous reduction and
aqueous oxidation). For example, reduction of H>O or dissolved O (at an impurity level)
can occur on the working electrode coupled with oxidation of H> or H2O on the counter

electrode:
2HO0+2e — H2+20OH on WE (7-33a)
Hz +2 OH — 2 H,0 + 2 e on CE (7-33b)
and/or
O2+4H"+4e —2H,0+2e onWE (7-34a)
2H20 > 02+ 4 H*+4e onCE (7-34b)

The aqueous redox reactions do not contribute to the metal oxidation flux or oxide
growth flux, but only to the net current. Nevertheless, the aqueous reduction flux on the
working electrode is expressed in a manner similar to that used for the metal oxidation flux,
using an effective cathodic overpotential as a function of potential drop across the oxide

layer.

Table 7-2: Fitting parameters for Cr-alloy potentiostatic simulations.

Alloy P i:qur204 €cr203 Emcraoa . f (0)
system (MA-cm2) (Veml)  (Veml) CMcrzos Jk-mcrzos
Co-Cr 10.6 1.0x1077 1.7x108 5.5x108 1x10° 0.91
8.4 5.0x10”7 1.2x10° 5.5x106 1x10° 0.15
Fe-Ni- 106  1.0x10° 1.9x10°  3.2x10°  1x10’ 0.88
Cr 8.4 1.0x10°® 1.2x10° 3.2x106 1x10° 0.26

The values of the model parameters, the exchange current density (iy,-.,.,) for the

e

metal oxidation (30) and the exchange current (i,

g_mx#) for the solution redox reaction (31,

32) and the initial rate constants ratio f;_u0#(0) are also listed in Table 7-2. Although these
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values were obtained from best fits to the data, these values are nearly the same for a given
alloy and all within acceptable ranges. The exchange current densities depend on the solution
conditions and factors related to the surface characteristics. The larger variation in the
exchange currents on Stellite 6 due to pH change can be attributed to the presence of two

alloy phases, Cr-rich and Co-rich phases, on Stellite 6.

The ratio fi,_p04(0) depends on the solution environment, the type of growing oxide,
and other factors, but this ratio is always less than one, and the ratio should be higher at a pH
where the oxide solubility is lower. The solubilities of Fe?* and Co?*species are lower at pH
10.6 than at pH 8.4, and the best-fit values for the ratio f;_y0%(0) do indeed reflect this pH
dependence.

At a higher potential, more oxidation pathways are available. In the MCB model the
individual oxidation reactions are modelled separately and their contributions are added to

obtain the overall corrosion kinetics.

7.4 Summary

In this study, a new classical model for oxide growth and metal dissolution is
presented. This Mass Charge Balance (MCB) model is based on mass and charge balance
and consists of three key flux equations: metal oxidation, oxide growth, and dissolution flux.
The mass and charge balance requirements dictate that the oxide growth and dissolution
fluxes cannot vary independently, but their sum must be the same as the metal oxidation flux.
The metal oxidation flux is formulated using a modified Butler-Volmer equation with an
oxide-thickness-dependent effective overpotential. The oxide growth and dissolution fluxes
have a first-order dependence on the metal oxidation flux. Mass balance dictates that the ratio
of the oxide growth and the dissolution fluxes is determined by their respective first-order
rate constants. The rate constant for oxide growth is assumed to have a normal Arrhenius
dependence on the activation energy for the reaction where the potential drop across the
growing oxide layer contributes to the activation energy. Thus, the rate constant for oxide

growth decreases exponentially with oxide thickness while the rate constant for dissolution
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remains constant. The analytical solution of this model results in a logarithmic dependence

of the thickness of oxide on time.
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Chapter 8
Mass and Charge Balance (MCB) Model Simulations of
Current, Oxide Growth and Dissolution in Corrosion of
Co-Cr Alloy Stellite-6*

Abstract

A mass and charge balance (MCB) model that can simulate oxide growth and
dissolution kinetics simultaneously during corrosion of an alloy has been recently developed.
In this study, the MCB model was applied to the corrosion of the Co-Cr alloy Stellite-6. The
construction of the model and the assignment of values to the rate parameters for the model
are presented. The model simulation results are then compared with experimental corrosion
data collected as a function of pH, temperature and polarization potential. The data include
the current during potentiostatic polarization, the corrosion potential under open-circuit
conditions, and post-test analyses of the oxide formed and the amount of metal dissolved.
Excellent agreement between the model results and experimental data are found. This is
evidence that the MCB model is a useful tool for predicting time-dependent corrosion while

an oxide film is evolving.

Keywords: Modeling; Corrosion; Oxide Growth; Dissolution

L A version of this chapter has been published as: “M. Momeni, M. Behazin and J. C. Wren, Mass and Charge
Balance (MCB) Model Simulations of Current, Oxide Growth and Dissolution in Corrosion of Co-Cr Alloy
Stellite-6, Journal of the Electrochemical Society 163 (2016) C94-C105”.
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8.1 Introduction

Alloys owe their corrosion resistance to protective oxide films formed on their
surfaces [1-17]. Corrosion involves surface redox reactions (metal oxidation coupled with
solution reduction) and interfacial transfer of the charged species involved in the redox
reactions. The presence of an oxide film hinders the interfacial charge transfer, slowing the
rate of corrosion. Modeling oxide formation and growth as a function of solution

environments is an important component in predicting the corrosion behaviour of an alloy.

Several corrosion models have been developed for predicting the rate of oxide growth
[11, 18-31] and/or the rate of metal dissolution in the presence of an oxide film. To obtain
the overall rate of corrosion, many of these models focus on solving the transport rate
equations for individual charge carriers (interstitial cations and anions, cation and anion
vacancies, and electrons and holes) across the oxide film, in addition to the rates of their
creation at respective interfaces (i.e. electrochemical redox reaction rates). These models
assign rates to the transport of different charge carriers that are difficult to verify. Since the
rate of interfacial charge transfer depends on the electric field present at the interface, the
electrochemical potentials of the alloy, the oxide and the solution phases are important

parameters in determining the corrosion rate.

Many of the existing models acknowledge that the driving force for corrosion
depends on the potential of the corroding system (the corrosion potential (Ecorr) in an open
circuit or the applied potential (Eapp) during polarization). However, these models do not
specifically quantify the driving force as a function of electrode potential and/or other
guantifiable potentials such as the equilibrium potential of a redox pair involved in corrosion
(Erq

rdx

). The electrode potential and the redox pair may change with time as corrosion
progresses. The nature of oxide and the oxide layer structure can also change with time as
corrosion progresses even under potentiostatic polarization or constant solution conditions
[8-10, 12-17]. The type of oxide that can form and its rate of formation depend on solution
environmental parameters such as pH, temperature and the concentrations of redox active
species. Few existing models specifically incorporate the solution environment in their model

parameters and, even in those models that do so, the effects are formulated primarily based
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on empirical relationships. No existing models consider changes in oxide composition and
layer structure as corrosion progresses. These shortcomings limit the predictive capabilities

and the application ranges of these models.

Recently, we have developed a corrosion kinetics model that can simulate the metal
oxidation rate (as a current), oxide film growth and metal dissolution as a function of
electrode potential, pH and temperature [11]. This Mass and Charge Balance (MCB) model
considers the elementary processes that are included in other models: electrochemical redox
reactions at the m|ox and ox|sol interfaces, the transport of charged species across the oxide
film, metal oxide formation and growth, and metal ion dissolution. The rates of the individual
elementary reactions/processes in the model are formulated using classical (electro-
)chemical reaction rate equations and mass and charge flux equations. However, the MCB
model imposes mass and charge balance requirements on these rates, and chemical reaction
thermodynamic and Kinetic constraints on the electrochemical redox reactions involved in
corrosion. The mass and charge balance requirements invoked in the MCB model dictate that
the rate of metal oxidation must equal the rate of its coupled solution species reduction, and
the rate of metal oxidation must equal the sum of the rates of oxide formation and metal
dissolution. This allows us to avoid the need for detailed modeling of transport of different
charged species across the oxide film. Instead, the MCB model takes into account the
dependence of the potential drop across the oxide film on the type and thickness of the
oxide(s) that grow with time.

We have previously presented detailed descriptions of the fundamental physical and
chemical properties and processes that underlie the MCB model, and a few model calculation
results that show its capability of simulating corrosion. In this chapter, we expand on the
capabilities of the MCB model and its construction for an application to the corrosion of the
Co-Cr alloy, Stellite-6. Model simulation results are compared with experimental
measurements of current, potential, oxide composition and layer structure, and dissolved

metal concentrations at various pHs, temperatures and polarization potentials.
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8.2 Overview of The MCB Model

Detail descriptions of the fundamental physical and chemical processes that underlie

the MCB model and the general formulation of the flux equations included in the model can

be found elsewhere [11]. Only brief description of the MCB model is provided here. The

MCB model takes into account the dependence of the potential drop across an oxide film on

the type and thickness of the oxide(s) that grow with time. Thus, the MCB model contains

only three flux equations, for metal oxidation (Jyyn+ (t) |1mox), OXide growth (Jyox (t) |oxide)

and metal dissolution (Jz;ss#(t)|s01), @and of these only two fluxes are independent of each

other, see schematic in Figure 8-1. The mathematical formulae of these fluxes are given in

Table 8-1.
(a) Fluxes Modeled in the MCB b) Potential Distribution and Effective Overpotential
m Oxide sol m oxide sol ‘ E (Vsug)
Joi"™ aiss# L E¢1
. M - - M™ (aq) Pm(®) ¥ i
Nox#
\\\ .
Jrion PcB 1
AQoxide - AV yxide(t)
Mo, v oxide
‘ ot M ol —F o
\
\\\ “Nred#
Red ===== - - T
.IR(,,,=< ‘psol(t Esng =0
Ox l
Figure 8-1:  Schematics illustrating (a) the fluxes considered in the MCB model, and

(b) the distribution of the driving force for a corrosion reaction and the
relationship between the driving force and the effective overpotential.

