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Abstract 

The objective of this research is to determine the effects of radiation-induced 

displacement damage on the corrosion of 316L stainless steel in high temperature water. The 

benchmark experimental approach was to transmit 5.4 MeV protons through 316L stainless steel 

and into an autoclave containing 320 °C water. The displacement damage rate is set to a nominal 

7 × 10–7 dpa/s, and the resulting radiolysis-inducing dose rate is 650–700 kGy/s. To separate the 

effects of water radiolysis from displacement damage, a specialized sample geometry and steam 

environment were employed. 316L stainless steel bars were placed in the autoclave with a face 

parallel to the proton beam to receive exposure to similar levels of water radiolysis with 

negligible displacement damage. Steam at 480 °C with a low partial pressure of water yields a 

low water radiolysis with less than 1 kGy/s while keeping the 7 × 10–7 dpa/s damage rate. 

Irradiation-corrosion exposures of 316L were performed in both steam and water for 24 h and 72 

h, and the different irradiated conditions were compared to oxide films from non-irradiated 

regions of the same sample. Oxide films were characterized by Raman spectroscopy, scanning 

electron microscopy, scanning transmission electron microscopy, and energy dispersive X-ray 

spectroscopy. 

The thermodynamics of the corrosion system in both water and steam was modelled to 

compare with experimental results and provide a basis for corrosion kinetics models. A new 

concept of excess volume was devised to explain the stability of inner oxide porosity in different 

environments. Porosity measured experimentally and excess volume were found to correlate well 
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with corrosion rates observed; however, solid state diffusion through the oxide layer predicts a 

reverse trend between corrosion rate and oxygen activity from non-irradiated observations. The 

rate-limiting step for most corrosion in this work was found to be oxygen transport to the 

metal/oxide interface via pores. 

Radiolysis had the effect of increasing the system oxygen activity, reducing the corrosion 

rate, and causing inner oxide dissolution. The increased oxygen activity reduces excess volume 

which results in lower corrosion rates from decreased porosity despite the active dissolution of 

the protective oxide layer. In steam, radiolysis was found to have no effect on the corrosion rate 

because the quantity was reduced as designed. 

Displacement damage effects were found to be dependent on the environment. In 

radiolyzed water, displacement damage had no significant effect on the corrosion rate because 

stable pore growth was limited by the reduced excess volume. Because solid state diffusion was 

not rate-limiting, radiation enhanced diffusion had no measurable effect. In steam, however, 

displacement damage caused a large increase in the corrosion rate and a corresponding increase 

in inner oxide porosity. Therefore, the role of displacement damage is to increase the size of 

pores in the inner oxide layer, but only where pore formation is thermodynamically favored. 

Porous inner oxides are more permeable to oxygen which increases the corrosion rate through 

elevated oxygen penetration to the metal. 
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Chapter 1  

Introduction 

Nuclear power must play a critical role in mitigating climate change by reducing carbon 

emission in electricity production. Nuclear power plants have the best features of both fossil fuel 

plants and renewable energy sources: reliable baseload electricity production with zero primary 

carbon emissions. As energy storage and renewable energy technologies are developed, nuclear 

power can serve as a bridge to a clean energy future. To this end, research efforts must support 

the maintenance and operation of current reactors in addition to the design and construction of 

new reactors. 

Safe and reliable operation of nuclear power plants depends on mitigating deleterious 

effects of corrosion and radiation on materials. Commercial nuclear reactors in the United States 

are a fleet of aging light water reactors (LWRs), and many are seeking life extensions from the 

Nuclear Regulatory Commission (NRC). Life extensions require assurances of an additional 20 

years of safe operation which depend on prediction and prevention of component failure. Beyond 

LWRs, many advanced reactor designs use more corrosive coolants and higher temperatures, 

such as molten salt, which will require tighter corrosion controls for NRC licensing. Excessive 

corrosion problems can result in a temporary reactor shutdown or, if severe, decommissioning. 

Therefore, managing corrosion is foundational for the nuclear power industry. 

In reactors, a major corrosion failure mechanism is stress corrosion cracking (SCC) of 

core components. The radiation environment of a nuclear reactor core accelerates material failure 
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by irradiation assisted stress corrosion cracking (IASCC). IASCC is a complex phenomenon 

consisting of many interdependent variables and has defied full understanding despite decades of 

research. Corrosion is a key component of SCC, and mechanistic understanding of radiation 

effects on corrosion provide foundational knowledge for IASCC. Furthermore, knowledge of 

radiation effects on corrosion has applications beyond IASCC, such as nuclear waste storage, 

and will benefit the nuclear community in the design, construction, and maintenance of new and 

old reactors alike. This work will focus on radiation effects on aqueous corrosion because water 

is the coolant for most operating reactors.  

Improved understanding of radiation effects on corrosion will enable better material and 

water chemistry choices for the design and operation of LWRs. One example of how this 

research may impact the industry is by reducing the release of 60Co from the core into the 

primary loop. Release of 60Co is directly related to the total corrosion rate of Ni-containing core 

materials and the solubility of 60Co in primary water [1]. Because radiation impacts both water 

and materials in the core, 60Co release is affected by the interaction between radiation and 

corrosion. Therefore, materials can be selected with better radiation corrosion properties, and 

water additives can be adjusted to reduce the dissolution of 60Co to reduce the dose rate for 

workers. More generally, corrosion-driven phenomena can be mitigated through design and 

operational choices that are informed by the radiation effects on corrosion for both existing and 

new LWRs. 

Radiation effects on corrosion in a LWR environment can be divided into two categories: 

radiolysis of water and radiation damage in the solid. Water radiolysis can change the oxidation 

potential of the water thereby influencing the thermodynamics of corrosion. Radiation damage is 

atomic rearrangement caused by energetic particle collisions which generate point defects inside 
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the material, enhancing diffusion. Larger defects are generated through the cumulative motion of 

point defects, and they affect macroscopic properties like mechanical behavior and corrosion 

rate. Radiation damage may further affect corrosion by generating defects and enhancing 

diffusion in a passive oxide scale. Without simultaneous irradiation during corrosion, the 

synergistic effects of radiation and corrosion will not manifest. 

Radiation effects on corrosion are difficult to study due to experimental limitations in 

combining radiation and corrosion environments. Residual radioactivity of material harvested 

from nuclear reactors makes characterization difficult and expensive. Compared with laboratory 

settings, reactor environments are not strongly controlled and poorly measured, leading to high 

variability and uncertainty in exposure conditions. For these reasons, ion accelerator laboratory 

experiments may be preferred for speed, accuracy, cost, and safety of sample handling. By 

separating the water and accelerator with a foil of sample material, in situ proton irradiation 

corrosion experiments can simulate both reactor radiation and water environments. Proton 

transmission through the sample material produces radiation damage inside the foil in addition to 

water radiolysis at the corrosion surface. 

Proton irradiation is used to emulate reactor radiation for several reasons. Protons have 

similar mass to neutrons, so momentum transfers in ballistic collisions are comparable to a 

reactor. Fast neutrons also have a high collision cross-section with hydrogen, so a spectrum of 

energetic protons is present in LWR cores. Protons, being the lightest ion, have the longest range 

in any material, and this allows them to most easily transmit entirely through a thin foil sample.  