The MCB model formulates the oxidation flux arising from each electrochemical

redox reaction using a modified Butler-Volmer equation with an effective overpotential,

1,4 (6) (Formula 1 in Table 8-1). The oxidized metal either participates in oxide formation

or dissolves into solution. The MCB model formulates the fluxes of both oxide growth and
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dissolution to have first-order dependences on the oxidation flux (Formula 2 and Formula 3,
respectively, in Table 8-1). However, due to mass balance the sum of the oxide growth and
dissolution fluxes must equal the oxidation flux, and their relative fluxes are determined by
competition kinetics, controlled by their first-order rate constants, kyox(t) and kgisss,

respectively.

The flux equations in the MCB model contain time-dependent terms, the effective

overpotential (7,,.,(t)) in the oxidation flux and the first-order rate constant for oxide MO#

formation (ky04(t)) in the oxide growth flux. These kinetic parameters are further defined
as listed in Table 8-1. Irrespective of the type of oxide that forms and the rate of its formation,
oxide formation is an electrochemical reaction and is constrained by reaction
thermodynamics. The thermodynamic constraints invoked in the MCB model include a
requirement that the driving force for metal oxidation (coupled with solution reduction)
leading to formation of a specific oxide is the difference in the equilibrium potentials of the
two coupled redox half-reactions for that redox reaction (Ey e, — Ecdy). The MCB model
distributes this thermodynamic driving force between the m|ox and ox|sol interfaces and the
oxide layer. The potential drop in the oxide (AV,,;q4.(t)) is assumed to be linearly dependent
on the oxide thickness (Lpo#(t)), see the schematic in Figure 8-1. This increase in
AV, iqe(t) With Lyo4(t) decreases the effective overpotentials for the redox half-reactions
at the two interfaces. This allows the flux of metal oxidation to be formulated using a
modified Butler-Volmer equation with an effective overpotential. The effective overpotential
for a specific metal oxidation reaction can then be defined as a function of the thickness of
the oxide that is growing, as presented in Formula 4 and Formula 5 in Table 8-1, respectively.
Table 8-1 also provides formula for the model output of experimentally measured

parameters, current, oxide thickness and dissolved amount of metal ions.

The potential drop across a growing oxide layer depends on oxide thickness, and the
oxide thickness depends on the linear (1-D) rate for oxide growth with time. The MCB model
assumes that the rate of oxide growth has a first-order dependence on the oxidation flux, the
oxide growth rate constant (ko4 (t)) has an Arrhenius dependence on the activation energy,
and the oxide layer is an activation energy barrier. Because the activation energy increases

with an increase in AV,,.;4. (t) (Formula 6 in Table 8-1), the rate constant for oxide formation
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decreases exponentially with an increase in oxide thickness (Formula 7 in Table 8-1). In
contrast to the changing oxide growth rate with oxide thickness, the rate constant for metal
dissolution at the ox|sol interface is generally assumed to be independent of oxide thickness.
It is recognized as being dependent on the type of dissolving oxide and the metal cation

dissolution properties of the contacting solution (pH, temperature, flow).

Alloys may contain more than one redox-active element that can form an oxide or
hydroxide of a single metal element. As well, an alloy can support the formation of a mixed
oxide/hydroxide that contains more than one metal element. In addition, transition metals
can exist in more than one oxidation state and this, combined with the possibility of forming
several different stable oxides and hydroxides, leads to the possible formation of many
different layers of oxides/hydroxides on a metal surface. The MCB model recognizes that
different metal oxides can form and that the oxide composition and structure may change as
corrosion progresses. The result can be a complex and shifting set of oxides that form and
grow as a function of time [10, 13-17]. The MCB model applies the three flux equations to
each metal oxidation reaction leading to the formation of a specific oxide and the dissolution
of the different metal ions. For each oxidation reaction, the MCB model imposes the mass
and charge balance requirements and the reaction thermodynamic and kinetic constraints on
each metal oxidation process. The MCB model formulates the specific (per unit thickness)
potential drop across an oxide layer to depend on the type of oxide and temperature but not
on the solution pH or electrode potential. The model allows the type and the thickness of the
oxide layer to evolve with time according to the flux equations. This in turn allows for

changes in the overall potential drop across the oxide layer as corrosion progresses.
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Table 8-1: Mathematical Formulae of the Fluxes in the MCB Model.

Flux Equations used in the Model

Model Output

Tt O lmjox = Jrds * (exp (O-i:-p . on#(t))>

when 777(t) > 0

ox#

T+ () mjox =0 when nig(t) <0

k (3]
]MO#(t)loxide = (L) ']M#"+(t)|m|ox

kpmou(O)+ kgiss

Jaiss# (O)sor = Tmsm+ (t)lmlox — Jmo# (Ol oxide

Current (t

loxu(t) =m-F-

]M#"’r (t)|m|ox

Oxide thickness (t)
Lyo#(t) = Omos *

Sy Unon D loige) - dt
Dissolved amount (t)
mdiss#(t) = Agor -

f;:o(]diss# (t) |sol) -dt

Time Dependent Terms in the Flux Equations

Model Parameters

Mg = Efqy — Eouy — AVoxige (1)
on#(t) = Edec(t) - Esg# - AVoxide(t)

AVopxiae(t) = AVoxiae(0) + &pou * Lyox(t)

AEapyou(t) = AEayou(0) + cyos * Lyos(t)

eq eq eq
]rdx#’ Ered# ! on#

AVoxide (0), Emo#r UMmo#

AEay04(0), cyou

.L )
kmo#(t) = kyo(0) - exp (— %)

kMO#(O)a kdiss# 7

8.3 The MCB Model for Stellite-6 Corrosion

In this section, we show how the MCB model (i.e., elementary corrosion reactions
and the corresponding flux equations) is constructed for Stellite-6 at different temperatures
(room temperature and 80 °C, pHs (8.4 and 10.6) and range of potential from —0.4 to 0.1
Vsce, and the rate parameters and boundary conditions that are formulated in the model. The

model simulations results are presented in Section 8.4.
8.3.1 Alloy composition

The alloy composition of Stellite-6 is provided in Table 8-2. The morphology of the
alloy surface shows two distinct phases, a Cr-carbide network (darker areas in the SEM
images) distributed in a Cr-Co solidus solution, Figure 8-2. For the model simulations
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presented here, we assumed that the surface activity of Cr or Co is proportional to its atomic
fraction in the alloy. Hence, the oxidation flux of each metal element is the oxidation flux
determined by the modified Butler-Volmer equation multiplied by its atomic fraction. The
implicit assumption is that the surface electrochemical reactions of the individual elements
do not interact synergistically. Oxidation reactions of all other minor elements were ignored
for simplicity (not due to a model limitation). The model included all of the possible
oxidation reactions of the two main alloy elements that can occur within the reaction
thermodynamic constraints. Different rates of oxide growth on different alloy phases may be
possible, but the model simulation presented in this paper did not separate the rate equations
occurring over different phases. This again made the model simpler and it also reflects our

lack of verifiable experimental data for separate corrosion rates on the two phases.

Figure 8-2: SEM of a freshly polished surface of Stellite-6 showing two alloy phases.
The dark regions are the chromium-carbide phase and the grey regions
are the Co-Cr solidus solution phase.

Table 8-2: Elemental composition of Stellite-6 in both weight percentage (wt.%) and
atomic percentage (at.%o).

Co Cr C w Ni Fe Si Mo
wt.%0 57 27 1.4 4.1 2.6 29 1.1 0.4
at.% 54.7 29.4 6.6 1.3 25 2.9 2.2 0.2
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8.3.2 Redox reactions and their equilibrium potentials

The oxidation flux (Jpun+ (t) | mjox) for a specific metal oxidation reaction (ox#) is

determined by a modified Butler-Volmer equation with an effective overpotential (nef ! (1),

Formula 1 in Table 8-1:

T+ () lmjox = Jraen€XD ( z{;@) when nZ%(£) > 0 (8-1a)

gt (O lmjox = 0 when 7 () < 0 (8-1b)

where J71 ., is the forward and reverse rates of the redox reaction at equilibrium and

is equivalent to the exchange current, i,

The oxidation flux equation contains two rate parameters, 7;. (t) and J71 .. The

MCB model defines nef A (t) as a function of the system potential (created by corrosion or

external polarization) (E¢*¢(t)), the equilibrium potential (EZ%,) for reaction ox# and the

ox#

potential drop across a growing oxide layer(s) (4V,qe(t)) (Formula 4 in Table 8-1):

eff(t) _ EeleC(t)

ox#

ox# -4 Voxlde (t) (8-2)

where E¢¢(t) and AV,,,q4.(t) may change with time. Even for constant E¢%¢(t),
the effective overpotential can change due to a change in A4V,,.;4.(t) as corrosion progresses

and the oxide layer changes.