The objective of this work is to provide a better understanding of how radiation affects 

the corrosion of stainless steel in high temperature water using in-situ proton irradiation. 
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Chapter 2  

Background 

Irradiation assisted corrosion (IAC) is a complex phenomenon caused by the intersection 

of a material, water chemistry, and radiation. Understanding the constituent processes of 

corrosion, displacement damage, and water radiolysis is necessary to gain understanding of their 

combination. Each of these topics are discussed in this chapter using Figure 2.1 as a roadmap. 

Each section attempts to compare this work with reactor conditions to keep the research 

grounded in practical applications.  

 
Figure 2.1. Venn diagram of irradiation assisted corrosion. 
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2.1. Stainless Steel 

A brief examination of the properties of stainless steel, specifically 316L, is necessary to 

understand its behavior in both a corrosive environment and under irradiation. Alloys are 

primarily described by elemental composition and secondarily by the fabrication and processing 

steps that yield the microstructure. Both aspects are important for corrosion and radiation 

response, so each will be discussed in the following subsections. 

2.1.1. Composition and Structure 

The alloy used in this work, and commonly used in nuclear applications, is 316L stainless 

steel, so focus will be placed on this alloy. 316L and many other grades of stainless steels are 

defined by the American Iron and Steel Institute (AISI) and the American Society for Testing 

and Materials (ASTM) [2]. Stainless steel gains its “stainless” moniker from its corrosion 

resistance [3]. The 300 series stainless steels are iron alloys with chromium and nickel as major 

(> 5 wt.%) alloying elements. The phase of 300 series stainless steels is entirely austenite by 

design. More specifically, 316L stainless steel also includes manganese and molybdenum as 

minor (< 5 wt.%) alloying elements. Finally, there are maximum limitations on a few other 

elements: carbon, phosphorus, sulfur, silicon, and nitrogen. Specific alloy requirements as 

defined by ASTM are collected in Table 2.1 for 316L. 

Table 2.1. Maximum (and minimum where applicable) content in wt.% of elements in 316L stainless steel 

as defined by ASTM A240 [2]. 

 C N Si P S Cr Mn Fe Ni Mo 

316L 0.030 0.10 0.75 0.045 0.030 16.0–18.0 2.00 Bal. 10.0–14.0 2.00–3.00 

 

Each added element serves a purpose, and each limit for impurities avoids specific 

deleterious effects. Iron, as the main component, is inexpensive and offers decent strength and 

ductility in the austenite phase. Chromium provides the corrosion resistance for the alloy [4]; 

more detail will be provided in later sections. Nickel is added to stabilize the austenite phase at 
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ambient temperatures, offsetting the ferritic base metal nature of iron and chromium [4]. 

Molybdenum is added to improve corrosion resistance to pitting and acidic conditions [4]. 

Manganese scavenges sulfur from the bulk by forming MnS2 inclusions, thereby decreasing the 

ductile to brittle transition temperature [3]. Phosphorus forms various precipitates at high 

temperatures that embrittle the material [4]. Sulfur and phosphorus can both segregate to grain 

boundaries and enable intergranular corrosion [5]. Carbon is added to steels for strength and to 

stabilize austenite; however, in austenitic stainless steels, carbon precipitates with chromium in 

grain boundaries at elevated temperatures (>500 °C) [4]. Chromium carbide precipitation is 

called sensitization, and it reduces the chromium content around grain boundaries, enabling 

intergranular attack [3–5]. The limit for carbon is only 0.03 wt.% in 316L compared with the 

0.08 wt.% maximum for 316 to reduce sensitization [2,4,5]. Nitrogen, like carbon, may be added 

to increase strength and stabilize austenite [4], but unlike carbon, nitrogen does not cause, and 

even delays, sensitization [5]. Finally, silicon tends to segregate at grain boundaries and slightly 

reduces intergranular corrosion resistance [3]. 

Even within alloy impurity limits, precipitates can form under some conditions that may 

affect corrosion behavior. 300 series stainless steels maintain high corrosion resistance by 

uniformly distributing chromium throughout the austenite phase, so precipitates often reduce 

corrosion resistance by removing chromium from solution [5]. Other defects in the 

microstructure can change corrosion behavior by serving as fast diffusion paths or preferential 

oxide nucleation sites. Conditions that result in precipitation and sensitization are important 

insofar as they can be avoided. The time-temperature-transformation plot for 316L stainless steel 

is in Figure 2.2 which shows the conditions under which carbides and other precipitates can 



 

7 

 

form. Carbides are the first precipitate to form in 316L (at grain boundaries) if held at 600 °C for 

~1 h or at 550 °C for ~10h. 

 
Figure 2.2. Time-temperature-transformation plot for a typical 316L stainless steel. Solid lines represent 

1260 °C solution anneal temperature and dashed line 1090 °C, reproduced from [4]. 

Processing treatments after fabrication are usually simple for 300 series stainless steel. 

Often the material is rolled and then solution annealed to achieve the desired grain size and to 

dissolve any residual precipitates such as delta ferrites or chromium carbides [4]. Finally, 

additional cold work may be applied to harden the material for its application. As such, the 

microstructure in austenitic stainless steels consists of network dislocations and grain boundaries. 

Without applied cold work, the network dislocations are minimal, so grain boundaries are the 

only significant feature in solution annealed austenitic stainless steels. Furthermore, many of the 

grain boundaries formed by cold work are twins which have better corrosion resistance than 

random high angle grain boundaries [6]. 
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In the applications relevant to this work, only the major elements—iron, chromium, and 

nickel—contribute significantly to the corrosion process. Other elements are only important in 

anomalous conditions where precipitation or sensitization has occurred. Therefore, the behavior 

of these three major elements will be the focus. 

2.1.2. Surface condition 

Surface preparation has a significant effect on corrosion behavior [7–12]. Various 

methods of cutting, grinding, polishing, and cleaning affect the surface of the material.  

There are three features of a surface that depend on the preparation procedure: damage 

layer, roughness, and contamination. Cutting and grinding both impart a subsurface damage 

layer with heavy cold work features regardless of the bulk condition. Cutting and grinding also 

leave the surface with roughness. Lastly, foreign material, such as machining oil, may adhere to 

the surface and interfere with corrosion behavior.  

Each surface feature may alter corrosion behavior, so it is common practice to minimize 

the damage layer, roughness, and contamination where the surface condition is not of particular 

interest. Non-abrasive cutting methods, like electrodischarge machining (EDM), impart a 

minimal damage layer, but also introduce some contamination. Grinding is best done in stages of 

decreasing abrasive particle size, followed by solution polishing in decreasing particle size. 

Skipping stages can fail to remove the full damage layer despite removing the surface roughness. 

Electropolishing is a common finishing step for polishing that reduces roughness and does not 

add any damage layer to the surface. Cleaning is also very important and depends on the surface 

finishing step. Cleaning should be done just before exposure; pre-exposure characterization work 

(like electron backscatter diffraction) can contaminate the surface [13].  
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2.2. Water chemistry 

Light water, as the primary coolant for light water reactors (LWRs), is the corrosion 

medium used in this work. Both pressurized water reactors (PWRs) and boiling water reactors 

(BWRs) are commonly in use for commercial power generation. It is worth discussing the 

primary water chemistry of both reactor types as they are frequently simulated in literature. 

Reactor temperatures vary throughout the core in both space and time, whereas 

laboratory autoclaves can and should be well-controlled for repeatability. Temperatures selected 

for autoclaves are typically at the upper end of the expected temperature for reactor core 

components. Typical temperatures used in literature are 288°C for BWRs and 320°C for PWRs. 

Impurities and additives in reactor water chemistry affect material degradation in LWRs. 

Impurities are unintentional solutes in the coolant, such as chloride or ferrous ions, whereas 

additives are introduced in a controlled manner. The goal of additives in a LWR primary loop is 

to mitigate IASCC, lower the shutdown dose rates, and improve fuel performance [14,15]. 

Unfortunately, additives sometimes improve one factor at the cost of another: for instance, 

hydrogen addition reduces SCC susceptibility at the cost of increased reactor shutdown dose 

rates from 60Co transport in BWRs [15]. Ultimately, the goal of all water chemistry control in a 

commercial LWR is to reduce maintenance, operation, and refueling costs. 

The earliest reactors had many material degradation issues caused by impurities—mostly 

sulfides and chlorides—in the water [15]. Once water purity was well controlled in LWRs, 

further changes to the water chemistry were developed to improve performance. Water chemistry 

now differs greatly between PWR and BWR primary loops to accommodate differences in 

design and need. BWRs have very pure water with mostly gas additions, whereas PWRs have 
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significant additions. Despite the differences, irradiation-assisted stress corrosion cracking 

remains an issue in both reactor types. 

A timeline of major changes in PWR water chemistry since the 1970s for US plants is 

presented in Figure 2.3. Hydrogen overpressure (around 30 to 45 mL/kg) has long been utilized 

in PWRs to reduce corrosion product transport, redeposition, and radiolysis [15]. Many BWRs 

have changed from oxygenated normal water chemistry (NWC) to hydrogen water chemistry 

(HWC) to reduce cracking. 

 
Figure 2.3. Changes in PWR water chemistry over time reproduced from [16]. 

Boric acid is added to PWR primary water as a “burnable poison” to reduce excess 

nuclear reactivity [16]. The initial boric acid concentration is on the order of 2000 ppm at start-

up and is gradually consumed over the course of the operation. Acidity from boric acid is 

counteracted by addition of LiOH to a maximum concentration of 2.2 ppm. Lithium hydroxide 

reduces corrosion product transport by maintaining a specific pH (offsetting the boric acid) 

thereby reducing radiation fields after shutdown. Originally, a pH of 6.9 was selected to 

minimize the solubility of Fe3O4; however, 7.4 pH minimizes the solubility of NiFe2O4, which 

has been identified as the primary component of crud on fuel cladding [15]. Many plants still do 

not operate at 7.4 pH for fear of fuel cladding corrosion acceleration [15]. Studies by Andresen et 
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al. have concluded that boron, lithium, and pH have minimal effect on SCC initiation or growth, 

so these parameters can be adjusted for other operating concerns without a strong effect on 

material degradation [15,17,18]. 

While boric acid does not strongly affect SCC, it can be important for other corrosion 

phenomena and degradation. Leakage of borated water onto the pressure vessel head occurred at 

the Davis-Besse Nuclear Power Station in 2002 resulting in significant corrosion of the low alloy 

steel and penetrated to the stainless steel cladding [19]. The Davis-Besse incident has proven that 

boric acid is not negligible for corrosion concerns. 

Two minor additions to LWR primary water chemistry have been adopted to mitigate 

some corrosion-related issues. Depleted zinc nitrate is an additive developed for BWRs to 

displace radioactive cobalt isotopes from the spinel oxide lattice and reduce shutdown dose rates. 

The success of zinc injection for reducing radiation fields in BWRs has led to similar 

implementation in PWRs. Research has shown that zinc injection also inhibits SCC significantly 

in PWR primary water [15], and zinc has been shown to greatly decrease the corrosion rate in 

hydrogenated conditions [20]. Noble metal addition is also practiced in both BWRs and PWRs to 

further reduce cracking susceptibility [15]. By catalyzing hydrogen decomposition on surfaces, 

the effective electrochemical corrosion potential (ECP) is reduced substantially thereby 

decreasing cracking. Noble metal additions are rarely practiced in the literature autoclave tests, 

so it is important to note these differences when comparing reactor data to laboratory 

experiments. 

2.3. Corrosion 

For metals, corrosion is an electrochemical reaction wherein the metal atoms are 

oxidized. For the purposes of this work, “corrosion” will be used interchangeably with 
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“oxidation”. There are mechanical means by which material can be removed from surfaces, such 

as fretting and erosion, but these will not be considered here.  

The fate of oxidized metal atoms is important in the corrosion process. Oxidized metal 

atoms (cations) either dissolve into the corrosion medium or form a corrosion product film on the 

surface. Thermodynamics dictates which corrosion products may form in the metal/oxidant 

system. The primary thermodynamic measure for aqueous corrosion is the ECP, which is a 

subset of the more general oxidation potential. For stainless steels in high temperature water at 

moderate ECP, the corrosion products are oxides, and the oxide film is a transport barrier for 

further oxidation reactions. Small quantities of iron and nickel are soluble in water at high 

temperatures [9,21], and at high oxidation potential, chromium solubility becomes non-

negligible [22]. 

There are many common observations of oxide films formed on stainless steel at high 

temperatures (150–600 °C): 

• Stainless steel forms a two layered oxide structure [5,9,31–38,23–30]. 

• The inner oxide layer, closest to the metal, is a Cr-rich spinel oxide [5,9,31–38,10,21,25–

30]. 

• The inner oxide can be porous [9,34,36,38,39].  

• The outer oxide consists of Fe-rich (and Ni-containing) particulate oxides [5,9,32–

38,21,25–31]. 

• At the metal/oxide interface, nickel enriches in the metal [28,32–36,38–40]. 

• The original metal surface is preserved as the interface between the inner and outer 

oxides [33,38,39,41,42]. 

• Dissolved hydrogen increases [20,29,31,33] or decreases [26] the corrosion rate. 
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• The inner oxide is [35,36,38], or is not [25,26] epitaxial with the metal substrate. 

Based on these observations, the research community has proposed various theories on 

the mechanisms of stainless steel corrosion in high temperature water. There is general 

agreement on the formation of the inner oxide layer via solid state mechanisms [9,24]. Many 

studies attributed the outer oxide formation to a dissolution-recrystallization mechanism 

[21,24,43,44], but there is also strong evidence for a solid-state growth mechanism for the outer 

oxide [9,23,39]. Robertson [9,23] proposed the two layered structure forms by oxygen ingress to 

the metal surface via pores to form the inner oxide and cation diffusion to the outer layer. These 

mechanisms are necessary for understanding the corrosion kinetics. 

Corrosion mechanisms inform the corrosion rate via kinetics. There are four general 

kinetic regimes of corrosion presented in Figure 2.4; listed in ascending order of oxidation 

potential:  

1. Immunity to corrosion occurs below the corrosion potential (𝐸corr) of the metals 

in the alloy.  