The exchange-current equivalent parameter, /2 raxs 1S the forward or reverse rate of a
redox reaction at equilibrium (e.g., Co® & Co"). The exchange current is a fundamental
parameter that is specific to a specific metal oxidation in a given corrosion environment. The
MCB model recognizes this. For example, the exchange current for the cobalt oxidation of
(Co® S Co" + 2 e) involving the alloy and a Co' oxide (e.g., CoCr,04) phase will be
different from the chromium oxidation reaction of (Cr® & Cr'"' + 3 e) between the alloy and
that oxide. The values for these exchange currents are not generally available. To obtain a

consistent set of exchange current values we extracted them from our data for the total current
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measured during potentiostatic polarization experiments. These experiments were performed
for sufficiently large number of different parameters to give us enough data for the fitting
process. We estimated an initial set of exchange current values and used them in the model
to calculate the total current (as a function of time) for a given experiment. We then modified
our initial estimates, repeated the calculation and compared the calculation result with the
data. This process was repeated until the difference between experiment and model
calculation was judged to be acceptably small. The final values of the exchange currents
obtained from this fitting process were then used in the model for the calculation of the results

of other experiments.

The MCB model consists of a set of oxidation flux equations (Eq. 8-1) for individual
redox reactions that can occur during corrosion of an alloy. The metal oxidation reactions
considered for the simulation of Stellite-6 corrosion are listed in Table 8-3. The equilibrium
potentials of these reactions are well established and their values at pH 10.6 and 25 °C are
presented also in Table 8-3 and Figure 8-3 [10, 16, 17]. Direct oxidation of metal to an
aqueous metal ion is not explicitly included in the oxidation flux calculations since metal
cation dissolution is formulated using the dissolution flux (Jz;ss4 (t)|s01)- FOr metal oxidation
that can lead to formation of both oxide and hydroxide phases, the lower potential of the two
options was used in calculating the effective overpotential for that oxidation. For example,
reaction (1) of Table 8-3 occurs in the presence of Cr.Oz on a Stellite-6 surface and hence
the equilibrium potential for the oxidation of Cr to Cr'"" is that of Cr forming Cr.Os. The
Cr203 that is in contact with water can be hydrated and hydrolyzed (Cr203 + x H,O S 2
Cr(OH)s** + 2x OH-, x = 0,1,2,3) [32], leading to either formation of solid Cr(OH)sz or
dissolution of the hydrated Cr'" ions into the solution. In contrast, the equilibrium potential
used for the oxidation of Co to Co' is the value that leads to the formation of CoCr,O4 with
Cr203 on the surface (reaction 2 of Table 8-3), or the formation of Co(OH)2 when Cr203 is
not available (reaction 3 of Table 8-3). Similarly, any CoCr204 or Co(OH)2 in contact with
water can then be hydrated and hydrolyzed, leading to either formation and growth of solid
Co(OH): or dissolution of the hydrated Co" ions into the solution. Any solid Co(OH) that

forms can build up and be slowly dehydrated to form solid CoO. The surface hydration and
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hydrolysis of metal cations and the solid-state conversion of the oxide/hydroxide phases do

not generate a net current, but influences oxide growth and dissolution of metal.

0.8 0.4 0.0V

pH = 10.6 A S R
o [ [ R
Co,0,] 0,0,

Co(OH),] CoOOH
o] o0  Co(oH),] cos0,
Col Co(OH),— Co%*(aq)

Co+ | CoCr,0, — Co?*(aq)
Cr,0, Cr(OH),| Cro,*

Equilibrium potentials for the redox reactions that can occur on Stellite-
6. The potential regions of stability of different oxides are indicated on
top as bars with roman numerals. The arrows indicate dissolution

pathways of Co'.

Figure 8-3:

Table 8-3: The metal oxidation reactions considered in the simulation of Stellite-6
corrosion and the corresponding equilibrium reactions and equilibrium

potentials.

Mant Metal Oxidation Corresponding Eeq at pH 10.6
Reaction Equilibrium Reaction (SCE)
2Cr+3H0=Cr03+3H>
2 Co + Cr203 — CoCr204 Co + Cr203 + H20 = CoCr204 + H2 -1.1
Co + 2 H,O = Co(OH). + H2

The oxide layer formed on an alloy may be passive for ion or ion vacancy transport

but not for electron and hole transport [33, 34]. Thus, while the presence of an oxide layer
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may supress further metal oxidation, under potentiostatic polarization the reduction reaction
of a solution species that is not coupled with metal oxidation but is coupled with the oxidation
of another solution species on the counter electrode, can continue to occur. For example,
reduction of H2O or dissolved O: (at an impurity level) can occur on a ‘non-corroding’

working electrode coupled with oxidation of Hz or H2O on the counter electrode:

2H0+2e — H2+2OH onWE (8-3a)

H2 +2 OH — 2 H,0 + 2 e on CE (8-3b)
and/or

02+2H0+4e —> 4 0H on WE (8-4a)

40H — 02+ 2H,0+4eonCE (8-4b)

These solution redox reactions do not contribute to either a metal oxidation flux or
an oxide growth flux (on a passive alloy), but they do contribute to the net current that is
being monitored during polarization. To compare the results of model calculations with the
experimentally measured net current, the contribution of any such solution reactions on the
WE must be taken into account. To do this we considered a solution reduction reaction on
the working electrode as a separate independent redox reaction with its own equilibrium
potential (or the difference of the equilibrium potentials of the two half-reactions of aqueous

reduction and aqueous oxidation).

The solution reduction flux was modelled the same way as the metal oxidation flux,

I.e., using a modified Butler-VVolmer equation with an effective overpotential:
0.5nF
]sol—red(t)lox|sol = _]segl_rdx T exp (7 (_n;];{—red > when nf,?;(t) <0
(8-5)

nii{#(t) = E:t?l—red - Eelec (t) - fsol 'AVoxide (t) (8-6)
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where E4

<o1—req 1S the equilibrium potential for the solution redox reaction, and the factor f;,,

is used to adjust for the difference in the potential barrier for electron transfer for solution
redox reactions and that for ion and ion vacancy transfer for metal/metal oxide redox
reactions. Since the resistance to ion and ion vacancy transport across a solid oxide layer is
several orders of magnitude higher than that of electrons and holes, f;,; was assumed to be
zero. Due to difficulties in accurately measuring the dissolved concentrations of H», O and

other potential redox active impurities, E2

sol-red

was obtained by measuring the open circuit

potential on a Pt working electrode in the same solution environment.
8.3.3 Potential drop across a growing oxide layer

Solving the oxidation flux equation requires formulation of AV,,;4.(t) as corrosion
progresses and the oxide layer changes. In the MCB model the potential drop is formulated

as.

AVpyige(t) = X emon * Lyox(t) (8-7)

where Ly o4 (t) is the thickness of the layer of oxide, MO#, at time t, &y04 IS the specific
potential drop per unit thickness, or field strength of the MO# layer, and the summation is
over all of the different types of oxides that comprise the oxide layer. The specific potential
drop is characteristic of the oxide and should be independent of solution pH and the
polarization potential but dependent upon temperature. The metal oxides that can form on
Stellite-6 within the studied potential range (—0.4 Vsce t0 0.1 Vsce) are Cr203, CoCr204 and
CoO/Co(OH)2. The values for the specific potential drops across these oxides are not
available. As for the exchange currents, we determined values for the specific potential drops
by comparing the results of model calculations with trail values against the oxide data
obtained as a function of potential at a given temperature. Recursion was used to obtain ‘best’
fit values. The values that were determined are within ranges of the values found for

transition metal oxides (10° to 107 V-cm™) [11, 18-29].

In the simulations of Stellite-6 corrosion, the surface was assumed to be initially
covered with a 2-nm thick layer of chromium oxide (Cr203) [35]. It has been well established

that alloys containing more than 12% Cr display corrosion resistance and this resistance is
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attributed to the presence of a thin protective layer of air-formed Cr.O3 on the surface. Mott
has shown that the thickness of the oxide on the surface of self-passivating metals like
chromium after long exposure to air at room temperature can be 5 nm thick at maximum

[27]. The oxide thickness used in the simulations is within this limit.

Our studies on oxide formation and growth on a range of Cr-containing alloys have
shown that the pre-formed chromium oxide can be converted to chromite under conditions
where oxide growth is favoured over dissolution, e.g., at a high pH [10, 16, 17]. On Stellite-6

the redox reaction for this conversion is:
C0° + Cr03 + H20 = CoCr,04 + Hy (8-8)

As corrosion progresses the oxide film changes from a chromium oxide layer to a
more chromite-like layer [16, 17]. While this occurs there is a slow change in the electric
field across the oxide layer. As the oxide changes two layers will become present, chromium
oxide and chromite. The boundary between the layers will not be sharp, but we can treat
them as distinct layers for mathematical formulation of the potential drop across the mixed
oxide film. The oxidation of chromium (albeit very slowly) will increase, while its

conversion into chromite will decrease the thickness of the chromium oxide layer with time:

dLcraros(t
Ler203(t) = Lo — f1* Leocr20a(t) + %3()4“ (8-9)

where Leyro03(t) and Leocr204(t) are the thicknesses of the chromium oxide and chromite
layers, and Lo is the initial air-formed chromium oxide thickness. The factor f; accounts for
the thickness change associated with the different sizes of the Cr.O3 and chromite oxide

crystal lattices. For the purpose of our initial simulations we have set f; = 1.