2. Active corrosion is the free corrosion of the alloy without producing a protective 

oxide film, generally resulting in high corrosion rates between the corrosion 

potential (𝐸corr) and the passivation potential (𝐸pass). 

3. Passive corrosion is a relatively low corrosion rate caused by passive oxide film 

formation slowing the corrosion rate between the passivation potential (𝐸pass) and 

the dissolution potential (𝐸diss). 

4. Trans-passive corrosion is a break-down and dissolution of the passive oxide 

resulting in a second active corrosion regime of increasing corrosion rate with 

oxidation potential above the dissolution potential (𝐸diss). 
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Figure 2.4. Schematic anodic polarization curve of a passivating material. 

Only some materials exhibit passive corrosion behavior, such as stainless steel. Even so, 

passive corrosion behavior is dependent on the combination of environment and material. The 

following sections will discuss the thermodynamics that determine the oxide film structure, the 

properties of those oxides, and the kinetics of corrosion. 

2.3.1. Thermodynamics 

There are many possible corrosion products for stainless steel, and thermodynamics 

dictates which products will form. Oxide speciation and composition is important for passive 

oxidation kinetics which will be discussed in the next subsection. Here, the thermodynamics will 

be used to determine the stable corrosion products in LWR conditions.  

For any electrochemical reaction, the Nernst equation relates environmental variables to 

the ECP, which is the thermodynamic driving force for corrosion [3]. 

 
𝐸 = 𝐸0 −

𝑅𝑇

𝑧𝐹
𝑙𝑛 𝑄𝑟 Eq. 2.1 
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Here, 𝐸 is the ECP, 𝐸0 is the standard cell potential, 𝑅 is the universal gas constant, 𝑇 is 

temperature, 𝑧 is the number of electrons exchanged in the redox reaction, 𝐹 is Faraday’s 

constant, and 𝑄𝑟 is the reaction quotient. It should be noted that ECP is typically referenced to 

the standard hydrogen electrode (SHE). The activity of each species involved in the reaction is 

included in the reaction quotient, and solids are taken as unity. 

The oxidation half reactions of major elements in austenitic stainless steel—iron, nickel, 

and chromium—are useful for determining the corrosion products; the cell potentials are listed in 

Table 2.2. The valence of these cations ranges only from 2–3, so only a limited number of oxide 

structures may form.  

Table 2.2. Standard corrosion cell potentials for iron, nickel, and chromium [45]. 

Oxidation half reaction Standard cell potential (VSHE) 

Cr → Cr3+ + 3𝑒− –0.74 

Fe → Fe2+ + 2𝑒− –0.44 

Ni → Ni2+ + 2𝑒− –0.25 

Fe → Fe3+ + 3𝑒− –0.04 

Cr3+ +  4H2O → HCrO4
− + 7𝐻+ + 3𝑒− +1.350 

 

For aqueous corrosion conditions, the Nernst equation is often used to make a map of 

dominant corrosion products over ECP and pH. The activity of oxygen and the pH are often 

included in the reaction quotient, allowing the ECP to be plotted as a function of pH for any 

reaction. After considering the various corrosion reactions, stable regions for all species can be 

determined resulting in a Pourbaix diagram. Examples of the iron-water system at 300 °C are 

presented in Figure 2.5. 
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Figure 2.5. Pourbaix diagrams of the iron-water system at 300 °C and all aqueous concentrations at 10-6 

mol/kg (left) and 10-8 mol/kg (right) [46].
 

Three common structures are dominant in potential-pH diagrams for iron, chromium, and 

nickel: halite, spinel, and corundum. Halite oxides form with iron and nickel: FeO and NiO. 

Spinel oxides accommodate all three elements in four endpoint compositions: Fe3O4, FeCr2O4, 

NiFe2O4, and NiCr2O4. Corundum oxides include iron and chromium: Fe3O4 and Cr3O4. For 

stainless steels, halite is rare because Cr3+ is the most readily oxidized cation and is not 

accommodated in that structure. Using the pH and ECP ranges for different LWR conditions, 

Pourbaix diagrams can yield expected oxide structures collected in Table 2.3. Pourbaix diagrams 

only show these endpoint compositions, but solid solutions within each structure are often 

observed [44]. Furthermore, more detailed thermodynamics suggest that more than one oxide 

structure can be stable under a single set of conditions [47]. 

Table 2.3. Dominant oxide structures for LWR conditions for different metal/water systems with the target 

element in bold using 300 °C Pourbaix diagrams. 

 NWC HWC PWR Ref. 

ECP (mV) +110 –510 –600 [15,22] 

pH ~5.6 ~5.6 ~7.0 [15] 

Fe Fe2O3 Fe3O4 Fe3O4 [48] 

Cr Cr2O3 Cr2O3 Cr2O3 [49] 

Ni NiO NiO NiO [50] 

Fe-Cr-Ni NiFe2O4 NiFe2O4 NiFe2O4 [51] 

Fe-Cr-Ni NiCr2O4 FeCr2O4 FeCr2O4 [51] 

Fe-Cr-Ni NiFe2O4 NiO NiO [51] 
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As described earlier, the inner oxide is Cr-rich, and the outer oxide is Fe-rich. Since the 

outer oxide is not always continuous, both inner and outer oxides are exposed to the same water 

conditions, so both oxides must coexist within the same thermodynamic conditions. The 

Pourbaix diagram oxides in Table 2.3 find that the Fe-rich oxide is NiFe2O4 and the Cr-rich 

oxide is either NiCr2O4 or FeCr2O4 [51]. With a more detailed Gibbs free energy minimization, 

Kurepin et al. shows that two separate oxide phases are in equilibrium in LWR conditions [47].  

Chromium is known to add corrosion resistance to steels, and the inner oxide is enriched 

in chromium. Therefore, some intrinsic properties of the inner oxide must affect the corrosion 

kinetics and reduce the corrosion rate. The inner oxide has a spinel structure in virtually all 

conditions, so it is necessary to understand how the composition—particularly chromium 

content—changes the intrinsic properties of spinel oxides. 

2.3.2. Oxide properties 

Spinel oxides enriched in chromium serve to decrease the kinetics of corrosion. Transport 

properties of oxygen and metal atoms are the relevant properties for corrosion kinetics. Some 

authors suggest cation diffusion is rate-limiting [33], but others suggest anion diffusion [36]. 

Both will be discussed, but greater emphasis will be placed on the cation diffusion coefficient 

because there is more literature for cation diffusion. 

There are many features of the oxide chemistry and structure that affect the atomic 

diffusion coefficient, so a detailed explanation of spinels is warranted. Spinels have an AB2O4 

structure wherein A is a 2+ valence cation, 𝐵 is a 3+ valence cation, and 𝑂 is a 2- anion. These 

ions are arranged among three atomic sublattices in the spinel structure. The oxygen sublattice is 

a standard face-centered cubic structure with octahedral and tetrahedral spaces between atoms. 
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Two thirds of cations are in octahedral positions, and the remaining third of cations are in 

tetrahedral positions [52]. 

There is a degree of freedom in spinels called inversion wherein lower valence cations 

occupy higher coordination number sites. In a normal spinel, the 3+ cations occupy the 

octahedral positions, and 2+ cations occupy tetrahedral positions. However, inverted spinels have 

tetrahedral positions occupied by 3+ cations and octahedral positions filled with half 3+ and half 

2+ cations. The fraction of tetrahedral sites occupied by 3+ cations is the inversion parameter. 

Table 2.4. Crystal field preference energies (CFPE) (kJ/mol) for ions in octahedral positions within a spinel 

oxide from [33,53]. 

Ion Fe3+ Fe2+ Ni2+ Cr3+ 

CFPE 0 17 86 158 

 

Cation site preference for octahedral sites is an important component of the free energy 

for different spinel compositions and is listed in Table 2.4. The higher the preference energy, the 

more likely that particular cation occupies the octahedral position, so Cr3+ is most likely found in 

octahedral positions. For stainless steel corrosion, virtually all cations in the spinel oxide are 

Fe2+, Fe3+, Cr3+, and Ni2+. Interactions between these cations and their configuration determine 

the energy of mixing which is minimized at equilibrium. More relevant to corrosion, gradients in 

the energy of mixing in non-equilibrium compositions provide a driving force for atomic motion. 

The phase space for Fe-Cr-Ni spinels does not allow any solid solution; there is a large 

miscibility gap between Fe3+ and Cr3+ spinels [44,47]. The phase map in Figure 2.6 demonstrates 

various equilibria between Fe-rich and Cr-rich spinel oxides, matching general experimental 

observations of inner and outer oxides. This miscibility gap between the inner and outer oxides 

may provide a driving force for Fe and Ni to transport to the outer oxide. However, it is still 

necessary to determine the diffusion behavior that limits Fe and Ni transport with Cr content. 
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Figure 2.6. Miscibility gap in the Fe-Cr-Ni spinel system with tie lines at different log10 oxygen activities 

from [47]. 

It is important to note that there are several different types of diffusion coefficients. Both 

cation and anion diffusion coefficients are atomic diffusion coefficients (𝐷∗) which describe the 

mobility of atoms. Atomic motion in solids is enabled by interstitials and vacancies (point 

defects) as carrier species. Atomic diffusion coefficients are derived from the concentrations of 

point defects and their respective diffusion coefficients. 

𝐷𝐴
∗ = 𝐷𝐴,𝑣

∗ + 𝐷𝐴,𝑖
∗ = 𝐷𝐴,𝑣

0 𝐶𝑣 + 𝐷𝐴,𝑖
0 𝐶𝑖 
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The atomic (sometimes tracer or self) diffusion coefficient 𝐷∗ of atom 𝐴 is transported by 

either vacancies 𝑣 or interstitials 𝑖 and their corresponding diffusion coefficients 𝐷0 and 

concentrations 𝐶. Atomic diffusion coefficients can be applied in Fick’s first and second laws 

where atomic concentration gradients are present. Ion mobility can be derived from these atomic 

diffusion coefficients using the Einstein relation. To calculate the atomic diffusion coefficient, 

the point defect concentrations and diffusion coefficients are required. 

Magnetite (Fe3O4) is the most studied of the four endmembers of the Fe-Cr-Ni spinel 

system, so it will be used as a case study for all spinels in the system. Thermal point defect 

concentrations in magnetite are a function of both temperature and oxygen activity. The 

temperature dependence follows an Arrhenius relation with the formation energy. The oxygen 

activity dependence in Eq. 2.2 is derived from the equilibrium constants for the defect formation 

reactions, and the experimental data follow this relation very well [54]. 

 𝐶𝑣 ∝ 𝑎𝑂2

2/3
 

Eq. 2.2 
 𝐶𝑖 ∝ 𝑎𝑂2

−2/3
 

Point defect diffusion coefficients are affected by both the temperature and the diffusing 

tracer element in otherwise pure magnetite. The temperature dependence is a typical Arrhenius 

relationship with a migration energy. At trace concentrations, iron and nickel have similar 

diffusion coefficients, but chromium has approximately two orders of magnitude lower 

interstitial and vacancy diffusion coefficients, see Figure 2.7 [55,56].  
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Figure 2.7. Cation tracer diffusion coefficients in magnetite at 1200 °C replotted from [55]. 

Moving beyond magnetite, the atomic diffusion coefficient is a function of composition 

of the spinel oxide. Both thermal vacancy and interstitial concentrations decrease with increasing 

chromium content in the spinel [56]. From Fe3O4 to Fe1.5Cr1.5O4, the point defect equilibrium 

constant decreases by two orders of magnitude. The result is a decrease in the atomic diffusion 

coefficient for all cations in the spinel structure. 

Chromium content further suppresses the diffusion of other elements by modifying 

diffusion correlation. Modeling Fe and Cr in the spinel structure as a binary random alloy, 

composition dependence of correlation factors can be determined using the ratio of diffusion 

coefficients [57,58]. A percolation threshold exists when a slow-moving species, such as 

chromium in spinels, is abundant enough to block most point defect motion. The correlation 

factor approaches zero for the fast diffusor below the threshold and rapidly increases above the 

threshold. This percolation behavior likely explains the threshold Cr content needed to generate a 

highly protective oxide on stainless steels. 
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Anion diffusion is governed by the same equations and principles as cations. However, 

literature on anion diffusion is sparse and does not include data on composition. Analogous to 

cations, anion vacancy concentration varies with the oxygen activity to either a –1/2 or +1/6 

power depending on the oxygen activity regime, and empirically follows a –0.135 power [59]. At 

low oxygen activities, oxygen vacancies pair with cation interstitials to maintain charge balance 

resulting in a –1/2 power dependence, and at high oxygen activities, oxygen vacancies pair with 

cation vacancies to maintain stoichiometry resulting in a +1/6 power dependence [60]. The 

oxygen atomic diffusion coefficient is significantly smaller than any cation diffusion coefficient 

[9,23,59,61]. Solid state oxygen diffusion is much slower than measured corrosion rates would 

require [9,59], so the lattice diffusion of oxygen is irrelevant for corrosion. Presumably, the grain 

boundary diffusion coefficient of oxygen in spinels would be higher, but there is no literature 

regarding this value. The lattice diffusion coefficient is low enough that even a factor of 1000 

would not result in a significant change in the ultimate flux of oxygen through spinels. 

Another important property of the spinel oxide is the metal atom density relative to that 

of the metal phase. A useful concept relating the oxide film thickness to the depth of corroded 

metal is called the Pilling-Bedworth Ratio (PBR) [62]. The PBR is defined as the ratio between 

the number density of metal atoms in the metal to the number density of metal atoms in the 

oxide, assuming no dissolution. Alternatively, the PBR can be defined as the ratio of the volume 

of the oxide film to the volume of the metal oxidized to yield that oxide film. The most common 

case is when PBR > 1, which is true for stainless steel, where the oxide film is thicker than depth 

of metal oxidized. PBR will be used later in this work to interpret the oxide film morphology of 

stainless steels. 
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2.3.3. Kinetics 

The goal of corrosion kinetics is to be able to predict the extent of corrosion with time. 

Most corrosion rate data are empirical and macroscopic for practical applications of determining 

the service life of components. These empirical fits are very important for engineering 

applications but provide little scientific insight into the corrosion process. Mechanistic 

understanding of corrosion can improve the predictive capacity for other scientific and 

engineering purposes. 