The oxidative conversion of Co° to Co'' to form CoCr,04 is assumed to occur only in
the presence of Cr203. Thus, when all of the air-formed Cr.O3 has been converted to chromite
or dissolved into solution, the rate of formation of CoCr.Og is limited by the rate of oxidation
of Cr% to form Cr.0s. For an alloy in de-oxygenated water this rate is very slow. This is
because the activation energy for the Cr° oxidation increases very rapidly with increasing
oxide thickness due to a very high lattice energy for Cr.O3 (15.186 kJ/mol) [27, 36].
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In addition to the formation of CoCr,O4 the oxidation of Co° to Co"" can also lead to
formation of the CoO/Co(OH)2. In our simulations, we consider CoO to be a dehydrated
form of Co(OH). and treat them as a same oxide for the purpose of calculating oxidation
fluxes. The potential drop across the entire oxide layer on Stellite-6 at a given time can be

expressed as:

AVpxige(t) = €cr203 " Ler203(t) + Ecocr204 * Leocr204() + Ecotomz * Leoom2(t)
(8-10)

where and &¢203, Ecocrzoa @A Ecoor)2 are the specific potential drops across Cr20s,

CoCr204 and Co(OH): layers, respectively.
8.3.4 Formulation of oxide growth and dissolution fluxes

Oxide formation will compete with dissolution for the metal cations produced by the
electrochemical oxidation reactions. Due to mass balance the oxide growth flux
Umos(®)|oxiae) and the dissolution flux (Jziss4(t)]s0r) are not independent and are related

to the oxidation flux as:

Jmo# (O loxide = fe—mon(®) * Inpsn+ () I mjox (8-11)
]diss#(t)lsol = (1 - fk—MO#(t)) “ i+ (t)|m|ox (8'12)
fk_MO#(t) - (kMOI;I\(/Lij‘(’t(Liss#) (8-13)

where k04 (t) is the first-order rate constant for the formation of oxide, MO# at time t and

k 4iss4 is the first-order rate constant for the dissolution of M#™* from the oxide into solution.

The dissolution of the metal cations formed during corrosion occur via surface
hydration of the metal cation and the rate constant for this process will then depend only on
the surface hydration energy of the oxide. The MCB model recognizes this and the rate
constant for the dissolution of M#"* depends on the type of oxide and the solution
environment (pH, temperature, flow rate). Hence it does not change with time as corrosion

progresses and the oxide layer thickens. However, the rate of dissolution changes with time
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because of the changes in Jyun+ (t)|mj0x aNd ky4(t) as corrosion progresses. The flow rate
included in the solution environmental parameters is intended to encompass all of the
processes affecting mass transfer to and from the alloy surface in the solution (diffusion,
turbulence, buoyancy flow, etc.). In our experiments, all of the parameters affecting mass
transfer rates were held constant (except for temperature) and the mass transfer process were

not included in the model.

The rate constant for oxide growth depends on the oxide layer thickness. Oxide
formation is a chemical reaction, and it is reasonable to assume that its rate constant has an
Arrhenius dependence on the activation energy for the reaction. The MO# layer constitutes
an activation energy barrier for the chemical bond formation between metal cation formed
on one side of the oxide and an oxygen anion present on the other side. One approximation

for this activation energy is the Coulombic potential energy gap across the oxide layer
(AVpmo# (D)), (AEap (1))

AEapou(t) = AEayos(0) + ¢’ - AViou(t) = AEayos(0) + cyou * Lyos(t)
(8-14)

where ¢’ is the proportionality constant of the activation energy for the formation of MO#
(in J-mol™?) to the potential drop across the MO# layer (in V-cm™) and ¢y« is the specific
activation energy gradient of the oxide MO# (J-mol*.cm™). The activation energy for the
oxide formation increases as the oxide grows and the rate constant for the oxide formation

decreases accordingly:

kumox(t) = kyox(0) - exp (— %fo#(t)) (8-15a)
where
AE 0
knmou(0) = ko_pmos - exp (— %) (8-15b)

(Note that any other contributors to the reaction activation energy are included in AEa,;4(0)
and the value of k,_,,04 Which is the pre-exponential factor for the oxide formation; they are

assumed to be constant with time.)
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The rate constants at time 0, kyo#(0) and kg4, and the activation energy,
AEau04(0), can be independently measured. However, these values as a function of solution
pH and temperature are not available for the cobalt and chromium oxides. In the model
simulations, the individual values of ky04(0) and kg ;.4 are not needed but only their
fractional contributions because mass balance requires the metal oxidation flux to be the
same as the sum of the oxide flux and dissolution flux. The initial oxide-flux fraction of the
metal oxidation flux at time O, f,_p04(0), is defined as:

feoon(0) = (—koe® ) (8-16)

kpmo#(0)+ kgisss

The fractions are independent of the polarization potential and dependent upon pH
and temperature because of their impact on kqiss#. As for the exchange currents and specific
potential drops across oxides, we determined values for the initial oxide-flux fractions in the
same manner using the potentiostatic data obtained as a function of potential and pH at a

given temperature. Recursion was used to obtain ‘best’ fit values.

The oxide-flux fraction, f,_y04(t), changes with time because ko4 (t) changes with
oxide thickness according to Eq. 8-9. The value for the proportionality constant, cy;o4, Was
also the best fit of potentiostatic polarization data and was independent of potential, pH and
temperature but dependent only upon oxide type. The values used in the simulations are listed
in Section 8.4.

8.3.5 Model output of experimental quantities

In order to compare the model simulation results with experimental data, the different
fluxes calculated in the model were converted to the experimentally measured quantities

(e.g., oxide thickness, dissolved metal quantities).

Current: The current monitored as a function of time is the sum of the anodic current

arising from the oxidation fluxes, Jpun+ (t)|m|0x, OF all the cobalt and chromium reactions

listed in
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Table 8-3, and the cathodic current arising from the reduction flux of solution species

at the working electrode (reactions 8-3a and 8-4a):

Inet(t) = ig(t) +ic(t) (8-173)
lf®) =nF - X fu Juum+ (t)|m|ox (8-17b)
ic(t)=-nF- ]sol—red(t)|0x|sol (8-17c)

Oxide composition and thickness: The oxide growth flux, Jyou(t)|oxide 1S related to
the thickness of the oxide, MO#:

Vmo# * Unmos(t)loxide) - dt = dLyou(t) (8-18)

where vy« is the molar volume of MO# (cm® mol™). The molar volumes of Cr,03, CoCr204
and CoO, Co(OH). reported in the literature are 24, 45 and 12 cm®-mol, respectively, and

these values are used in the simulations.

Amount of dissolved metal: The dissolution fluX, Jissx(t)|sor, 1S the rate of

dissolution of metal cation M#™* per unit surface area exposed to solution:

d iss#(t)
Jaiss# (O)so1 = m{T# (8-19a)
MWps-Ame  (t
Massy (£) = II;:; - fO Uaiss# () |s01 - dt) (8-19b)

where mg;s.x(t) represents the amount of dissolved M#™* over time t in units of g-L*,
MW, is the molar mass of metal M# (g-mol™), J4issu(£)|so; iS in units of mol-cm2-s%, Aint
is the interfacial surface area (cm?) and Vol is the volume of solution (L). The molar masses

of Co and Cr are 59 and 52 g-mol™?, respectively.

8.4 Model Simulation Results

We have performed a combination of electrochemical and coupon-exposure

experiments to investigate the corrosion kinetics of Stellite-6 as a function of potential, pH,
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temperature and y-radiation exposure [16, 17]. The electrochemical experiments include
potentiostatic polarization as a function of potential, E®*°(t). The electrochemical
experiments were augmented by post-test surface morphology and depth analyses using
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) with Ar* sputtering. The coupon exposure experiments were
performed in sealed quartz vials and the dissolved cobalt and chromium concentrations in
the solutions were determined using inductively coupled plasma — mass spectrometry (ICP-
MS). Some of these studies have been published and the details of the experiments can be
found elsewhere [16, 17]. The AES depth-profile data from those studies were reanalyzed to
enable comparison of the experimental results with model calculations. This AES data

reanalysis is summarized in Appendix B.

The MCB model calculations were performed for the experiments on Stellite-6 at two
different pHs (10.6 and 8.4) and two different temperatures (25 and 80 °C). The model
calculation results of potentiostatic polarization experiments as a function of potential are
presented in Section 8.4.1 and corrosion potential measurements and coupon exposure tests
in Section 8.4.2. The values of the rate parameters used in the model calculations are listed
in Table 8-4. It should be emphasized that at a given pH and temperature all of the model
parameters are independent of the electrode potential (corrosion potential or polarization
potential), and that at a given temperature, the only model parameter that depends on pH is
the initial oxide-flux fraction (fi_pmo#(0)). The temperature affects f,_po4(0) and the

specific potential drop (ey04).
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Table 8-4:  The parameters derived for use in the MCB model for corrosion of

Stellite-6.
. . Specific Specific AEa
Initial Oxide-Flux | potential Gradient, Exchange
(Frac}(lon . ) Drop Cro# Current, i%,4
—__tMo#\Y) 6 2
) Emo# (10 (uA-cm2)
T(C) | pH | Nmon(O)* Kaissy (10°V-cm?) | J-molt-cm™)
<~ = < o~ < AR = = ,j?
s 2 T |8 2 z|g 2% |5 8 5 j
NS} Q|2 G 12 ¢ 2l o g
®] o o O o o o Q o - o ~
@) @) ©) O O O O O ') :E‘
84 | 097 053 040 o
25 32 52 1.0 o | x o | |
106 | 099 070 0.28 g 5 2| 2 5 2

80 106 | 096 053 042 |30 44 0.1

8.4.1 Model calculations of potentiostatic polarization experiments

The model calculation results are compared with the data from potentiostatic
polarization experiments, the time-dependent behaviour of current in Figure 8-4, the layer
structure and thickness of the oxide formed at the end of each polarization test in Figure 8-5
and the composition of the oxide in the top 3 nm layer in Figure 8-6 (oxidized Co'" %" and
metallic Co®). The oxide-layer structure presented in Figure 8-5 was determined by analyzing
the elemental depth profiles obtained by AES with Ar* sputtering, as described in reference

[10] and summarized in the Appendix.
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Figure 8-4: Experimental (solid lines) and model calculations (broken lines) of
current density as a function of time during potentiostatic polarization.
Data obtained at three different potentials, +0.1, — 0.1 and — 0.4 Vsck, at

pH 8.4 and 10.6, and at 25 °C and 80 °C.

In the Figure 8-5, at high potentials, model does not show any chromium oxide while

experimental results show that the oxide chemistry at the interface of metal and oxide is close

to Cr203. The reason for this behaviour, is not that the model cannot predict chromium oxide

formation but it is because of its slow formation and rapid conversion to the cobalt chromite.

In fact, based on the analytical method presented in the Appendix, we can consider interface

of oxide and metal at the deepest point that all chromium elements are bounded to oxygen

and form chromium oxide. Below this depth, there are chromium atoms that are not bonded

to oxygen due to the insufficient amount of oxygen and above that, part of this chromium

oxide is converted to cobalt chromite. This is well matched with our model results, however

it shows it as cobalt chromite layer on the surface.
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Figure 8-5: Comparison of the MCB model calculations with experimentally
determined oxide-layer structures on Stellite-6 electrodes polarized for 5
h at different potentials at pH 10.6 and 80 °C. The numbers on the top of
the graph indicate the polarization potentials

The experimental data for the fraction of oxidized cobalt were obtained from
deconvolution of high resolution XPS O-1s, Co-2p and Cr-2p bands [16, 17]. Note that the
analysis depth of the XPS instrument for a chromium oxide and cobalt oxide covered surface
is not well defined and hence the XPS results are compared with the calculated fraction of
oxidized cobalt in only the outer 3 nm of the oxide layer. The results obtained at only three
potentials are shown for brevity in Figure 8-4, Figure 8-5 and Figure 8-6. The model also
simulates the results obtained at other potentials (ranging from —0.8 Vsce to 0.1 Vsce) very

well.
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Figure 8-6: Comparison of the MCB model calculations with experimental
measurements of the fraction of oxidized cobalt in the top 3-nm layer on
electrodes polarized for 5 h at different potentials at pH 10.6 and 80 °C.
The solid columns show the metallic fraction (Co°% and the dashed
columns show the oxide fraction (Co'' & Co''")).

8.4.2 Corrosion under open-circuit conditions

Under potentiostatic polarization the potential on the working electrode is controlled
and any oxidation or reduction occurring on the working electrode is coupled with a redox
reaction on the counter electrode. Under naturally corroding or open-circuit conditions, both
half-reactions occur on the same (macroscopic) surface. In this case, the sum of all of the
oxidation fluxes (the anodic current) must be the same as the sum of all of the reduction
fluxes (the cathodic current) due to the charge and mass balance requirements, and these
requirements dictate the corrosion potential:

Y.i, = |X i.| at corrosion potential (8-20)

This is a necessary condition for the time evolution of the corrosion potential.
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The MCB model determination of Ecorr 0on Stellite-6 in deaerated water was carried
out as follows. The flux equations and the values of the rate parameters used for the Ecorr
simulations were those determined by fits to the potentiostatic polarization data. For the
solution reduction flux, Eqgs. 8-5 and 8-6 were used. There is no data available for the
exchange current density on Co-Cr alloys, so we set the exchange current density for water
reduction (reaction 8-3a) on the surface of Stellite-6 at 10~" A/cm? (Table 8-4). This value is
in the range reported for the water reduction exchange current densities on the transitional
metals [37]. Hydrogen (H-) is produced by corrosion and quickly reaches a saturation level
at room temperature of 5 x 107 atm. This value is used to calculate the equilibrium potential

for water reduction, Eg2, . = — 0.74 Vsce at pH 10.6. Since the test solutions were Ar-

purged the partial pressure of oxygen is very low, on the order of 10-° atm. This value was

used to calculate the equilibrium potential for the oxygen reduction reaction, Egf_,,, = 0.2

Vsce at pH 10.6. The equilibrium potential for oxygen reduction is greater than the corrosion
potential measured on Stellite-6 under all conditions studied. Hence we assume that the rate
of oxygen reduction is limited by the rate of aqueous diffusion of O to the surface and not
by the rate of the reduction at the surface. It is possible to calculate a diffusion-controlled
current density for the O reduction if the value for the dissolved O. concentration in the Ar-
purged solution is known. We could not measure this O» concentration with our instruments.
For a dissolved Oz concentration of 10 ppb the diffusion-controlled current density is about
—-10-% A/cm?. This value was used as the limiting current density of oxygen reduction on the

Stellite-6 surface.

The model calculation starts at —1.1 Vsce (the potential used for cathodic cleaning
for 5-min prior to the Ecorr measurement). At the end of cathodic cleaning the surface is
covered with a thin layer of chromium oxide formed by air oxidation that cannot be removed
by this cathodic cleaning. The anodic current density from the sum of cobalt and chromium
oxidation fluxes and the total cathodic current density from the sum of solution reduction
fluxes were calculated according to Egs. 8-1 and 8-5. Current density calculations were
carried out at a potential over a potential range from —1.1 Vsce to the solution oxidation
potential of 0.2 Vsce. The upper limit was established by measuring open-circuit potential

using a platinum working electrode. The potential for the calculations was stepped by 0.1
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mV and the potential at which the difference between the anodic and cathodic current

densities was less than 1% is taken as the corrosion potential.

Figure 8-7 compares the calculated and experimental corrosion potentials as a

function of time for a few selected conditions. The MCB model calculation results are in

excellent agreement with the data.
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Figure 8-7: Comparison of the MCB model calculations with experimentally
determined corrosion potentials as a function of time for pH 8.4 and 25
°C, pH 10.6 and 25 °C, and pH 10.6 and 80 °C. The solid black lines are
experimental data and the broken red lines are experimental data and
the broken red lines are model simulation results.

8.4.3 Oxide formation and dissolution

We have also performed MCB model simulations of the 3-d corrosion tests for

Stellite-6 coupons. The same set of kinetic parameters derived from the potentiostatic

polarization data were used for these calculations. The model results are compared with the

experimental data for oxide formation and metal ion dissolution in Figure 8-8 and Figure

8-9. The MCB model simulates the corrosion tests very well. The model predicts correctly

the effect of pH and temperature on not only the layer structure and thickness of the oxide

formed but also the amounts of Co and Cr dissolved. The rate parameters used in the

modeling of the corrosion tests were the same as those used for the other model calculations.
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Figure 8-8: Comparison of the MCB model calculations with experimentally
determined oxide-layer structures on Stellite-6 coupons corroded for 3 d
in deaerated solutions at pH 8.4 and pH 10.6 at 25 °C, and at pH 10.6 at
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80 °C.
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8.5 Conclusions

We have applied the mass and charge balance (MCB) model to simulate corrosion
tests and electrochemical experiments performed on the Co-Cr alloy, Stellite-6. We have
shown how the rate or flux equations for metal oxidation, oxide growth and dissolution are
constructed and the values of the rate parameters in the model can be derived. Most of the
model parameters are fundamental thermodynamic and reaction properties of the chemical
elements involved in the corrosion reactions. Of these parameters, the rate constants for metal
oxide growth and metal ion dissolution are the only ones that are sensitive to temperature

and solution pH.

The model simulation results are in excellent agreement with the data obtained from
different sets of experiments (electrochemical and corrosion tests) at two different pHs and
at two different temperatures. The data compared include the time-evolution of current
during polarization as a function of potential, the layer structure and thickness of oxide

formed, and the amounts of Co and Cr ions dissolved in the solutions.

This study demonstrates that the MCB model can simulate the oxide growth and
metal ion dissolution simultaneously during corrosion, even for an alloy with multiple
oxidizing elements, and predict the effects of different solution environmental conditions on

the overall corrosion rate.
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Chapter 9
Mass and Charge Balance (MCB) Model Simulations of
Potential, Oxide Growth and Dissolution During Corrosion
of Alloy 800

9.1 Introduction

In the previous chapters, it was shown how environmental factors affect the corrosion
behaviour of Alloy 800. A mechanism for corrosion of Alloy 800 is presented and a model
is developed based on the mechanism to account for both oxide formation and metal
dissolution during corrosion of Cr-containing alloys [1]. This model was applied to the Co-
Cr system [2] and it was shown that it can simulate the observed electrochemical results and
oxide thickness on the surface as well as the dissolved metal cations in the solution. The
preliminary results on the corrosion modeling in the Alloy 800 system have been presented
previously [1, 3]. Here, the results for the Alloy 800 modeling in the presence and absence

of radiation are presented.

9.2 The MCB Model for Alloy 800 Corrosion

The method used for alloy 800 corrosion modeling and simulation is similar to that
used for the Co-Cr alloy Stellite-6 [2] and is not repeated here. The MCB model is applied
for Alloy 800 at different pHs (6.0, 8.4 and 10.6) based on the experimental and
thermodynamic data presented in Chapter 4, and the rate parameters and boundary conditions

that are formulated in the model. The model simulation results are presented in Section 9-3.
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9.3 Model Simulation Results

We have performed a combination of electrochemical and coupon-exposure
experiments to investigate the corrosion kinetics of Alloy 800 as a function of pH,
temperature and y-radiation exposure. The electrochemical experiments include corrosion
potential measurements, Ecorr. The coupon exposure experiments were performed in sealed
quartz vials and the dissolved iron, chromium and nickel concentrations in the solutions were
determined using inductively coupled plasma — mass spectrometry (ICP-MS). These data are
presented in Chapter 4. The AES depth-profile data from those studies were reanalyzed to
enable comparison of the experimental results with model calculations. This AES data

analysis is summarized in Appendix B.