A corrosion mechanism defines each step of the corrosion process. The slowest step 

determines the speed of the overall corrosion reaction. There are two categories of steps in 

corrosion: interfacial reactions and transport phenomena. Interfacial reactions include the 

oxidation of metal at the metal surface and reduction of oxygen at the solution interface. 

Transport phenomena include convection of oxygen from the bulk water; diffusion of metal to 

the surface; and transport of cations, anions, and electric charge across the corrosion product 

scale. 

Identification of the rate limiting step is key for understanding the kinetics. Steps in a 

mechanism are sequential events, so corrosion proceeds at the rate of the slowest step. As noted 

earlier, corrosion rate decreases with increasing thickness of the protective oxide film. The only 

steps in any mechanism that depend on oxide thickness are the transport steps within the oxide. 

One of the following: cation transport, anion transport, or charge transport through the passive 

oxide must be the rate limiting step. A comparison of diffusion coefficients with literature data 

shows that the solid-state oxygen lattice diffusion coefficient [61,63] is very low compared with 

corrosion rate data, so it cannot be a part of the mechanism. Therefore, oxygen transport through 

the inner oxide has a short circuit path which is confirmed by 18O tracer profiles [9,23,43,64,65]. 
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Two short circuit paths are proposed by various authors: grain boundary diffusion [43], and a 

network of pores [9,23,39,66]. Iron-containing spinels have a very high electrical conductivity 

above the Verwey transition at 113 K [67], so charge transport is rarely rate-limiting. Therefore, 

cation transport is the rate limiting step in most cases. 

Cation transport depends on two features of the oxide: the transport path length and the 

cation diffusion coefficient. Generally, the path length is taken to be the oxide film thickness on 

the assumption that the transport properties are anisotropic and that corrosion proceeds one-

dimensionally. The cation diffusion coefficient was discussed earlier to be a function of 

temperature, oxygen activity, and composition. Specifically, the chromium content of spinel 

oxides greatly reduces cation diffusion coefficients.  

Only the thickness of the inner oxide layer, not the outer oxide, contributes significantly 

to the rate of cation transport [21,44]. The outer oxide has virtually no chromium content under 

most high temperature water conditions except in very oxidizing conditions [26]. Therefore, 

cation diffusion coefficients are much larger in the outer oxide compared with the inner oxide. 

Some literature has demonstrated this by removing a large portion of outer oxide between 

exposures, showing no change in the corrosion kinetic [68]. 

A simple model for passive corrosion kinetics is the parabolic law which can be derived 

from Fick’s first law [65,69]. The instantaneous corrosion rate is  

 d𝑥

d𝑡
=

𝑘

𝑥
 Eq. 2.3 

where 𝑥 is the inner oxide thickness, 𝑡 is time, and 𝑘 is the parabolic rate constant. The parabolic 

rate constant is directly proportional to the atomic diffusion coefficient and shares the same 

units. Omitting any initial oxide thickness, the analytical solution to this differential equation 

yields the time dependence of corrosion for comparison with empirical data here: 
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 𝑥(𝑡) = √2𝑘𝑡 Eq. 2.4 

This parabolic law does not capture the full physics, so empirical corrosion data are often 

fit to a modified parabolic rate law: 

 𝑥(𝑡) = (2𝑘𝑡)1/𝑛 Eq. 2.5 

where 𝑛 is an additional fitting parameter that returns the original parabolic rate law when 𝑛 = 2 

[70]. Note that the units of 𝑘 no longer match that of an atomic diffusion coefficient in this 

empirical fitting function, so this formulation does not have a theory underpinning it. 

Reported oxidation rates vary widely among the literature, see Figure 2.8. Data within 

each study is much more consistent than across the literature, indicating large changes between 

heats of material, methodology, or equipment. In general, the parabolic rate constant has a 

positive correlation with temperature and a negative correlation with Cr content in the alloy. 

There are many complicating factors including, but not limited to: dissolved gas content, 

autoclave material, surface condition, pH, cold work, pressure, and static vs. flowing autoclave. 
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Figure 2.8. Literature data of 304/316 stainless steel water oxidation compiled as parabolic rate constant 𝑘𝑝 

versus temperature and the marker color corresponds to the dissolved gas content on stainless steels in water or 

steam conditions [6,8,30–33,37,44,71–74,11,12,21,24,26–29]. 

Several authors note that the ratio between the inner and outer oxide layer thicknesses is 

approximately 1:1 regardless of corrosion time [33,39,42]. In these cases, transport of oxygen 

inward and metal atoms outward are tied to the same mechanism, otherwise the thickness ratio 

would not be consistent. Fe-Cr corundum oxides have very similar density to Fe-Cr-Ni spinels, 

so the oxide film thickness is not expected to change with structure. An “available space” model 

proposed by Rouillard et al. provides a mechanistic explanation for this phenomenon [39,66]. As 

cation vacancies arrive at the metal oxide interface they condense as pores, exposing the metal to 
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the pore network, and thus oxygen. Then oxides form quickly on the exposed metal, refilling the 

pore and halting oxidation until cation vacancies unblock the pore again. In this way, the oxygen 

ingress is limited to the cation diffusion rate. 

Corrosion kinetics of stainless steels in high temperature water are very complex and 

dependent on many parameters. Simplistic 1D models decently describe the behavior with time; 

however, the various parameters that alter the kinetics are inadequately described within the 

parabolic rate constant. The core concepts of parabolic rate corrosion appear to be correct, but 

the literature leaves a lot to be desired in mechanistic understanding of the corrosion process. 

Further complexity is added when considering the effects of radiation on corrosion. 

2.4. Radiation 

Radiation is the emission of an energetic particle. There are many sources for radiation, 

namely nuclear reactors, particle accelerators, and radioisotopes. The relevant particles for this 

work consist of charged particles—ions, electrons, and positrons—and neutral particles—

photons and neutrons.  

There are many ways in which radiation interacts with matter, but only the two processes 

relevant to corrosion will be considered: radiolysis of water and radiation-induced displacement 

damage. Water radiolysis is breaking chemical bonds in water by energy deposition from 

radiation. Radiation-induced displacement damage is atomic displacement in a crystal lattice by 

ballistic collisions knocking atoms out of lattice sites. The energy needed for water radiolysis 

(10.12 eV [75]) is a lower threshold than displacements in a steel (40 eV [76]). 

Charged particles interact via the Coulombic force causing radiolysis and/or 

displacements within the target material. At higher energies, ions impart target atoms—called 

“knock-on” atoms—with enough energy to cause their own secondary collisions. Secondary 
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knock-on atoms may themselves cause tertiary knock-on atoms and so on. A highly energetic 

collision may cause a cascade of branching collisions. Electrons and positrons at achievable 

energies do not possess enough momentum to cause a cascade; they are only capable of 

individual displacement or ionization. 

Photons can only induce radiolysis by imparting energy to electrons and are rarely able to 

cause displacements. Only three matter interactions are available to photons: photoelectric effect, 

Compton scattering, and pair production. Both photoelectric effect and Compton scattering 

impart energy upon electrons in the medium, and pair production simply creates one electron and 

one positron. Photon-scattered electron energy may be above the ionization threshold for water 

but is virtually never above the displacement threshold. 