The MCB model calculations were performed for the experiments on Alloy 800 at
three different pHs (6.0, 8.4 and 10.6) in the presence and absence of radiation. Note that
under radiation, it is not possible to measure the corrosion potential at 80 °C. Therefore, only
the coupon test results under radiation are modeled. The model calculation results of
corrosion potential measurements and coupon exposure tests are described in Section 9-3-2.

The values used to obtain these results are listed in Table 9-1.

Table 9-1: The parameters derived for use in the MCB model for corrosion of Alloy

800.
Initial Oxide-Flux Specific Sréem(fjl_c AB
Fraction Potential Drop radient, -0
Ky 04 (0) Cymo# Exchange Current, i,.4,4
( MO# ) EMo# (10° (RA-cm2)
pH  \kmo#(0) + kaisss (10° V-cm™) J-molLem?) H
- - .
® 5 < » 5 < » S < = [CER I L
g 2 ¢ ¢ 2 g¢2go = oy
5 @ ¢ & @ 5 &y o
LL LL L O LL zZ 9 T
106 0.99 0.498 0.498
32 40 L w |
84 099 0498 0498 + + 105 1 1 9 & 3 & &
03 1.0 .

6.0 099 0.07 0.154
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9.3.1 Corrosion under open-circuit conditions in the absence of radiation

Under naturally corroding conditions or during corrosion potential measurements,
the anodic and cathodic reactions happen on the same macroscopic surface. Under these

conditions, the rate at which electrons are produced is the same as their rate of consumption.
Y.i, = |X i.| at corrosion potential (9-1)
This is a necessary condition for the time evolution of the corrosion potential.

To determine Ecorr ONn the Alloy 800 surface under deaerated conditions in the
absence of radiation, the steps used are similar to those for the Co-Cr alloy Stellite-6
presented in Chapter 8 [2]. The flux equations and the values of the rate parameters used for
the Ecorr simulations were those determined by the best fit to the corrosion potential data.
There are no data available for the exchange current density on the Alloy 800 surface, so we
set the exchange current density for water reduction on the surface of Alloy 800 at 10-° A/cm?
(Table 9-1). This value is in the range reported for the water reduction exchange current
densities on the transition metals [4]. The cathodic current calculations are the same as those
presented in Chapter 8 [2].

The model calculation starts at the cathodic cleaning potential for 5-min prior to the
Ecorr measurement at each pH. At the end of cathodic cleaning the surface is covered with
a thin layer of chromium oxide formed by air oxidation that cannot be removed by this
cathodic cleaning [5]. The anodic current density from the sum of iron, nickel and chromium
oxidation fluxes and the total cathodic current density from the sum of solution reduction
fluxes were calculated. Current density calculations were carried out over a potential range
from the cathodic cleaning potential for each pH (Chapter 4) to the solution oxidation
potential determined from the equilibrium potential of the most oxidizing species in the
environment. The potential for the calculations was stepped by 0.1 mV and the potential at
which the difference between the anodic and cathodic current densities was less than 1% of

the cathodic current at that potential is taken as the corrosion potential.
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Figure 9-1 compares the calculated and experimental corrosion potentials as a

function of time. The MCB model calculation results are in excellent agreement with the

data.
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Figure 9-1: The measured Ecorr (black solid line) and Ecorr calculated using the
MCB model (dashed red line) on the surface of Alloy 800 at pH 6.0, 8.4
and 10.6 at 80 °C No Rad. The experimental data are those presented in

Chapter 4.

9.3.2 Oxide formation and dissolution

MCB model simulations were also performed for the 3-d corrosion tests for Alloy
800 coupons in the absence and presence of y-radiation. In the presence of radiation, it is
assumed that hydrogen peroxide is produced as the main radiolytic product and its
concentration is ~ 100 uM [6, 7]. The standard equilibrium potential for hydrogen peroxide
reduction has been determined previously [8] and can be used in the Nernst equation for the
equilibrium potential calculations. Our experimental result in the presence of radiation at 25
°C shows that the rate of reduction of H,O2 on the surface of Alloy 800 is ~ 108 A/cm?.
These values are used in the model to add one more cathodic reaction with the same
parameters that are used in the absence of radiation. The model results are compared with
the experimental data for metal ion dissolution (data presented in Chapter 4) and oxide film

thickness on the surface in Figure 9-2 and Figure 9-3, respectively.
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Figure 9-2: Experimentally measured and MCB model calculations for the dissolved
Fe, Cr and Ni cations in solutions with pH 6.0, 8.4 and 10.6 at 80 °C in
the presence and absence of y-radiation. The model data in the presence
of y-radiation are calculated by considering the rate of hydrogen
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Figure 9-3: Oxide thickness measured by AES and oxide thickness calculated using the
MCB model for pH 6.0, 8.4 and 10.6 at 80 °C in the presence and absence

of y-radiation. The colours representing each oxide are shown on the
figure.
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The results presented show that the MCB model can correctly predict the effect of
pH and radiation on not only the layer structure and thickness of the oxide formed but also

the amounts of cations dissolved in the solution

The predicted corrosion potential in the presence of radiation after 72 h of corrosion
is higher than in its absence, as shown in Figure 9-4. Although it was not possible to measure
the actual corrosion potential in the presence of radiation at temperatures above 25 °C, the
higher Ecorr IS not surprising. The results presented in Chapter 4 for Alloy 800 corrosion
and several other corrosion systems show that in the presence of radiation, the corrosion

potential on the surface of transition metals and alloys is higher than in its absence [9-13].
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Figure 9-4: Predicted Ecorr On Alloy 800 at pH 6.0, 8.4 and 10.6 at 80 °C in the
presence of y-radiation.

The predicted corrosion potentials show that the rate of Ecorr evolution on the
surface of Alloy 800 at 80 °C and in the presence of radiation, as well as the steady state
Ecorr, is pH-dependent. At pH 10.6, Ecorr is generally lower and its steady state value is

reached faster than at the other two pHs. It is predicted that the behaviour at pH 8.4 would
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be similar to that at pH 10.6, which seems reasonable based on the measured oxide thickness
that forms on the surface and the amount of dissolved metal cations in the solution. As was
observed in the experimental results in the absence of radiation for pH 6.0 (Chapter 4 and
Figure 9-1), the corrosion potential on the surface of a sample exposed to a solution at pH

6.0 is not likely to reach its steady state value even after 72 h.

These types of analyses are important because in nuclear reactor environments, the
radiation dose rate, temperature and corrosion environment are different from the
experimental conditions in this work. However, in each set of conditions, it is possible to
calculate the concentration of oxidizing species and their rate of reduction at the surface [6,
7]. Combining these data and employing the MCB model can help to predict the corrosion
potential in reactor environments. This electrode potential value could be helpful in
predicting whether the alloy is operating within safe parameters [14] and whether it can last

for the desired lifetime.

9.4 Conclusions

The mass and charge balance (MCB) model was used to simulate corrosion tests and
electrochemical experiments performed on Alloy 800. The rate equations for metal
oxidation, oxide growth and dissolution were determined using the previously presented
methods [1-3]. Most of the model parameters are fundamental thermodynamic and reaction
properties of the chemical elements involved in the corrosion reactions. Of these parameters,
the rate constants for metal oxide growth and metal ion dissolution are the only ones that are

sensitive to solution pH.

The model simulation results are in excellent agreement with the data obtained from
different sets of experiments in the presence and absence of y-radiation. The simulation
results show that the effect of radiation on the corrosion of Alloy 800 can be simulated by
adding just one reaction, the hydrogen peroxide reduction reaction, to the system. This study
demonstrates that the MCB model can simulate oxide growth and metal ion dissolution
simultaneously during corrosion, even for an alloy with multiple oxidizing elements, and

predict the effects of different solution environment conditions on the overall corrosion rate.
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Chapter 10

Summary and Future Works

10.1 Summary

In this thesis, a systematic study was carried out to investigate the effect of gamma
radiation and different solution environments on the corrosion of Alloy 800. The new Mass
and Charge Balance (MCB) model is presented, which is capable of predicting the oxide

thickness and metal dissolution the different environments.

The investigation on the effect of pH, temperature, oxygen content and y-radiation
on the corrosion of Alloy 800 showed that changes in the corrosion environment significantly
affects the oxide film composition and the corrosion behaviour. The corrosion of Alloy 800
can be expressed in some elementary reactions including the oxidation reaction, the oxide
formation and the metal cation dissolution reactions. The rate of each elementary step differs
as the corrosion environment changes; however, the main effect of pH change on the
corrosion can be seen on the fraction of metal cations that participate in the oxide formation
process. At a pH where the solubility of a metal cation is high, the metal cation prefers
dissolution over oxide formation. This, in turn, lowers the rate of formation of any oxide that
contains that metal cation. The change in the oxide formation affects the oxide thickness on

the surface which in turn changes the rate of oxidation.

The main effect of y-radiation is on the oxidation process. Water when exposed to y-
radiation produces highly oxidizing species that increase the driving force for the corrosion
process. The effect of y-radiation on the oxidation process is similar to that of added oxygen,
but differs in terms of the pathways that the Alloy 800 corrosion follows and the final oxide
thickness, oxide composition and dissolved metal concentrations. The increase in the
oxidation rate is followed by changes in the rates of metal oxide formation and metal cation
dissolution. The ratio of these two rates is dictated by the pH of the solution. In more

oxidizing environments, the fraction of oxides with high oxidation states is higher. However,

241



the attempt to use added O: as a proxy for gamma irradiation was not successful under steam

corrosion conditions.

A change in temperature affects the rate of every process involved in the corrosion
of Alloy 800. The dependence of the rate of a chemical or an electrochemical reaction on the
temperature is represented by the Arrhenius equation. As temperature changes, depending
on the activation energy of each reaction (and if it is rate-controlling), the pathway of Alloy
800 corrosion might change. In addition to the kinetics of reactions, temperature also
influences the thermodynamics of formation of certain oxides and the dissolution of metal
cations. The thermodynamic calculations show that the range of stability of an oxide or an

ion is significantly affected by temperature.

The parameters determined in this study allowed a mechanism for the corrosion of
Alloy 800 to be developed. The MCB model was developed based on mass and charge
conservation and consists of three key flux equations: metal oxidation, oxide growth, and
dissolution flux. A key (and common sense) assumption of the model is that oxide growth
and dissolution fluxes cannot vary independently, but their sum must be equal the metal
oxidation flux. The metal oxidation flux is formulated using a modified Butler-Volmer
equation with an oxide-thickness-dependent effective overpotential. The oxide growth and
dissolution fluxes have a first-order dependence on the metal oxidation flux. Mass balance
dictates that the ratio of the oxide growth and the dissolution fluxes is determined by their
respective first-order rate constants. The rate constant for oxide growth is assumed to have a
normal Arrhenius dependence on the activation energy for the reaction where the potential
drop across the growing oxide layer contributes to the activation energy. Thus, the rate
constant for oxide growth decreases exponentially with oxide thickness while the rate
constant for dissolution remains constant. The analytical solution of this model results in a

logarithmic dependence of the thickness of oxide on time.

The MCB model was used to simulate corrosion tests and electrochemical
experiments performed on the Co-Cr alloy Stellite-6 and Alloy 800. Most of the model

parameters are fundamental thermodynamic and reaction properties of the chemical elements
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involved in the corrosion reactions. Of these parameters, the rate constants for metal oxide

growth and metal ion dissolution are the only ones that are sensitive to solution pH.

The model simulation results show excellent agreement with the data obtained from
different sets of experiments in the presence and absence of y-radiation. The simulation
results show that the effect of radiation on the corrosion of Alloy 800 can be simulated by
adding only the hydrogen peroxide reduction reaction to the system. This study demonstrates
that the MCB model can simulate oxide growth and metal ion dissolution simultaneously
during corrosion, even for an alloy with multiple oxidizable elements, and predict the effects

of different solution environmental conditions on the overall corrosion rate.

10.2 Future work

The results presented in this thesis showed that there are several unresolved issues
providing for future work on the corrosion of Fe-Cr-Ni alloys and their corrosion modelling.

The results presented in this thesis show that the ratio of Fe, Cr and Ni in the alloy
can affect the corrosion pathway and could result in completely different behaviours for
different alloys. This could explain the different corrosion behaviours of Fe-Cr-Ni alloys like
stainless steels and Inconel alloys. There have been attempts to study the effect of alloying
elements on the passivation and localized corrosion of these alloys [1-8]. However, none of
these works presents a mechanistic understanding of the effect of alloying elements and
differing ratios of Ni/Fe, Ni/Cr and Cr/Fe on the corrosion behaviour. The other alloying
elements added to the alloys are molybdenum, titanium, etc. to enhance corrosion properties
in acidic solutions and/or improve mechanical properties. A mechanistic study on the effect
of these alloying elements on the corrosion with a particular focus on the effect of water

radiolysis is necessary.

The presented mechanism also shows that the dissolution rate and consequently the
oxidation and oxide formation rates can be influenced by the diffusion path of the metal
cations in the solution. In the electrochemical studies and most of the corrosion experiments,

the solution volume is large enough to not affect the dissolution kinetics. However, in the
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case of steam corrosion and/or SCW corrosion, the solution volume or the hydration rate
changes. This can affect the overall corrosion process and pathway. It would therefore be
desirable to study the effect of different solution volume to surface area ratios on the different
Fe-Cr-Ni alloys in order to gain a mechanistic understanding of corrosion under water vapour
or SCW.

A change in the solution volume can also affect the evolution of the solution pH as
corrosion progress. This is more pronounced when the solution is not buffered. This can also
be influenced by the ionic strength of the solution. Therefore, an in-depth study on the effect
of solution chemistry evolution during corrosion of these alloys seems inevitable. This study
will significantly enhance our understanding of the corrosion under pure water steam and the

localized corrosion behaviour of these alloys.

These data can then be used to modify or refine the MCB model to account for the
evolution of the dissolved metal cations in the solution, as observed in Chapter 5. This
behaviour can be incorporated into the detailed process considered in the model which may
improve the ability to model corrosion behaviour under gamma radiation at high temperature
aqueous and vapour environment. These modifications may also improve the model’s

localized corrosion prediction capabilities.

10.3 References

[1] R.M. Carranza, M.G. Alvarez, The effect of temperature on the passive film properties
and pitting behaviour of a Fe-Cr-Ni alloy, Corrosion Science, 38 (1996) 909-925.

[2] K.N. Goswami, R.W. Staehle, Growth kinetics of passive films on Fe, Fe-Ni, Fe-Cr,
Fe-Cr-Ni alloys, Electrochimica Acta, 16 (1971) 1895-1907.

[3] J. Horvath, H.H. Uhlig, Critical Potentials for Pitting Corrosion of Ni, Cr-Ni, Cr-Fe,
and Related Stainless Steels, Journal of The Electrochemical Society, 115 (1968) 791-
795.

[4] A. Machet, A. Galtayries, S. Zanna, L. Klein, V. Maurice, P. Jolivet, M. Foucault, P.
Combrade, P. Scott, P. Marcus, XPS and STM study of the growth and structure of
passive films in high temperature water on a nickel-base alloy, Electrochimica Acta,
49 (2004) 3957-3964.

244



[5] M. Montemor, M. Ferreira, N. Hakiki, M.D.C. Belo, Chemical composition and
electronic structure of the oxide films formed on 316L stainless steel and nickel based
alloys in high temperature aqueous environments, Corrosion Science, 42 (2000) 1635-
1650.

[6] R.C. Newman, The dissolution and passivation kinetics of stainless alloys containing
molybdenum—1. Coulometric studies of Fe-Cr and Fe-Cr-Mo alloys, Corrosion
Science, 25 (1985) 331-339.

[7] L. Oblonsky, T. Devine, A surface enhanced Raman spectroscopic study of the passive
films formed in borate buffer on iron, nickel, chromium and stainless steel, Corrosion
Science, 37 (1995) 17-41.

[8] M. Ryan, R. Newman, G. Thompson, An STM study of the passive film formed on iron
in borate buffer solution, Journal of The Electrochemical Society, 142 (1995) L177-
L179.

245



APPENDIX A

Mathematical Derivation of Analytical
Solution for Oxide Growth
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Al:Growth of a Single Phase Oxide

The metal oxidation flux can be expressed using a modified Butler-Volmer equation:

T @ lmjox = Joty - (exp(a 1, (0))) (AD
whereq = 22F
RT

In the presence of an oxide layer, the effective overpotential is
Mg ) = Eetec(t) = Egly = AVpige (0) (A2)

The potential drop across the oxide layer is assumed to be proportional to oxide thickness:
AVixige (t) = AVoxiqe(0) + emos * Lox(t) (A3)

Under potentiostatic conditions, E.;..(t) = constant with time. Substituting (A3) and (A2)

into (A1) and by separating constant terms from time-dependent terms:

I @lmjox = 45 (ex0 (@~ (= mon - Luow(®))) (A%
Where
4y = ]:gx# ) (exp (a ) (Eelec(t) - Egg# — AVoxide (0))>> (AS5)

The oxide growth flux is:

Tmo# O loxide = fr—mon(©) * Jppsn+ () I mjox (AB)
where

_ kymox(t)
fk_MO#(t) N (kMO#(t)+ kdiss#) (A7)
kyous(t) = kpyou(0) - exp (— %ﬂgo#(t)) (A8)
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This is related to the linear rate of oxide growth as:

dLpmo#

& = Umo# *Jmo# () loxide (A10)

From (A4), (A6) to (A10),

cmo#Lmo#®)
dLyo# kMO#(O)'exp (_T) (
= . . A |ex (a- —& L t )
dr Mo# (kMo#(O)-exp (_CMO#;yo#(t))Jr % diocn J p ( Mo * Lmos( ))
(A11)
dLpo#
=dt
: (t)
kmo#(0)-exp (—7%'0#,]#0# )
VMO# _ -Ap(exp(a(- emon-Lmon(®)
" #<k1vzo#(0)'exp (_7CMO#}§'IMO#(t))+kdiss# ]( ( HoRTMos ))
(A12)
1 [ kmo#(0)-exp (—W% kaiss# dLyo# — dt (A13)
vMo#Aj kmo#(0)-exp (—W) (exp(a-(— €Mo#'LM0#(t))))

1. Kaisstt cmowLmon(®) ) | ) ) ) _
—— <1+kmo#(0) exp( o )> (exp(a Emos LMo#(t))) dLyos = dt

(Al4)

1

<exp(a Emo# LMO#(t)) + dlssg:)) rexp (( 1;;»# +a- EMO#) LMO#(t)>>'

Vmo#'Ajy

The solution for the differential equation is:

1 1 k iss .
omonAy ' <(a emon) (exp(a Emo# LMo#(t)) - 1) + (cMO#+a EMO#) ) kMZ#(T))
(exp (( I‘I;’O# +a- £M0#) . LMo#(t)) - 1)) =t (A16)
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The typical values of &,,04 and ¢4 are such that (see Table 7-2 in the text):

CMO#
RT

LKa- SMO# (Al?)