Neutrons can cause both radiolysis and displacements via direct and indirect means. Fast 

(energetic) neutrons may collide with atomic nuclei and cause individual displacements or 

cascades. Any neutron, depending on the energy and target nucleus, may induce a nuclear 

reaction thereby releasing energetic ions or photons which may cause displacements or radiolysis 

accordingly. Fast neutrons are the primary cause of radiation damage in nuclear reactor cores. 

Fast neutrons are often defined as either >0.5 MeV or >1 MeV; however, there is a continuous 

spectrum of neutron energies that varies throughout a reactor core. Example neutron spectra for 

two core positions in a PWR is presented in Figure 2.9. 
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Figure 2.9. Neutron flux spectra for PWR reactor internal components from [77]. 

For irradiation there are three main parameters that define the radiolysis and displacement 

response of materials. First, particle type affects the propensity of inducing radiolysis or 

displacements due to momentum transfer as outlined above. Second, particle energy determines 

the probability of different interactions and the quantity of radiolysis and displacement events. 

Last, particle flux determines the overall rate of radiolysis or displacement damage occurring in 

the target medium. Specifics of displacement damage and water radiolysis will be discussed in 

the following sections. 

2.4.1. Radiation-Induced Displacement Damage 

Displacements are a fundamental unit of radiation damage in a crystalline solid. Other 

radiation effects in solids, such as transmutation, will not be discussed in this work. A 

displacement is defined as the ejection of an atom from its lattice site and the subsequent 

injection of the displaced atom elsewhere in the crystal. Two point defects—called a Frenkel 

pair—are created by this displacement process: a vacancy in the lattice and an interstitial atom 

between lattice sites. The production of displacements by irradiation will be discussed first, 
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followed by rate laws governing point defects, and finally point defect effects on material 

properties. 

Calculation of displacements depends on both the irradiating particle and the target 

material. Differences in particle type and energy 𝐸𝑖 can be flattened into a probability 

distribution of primary knock-on atoms (PKA) of energy 𝑇 in the target material. For any given 

PKA energy 𝑇, the number of displacements can be calculated using the Kinchin-Pease model 

[78]. Integration over all PKA energies 𝑇 yields the average number of displacements generated 

by the irradiating particle of energy 𝐸𝑖. Integrating once more over irradiating particle energies 

𝐸𝑖 and the particle flux ϕ𝑖 yields the displacement rate in the target material. Both impinging 

particle energy 𝐸𝑖 and the particle flux ϕ𝑖 are affected by many possible stochastic interactions, 

so they cannot be calculated analytically. To avoid the analytical calculation, displacement 

damage rates are often calculated using Monte Carlo codes. The result is the ability to relate 

incident particle energy and flux to the damage rate at a specified location within a target. 

Another feature of radiation damage events to note is the displacement cascade. Cascade 

size is known to affect the resulting radiation damage; large defect clusters may be directly 

produced by a single cascade [79]. Different combinations of particle type, energy, and flux may 

yield the same number of displacements but yield varying results due to cascade size effects. 

The differences between irradiating particles for displacement damage is best illustrated 

through their respective matter interactions. Neutral particles (neutrons and photons) have 

probabilistic interactions with matter following an exponential mean free path expression [80]. 

Charged particles have deterministic interactions with matter that are split into two kinds: 

nuclear and electronic stopping power. Stopping power is the unit energy lost per unit length 

traveled by an energetic particle. For charged particles, the lower energy regime is dominated by 
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nuclear stopping which induces displacements. Higher energies are dominated by electronic 

stopping which does not cause displacements. The highest number of displacements caused by a 

charged particle is observed near the end of the track where nuclear stopping is highest—this is 

called the Bragg peak. 

Displacement damage is often given the unit of displacements per atom (dpa), which is 

the average number of times each atom in a crystal lattice has been displaced. The point defect 

generation rate 𝐾0 is in units of dpa/s and is equal for both vacancies and interstitials. Point 

defects annihilate on recombination, so there is a recombination rate constant 𝐾𝑖𝑣 which is taken 

to be an elementary reaction dependent on the concentration of vacancies 𝐶𝑣 and interstitials 𝐶𝑖. 

Point defects may also annihilate at sinks (features of the microstructure or a free surface) having 

a concentration 𝐶𝑠 of sink 𝑠 and elementary rate constants 𝐾𝑣𝑠 and 𝐾𝑖𝑠 for vacancies and 

interstitials, respectively. A pair of differential equations describing the point defect 

concentration in the bulk material can be written [78]. 

 d𝐶𝑣

d𝑡
= 𝐾0 − 𝐾𝑖𝑣𝐶𝑖𝐶𝑣 − ∑ 𝐾𝑣𝑠

𝑠

𝐶𝑣𝐶𝑠 

Eq. 2.6 
 d𝐶𝑖

d𝑡
= 𝐾0 − 𝐾𝑖𝑣𝐶𝑖𝐶𝑣 − ∑ 𝐾𝑖𝑠

𝑠

𝐶𝑖𝐶𝑠 

One consequence of elevated point defect concentration is radiation enhanced diffusion 

(RED). Point defect concentrations directly impact the atomic diffusion coefficient via Eq. 2.6. 

Radiation always elevates point defects above their thermal concentrations. However, at high 

temperature it is possible for radiation to produce a negligible change in the concentrations and 

thus in the atomic diffusion coefficient. RED is the most important feature for corrosion because 

corrosion is a transport limited process, and changes to the diffusion coefficient should change 

the rate constant for corrosion. 
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Radiation induced segregation (RIS) is an unusual feature of irradiation where chemical 

segregation is observed at sinks. For instance, in austenitic stainless steels, nickel and silicon are 

observed enriched at grain boundaries while chromium is depleted [81]. The inverse Kirkendall 

model generally explains this phenomenon by noting elemental affinity for vacancies or 

interstitials. A mismatch between vacancy and interstitial diffusion coefficients will result in a 

net elemental flux for equal point defect fluxes. RIS is a gradual process which reaches a steady 

state at <10 dpa for neutrons and protons [82].  

Several microstructural features can be produced by irradiation [83]. Generally, point 

defects can cluster together and form a persistent feature which usually impacts bulk behavior, 

e.g., hardness. Dislocation loops are very common features formed under irradiation. Cavities 

may be formed by clustering vacancies with or without a trapped gas (usually helium as a 

transmutation product). Precipitation may be induced by irradiation and depends on the 

chemistry of the material, but precipitates are rarely formed by irradiation of austenitic stainless 

steel. 

2.4.2. Radiolysis of Water 

Water radiolysis causes chemical changes within the water which can impact corrosion 

behavior. Energy deposition by energetic particles breaks bonds and ionizes water to form 

radiolysis products. Initial radiolysis products tend to be short-lived, such as ions, radicals, or 

aqueous electrons. Short-lived products will quickly react with one another to form long-lived or 

stable compounds, only four of which exist: H2, O2, H2O, and H2O2. 

The direct impact of short-lived radiolysis products on corrosion is uncertain. 

Concentrations of short-lived products are unmeasurable, but kinetic modeling gives the 

expected yields [84]. Even with calculated concentrations, interactions with the corrosion 
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reaction or ECP are not known. Due to the short-lived nature of these species, only radiolysis 

directly at the surface could cause any effect. 