For an oxide thicker than a few angstroms:

Thus,

By defining

exp(a- eyo " Lyox(t)) > 1 (A18)
1 . 1 - ICdi—SS#t Ll . Ll z
omowAy (a-emon) (1 + kMO#(O)) (exP(a €mo * Ltow (t))) t (A19)
0.5-n'F
Aoy = @ eyoy = R—: *EMo# (A20)
_ kpox(0)
fie-mo#(0) = (kMO#(0)+ kdiss#> (A21)

Jmo#" = Vmow * f-mox(0) * 4
0.51F
= Upmo# 'fk—MO#(O) ' ]:gx# ' (exp (R_: ' (Eelec(t) - Esg# - AVoxide(O)))>
(A22)

Taking In of both sides of Eq. A19 yields:

Lyos(t) = @ (In(Apos ~ Imox™) +1nt) (A23)

A2: Conversion of Chromium Oxide to Chromite

For the conversion of chromium oxide to chromite the same derivation can be

performed. The only difference is that the overpotential in this case is a function of the

potential drop across the two oxide layers:
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nmx#(t) = Eelec(t) - Esg# - AVoxide (t) (A24)

AVoxige(t) = €cr203 * Ler203(0) + (Emcraoa—11  €cr203) * Lmcr204(t) (A25)

This change also changes the constants in Eq. A23. The thickness of chromite layer

is then:

1

Lycr204(t) = T (In(Amcr204 * Imcr204™) +1nt) (A23)

MCr204

n 05 'F
Juos" = Omos * feemon(0) " Jroeu - <exp (R—;l (Eelec(t) —Eoly — €cr203

Lcrzos (0))>> (A22)

0.5nF
R: * (emcra04—f1 " Ecr203) (A25)

7\‘M0# =
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APPENDIX B

AES Depth Profile Analysis
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B1: Co-Cr system

Auger electron spectroscopy (AES) combined with argon-ion sputtering can provide
a depth profile of the chemical composition of a surface oxide. The AES depth profiles on
Stellite-6 reported in this study were obtained using a Physical Electronics Model PHI 660
instrument with an excitation energy of 5 keV. The AES scans for Co, Cr, C, Ni and O were
performed as a function of sputtering time. The AES intensities were calibrated and
converted into mole fractions, and the sputtering time was converted into depth. The sputter
depths were calibrated using standard samples under the same sputtering conditions.

An example of the AES depth profiles obtained for Stellite-6 corroded at 80 °C, pH
=10.6, Eapp =—0.4 Vsce are shown in Fig. B1. Due to the presence of multiple metal elements
in the alloy the nature of the oxide as a function of depth is difficult to decipher from the
atomic fractions. To identify more clearly the degree of oxidation of the metal elements and
their relative abundances in the oxide, the AES data were analyzed as ratios of each metal
element (M = Co or Cr) to their sum (M/(Co + Cr)) and the ratio O/(Co + 1.5 Cr) (Fig. B2).
An O/(Co + 1.5 Cr) ratio of 1.0 corresponds to an oxide where both Co and Cr have been
oxidized to their lowest stable oxidation states, Co'" and Cr''. A ratio less than 1.0
corresponds to a layer in which a fraction of the metal atoms has not been oxidized, and a
ratio more than 1.0 corresponds to a layer in which some of the metal atoms are present in
higher oxidation states or as hydroxides. The abundances of Co and Cr (expressed as M/(Co
+ Cr)) have different depth profiles in the oxide (Fig. B2) indicating that the oxide layer has
a multi-layered structure with different oxides dominating at different depths.

To determine the dominant oxide at a given depth, another analysis methodology has
been developed. *Theoretical” depth profiles are calculated assuming that all of the measured
metal present at a particular depth is present solely as a particular metal oxide or mixed metal
oxide. Using this theoretical depth profile a corresponding O at.% depth profile (or O profile)
can be calculated. For example, a theoretical Cr2O3 yields the O profile that one would expect
to see if all of the Cr at a given depth was present as Cr.O3z. Any Co present is assumed to be
in metallic state Co®. Similar profiles can be constructed for the other possible oxides. In the

case of a mixed oxide like CoCr204, one assumes that the metal with the lowest concentration
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(e.g., Cr) is present as an oxide along with the requisite Co and any excess Co would be
present as CoC. Using this methodology a series of theoretical O depth profiles can be
calculated. If the measured O profile is greater than the theoretical O profile determined for
all of the possible oxides, it indicates that there is a metal hydroxide present, mostly Co(OH)>
for Stellite-6.

The theoretical O depth profiles calculated for one case are shown in Fig. B2 and
compared with the actual measured O depth profile. The theoretical lines do not follow the
observed O profile, but intersect with the observed profile at different depths. The order in
which the different theoretical oxide lines intersect the observed O profile is for the oxides
formed on all of Stellite-6 coupons tested. This order follows the order of the equilibrium

potentials of the redox reactions of cobalt and chromium that can occur on a Co-Cr alloy.

The ordered intersection of the theoretical O profiles with the measured O profile
indicates that the oxide grows in a multi-layered structure with the order of oxides, from the

innermost to outermost layer being:
Cr203 - CoCr204 - CoO/Co(OH)2

We can use the locations of the intersections of the O profiles to establish the depth
span in the oxide layer where a particular oxide species is dominant. The depth where the O
profile derived from a theoretical CrO3 profile intersects the observed O profile corresponds
to the point at which the oxide is present predominantly as Cr.Os. Similarly, the depth where
a theoretical CoCr.04 profile intersects the observed O profile corresponds to the point at
which the oxide is present predominantly as CoCr204. In the range between these two points

the oxide composition changes from predominantly Cr.Oz to predominantly CoCr2Qa.

A schematic of the oxide-layer structure determined from this analysis using
‘theoretical’ O profiles is shown in Fig. B2. The concentration gradient of the oxide between
two points where the profiles intersect is not known and is assumed to be linear. This leads

to the triangularly shaped oxide zones shown in Fig. B2.
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Fig. B1:Elemental depth profiles derived from AES analysis with Ar* sputtering for
a Stellite-6 electrode polarized at —0.4 Vsce at pH 10.6 and 80 °C.
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These regions are shown in the bar chart below the graphs.

B2: Fe-Cr-Ni System

To identify more clearly the degree of oxidation of the different metal elements and
their relative abundances in the oxide with depth, the atomic fraction data were converted to
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the ratio of each metal element (M = Ni, Cr or Fe) to the sum of the three main alloy elements
(M/(Ni + Cr + Fe)).

The depth profiles of the (M/(Ni + Cr + Fe)), obtained for the coupons corroded for
5 h at pH 10.6 and 150 °C in the presence of radiation is shown in Fig. B3. The plot clearly
show that each metal element has a different depth profile of M/(Ni + Cr + Fe) with
maximum at a different depth in the oxide layer. These profiles indicate that the O present at
a specific depth is bound to a specific metal, and the oxide layer has a multi-layered, albeit
graded, structure.

It is known and reported widely that nickel is enriched at the interface of the metal
and oxide. Hence, the position of nickel peak is considered as the interface of the metal and
oxide. It is important to mention that there is no distinct interface between metal and oxide.
The O-line shows gradual decrease to its background noise level for all conditions showing
a region as the interface of metal and oxide. This indicates that any line that is considered as
the interface of the metal and oxide in an arbitrary line. However, to be consistent throughout
this paper and other researches, the nickel peak position is considered as the interface and it
is the point the we consider the element with the lowest oxidation potential (in this case
chromium) is completely oxidized and forms oxide. In the deeper area, some of Cr are in the
metallic state and a region more in the oxide other elements are also in the oxidized form.
This is shown with a line in Fig. B3 and the chromium oxide phase (Cr203) is shown with a
blue bar while any Fe and Ni present were in metallic state Fe® and Ni°. Once all chromium
present are in the oxidized form, the excess amount of oxygen bonds to the next active
element (Fe in this case). In the presence of chromium oxide, the oxidized iron cations form
iron chromite (FeCr20a) this can be observed based on the Fe line that increases as we probe
toward the oxide/ solution interface. In this region, the additional amount of Fe and Ni are in
metallic form. The region between nickel peak (metal/oxide interface) to the point that
chromium reaches its maximum is the range that we see mostly chromium oxide compounds.
It is more likely chromium oxide (Cr.0z) at the interface of metal and oxide and converting
to FeCr,04 as Fe fraction increases and can be considered mostly iron chromite when
chromium reaches its maximum. After that iron starts forming its most stable oxide which is

magnetite (Fe3O4). Up to the point that its line reaches the maximum. After that, it is a region

256



that we see mostly metallic oxides (mostly Fe and Ni oxides or their spinals). At the top
surface, where there is a sudden change in the profile of the metal elements (and is also
corresponds to some irregularity in the oxygen profile) is the region that we have hydroxide.
The ordered peak position for different elements supports that the oxide grows in a multi-

layered structure with the order of oxides, from the innermost to outermost layer being:

Cr203 - FeCr204 - Fe304 - NiFe204 — (Fe, Ni, Cr)(OH)x

I Fe oxides FeCr,0, M Cr,0;

Fraction
(&)
v

o
N
|

i PR
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Fig. B3: Oxide layer structure analysis of Fe-Cr-Ni Alloy 800. The depths marked by
the vertical lines where is thought is a boundary for different oxide layers.
These regions are shown in the bar chart below the graphs.
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