Long-lived radiolysis products can cause significant changes in the ECP because they can 

have a cumulative effect. Unlike their short-lived counterparts, long-lived products will alter 

bulk water chemistry. Reforming water will not result in any water chemistry change, but the 

other three compounds will. Both H2 and O2 are often added to control the ECP, so they have 

well-documented effects mentioned earlier. Hydrogen peroxide is a stronger oxidizer than O2, 

causing a rapid increase of ECP with concentration as shown in Figure 2.10 [26]. Unlike H2 and 

O2, which are formed by thermal decomposition of water, H2O2 is not present in the feedwater of 

LWRs. Depending on the nature of the radiation, radiolysis product yields increase linearly with 

dose or saturate at some concentration [84]. 
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Figure 2.10. Effect of oxygen and hydrogen peroxide on the electrochemical corrosion potential [26]. 

Like displacement damage, the particle type, energy, and flux impact the radiolysis of 

water. In the case of radiolysis, the stopping power is called linear energy transfer (LET) which 

largely flattens the differences in particle type and energy. Somewhat analogously to 

displacement damage cascades, photons and electrons only produce a small amount of hydrogen 

peroxide which saturates after a small dose, whereas ions and neutrons can produce large 

concentrations of hydrogen peroxide linearly with dose. This difference can be attributed to the 

lower LET of photons and electrons when compared to ions and neutrons.  

High LET particles increase the overall yield of hydrogen peroxide, and high particle flux 

cannot compensate for the LET difference. When comparing irradiation of water by different 
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particles to the same dose, higher LET particles (He+) produce more hydrogen peroxide than 

lower LET particles (H+) [85]. Furthermore, low LET irradiation accelerates the decomposition 

of hydrogen peroxide toward the saturation concentration appropriate to the LET when the 

hydrogen peroxide is stable sans irradiation. 

Neutron LET is complicated by the possibility of nuclear reactions in addition to direct 

energy deposition by scattering interactions with nuclei. The LET of neutrons is increased by the 

addition of boron to the water as is the case in PWRs. The nuclear reaction  10B + 𝑛 →  7Li + 𝛼 

produces two energetic light ions which significantly increases the effective LET of neutrons 

[86]. Naturally, the neutron LET will be a function of the neutron energy spectrum in terms of 

direct energy deposition. 

The effective LET of the radiation fields in LWRs is more comparable to ion irradiation 

than photon or electron irradiation. In addition to the ions generated by nuclear reactions with 

boron, fast neutrons can collide with oxygen and hydrogen creating high energy PKAs. There is 

known to be a spectrum of proton energies in a LWR core [87]. The gamma radiation in a LWR 

core will contribute negligible radiolysis where neutron irradiation is present; however, outside 

of the core gamma irradiation may substantially affect corrosion.  

Water chemistry influences the radiolysis product yield. Dissolved oxygen and dissolved 

hydrogen shift the equilibrium constants of many radical reactions. Notably, dissolved hydrogen 

decreases the production of hydrogen peroxide except at very high LET [84]. Hydrogen also 

promotes the decomposition of hydrogen peroxide under low LET irradiation [84]. The use of 

hydrogen in LWR feedwater is often cited as reducing the deleterious effects of radiolysis [15]. 

Both lithium hydroxide (typical in PWRs) and dissolved iron ions (from steel corrosion) promote 

hydrogen peroxide production by water radiolysis [86]. 
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Temperature also plays a large role in radiolysis yields since many of the rate constants 

follow typical Arrhenius behavior. At higher temperature, the kinetics of various decay processes 

are enhanced. Therefore, higher temperatures will result in progressively lower ECP response 

from radiolysis. 

2.5. Irradiation Assisted Corrosion 

A synopsis of the experimental work done on the effects of radiation on corrosion is 

needed to gain a picture of the current scientific understanding. For studies of IAC there is 

virtually no consistency between experimental and characterization methods. Therefore, each 

relevant work will be discussed in some detail to extract the useful information and its 

limitations. First, exposures of irradiated material to autoclave environments will be discussed 

for the effects of cumulative radiation damage on corrosion. Then, in situ irradiation corrosion 

experiments will be discussed in order of radiation source: reactor, isotope gamma, and ion 

irradiations. 

2.5.1. Sequential Irradiation and Corrosion  

As mentioned above, radiation damage accumulates into defects that alter the 

microstructure of the bulk material. The effects of radiation defects on corrosion behavior must 

be understood to separate the effects of irradiation on the corrosion process itself. Therefore, 

studies of ex situ irradiation and corrosion of stainless steel will be discussed here. 

The effect of proton irradiated 316 stainless steel microstructure on corrosion in 

simulated BWR NWC conditions has been studied by Jiao and Was [71]. Tensile bars were 

irradiated to 5 dpa in a limited area then subjected to a constant extension rate tensile (CERT) 

test in simulated BWR NWC. Inner oxide film thickness depended greatly on the surface grain 

orientation in both irradiated and non-irradiated regions and is presented in Table 2.5. No 
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statistical significance of irradiation effects on corrosion could be determined due to the 

magnitude of difference by grain orientation. Therefore, 5 dpa of proton irradiation has, at most, 

a minor effect on corrosion behavior in NWC conditions. 

Table 2.5. Inner oxide thickness measured on proton-irradiated 316 stainless steel tensile sample exposed to 

BWR NWC conditions at 288 °C for 70 h [71]. 

 Inner oxide thickness (nm) 

 Grain 1 Grain 2 

Non-irradiated 70 ± 12 nm < 10 nm 

Irradiated (5 dpa) 63 ± 16 nm ~5 nm 

 

Similar work on proton irradiated 304NG stainless steel in simulated PWR primary water 

was performed by Deng et al. [88]. Bulk oxide thickness measured by X-ray photoelectron 

spectroscopy (XPS) was not significantly different between 0 dpa and 0.5 dpa; however, oxide 

thickness began to increase for 1.5, 3, and 5 dpa as presented in Figure 2.11. Intergranular 

oxidation increased starting at 0.5 dpa which correlated well with Cr depletion at the boundary 

from RIS as presented in Figure 2.12. This study shows that proton irradiation defects do 

increase corrosion rates in PWR conditions; however, the bulk radiation defects are less 

important than the Cr depletion that occurs at grain boundaries. 
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Figure 2.11. Total oxide thickness measured by XPS sputtering of proton irradiated 304NG stainless steel 

exposed to simulated PWR primary water at 320 °C for 500 h, replotted from [88]. 

 
Figure 2.12. Intergranular oxidation depth and total Cr RIS observed on proton irradiated 304NG stainless 

steel exposed to simulated PWR primary water at 320 °C for 500 h from [88]. 
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Fukumura et al. performed SCC testing in simulated PWR primary water of cold worked 

(CW) 316 stainless steel from flux thimble tubes from an operating PWR at doses of 3, 19, and 

73 dpa [89]. Observed inner oxide thickness and intergranular corrosion changed dramatically 

from 3 dpa to 19 dpa and very little change from 19 dpa to 73 dpa indicating saturation with 

respect to corrosion behavior as presented in Figure 2.13. Furthermore, scanning electron 

microscopy (SEM) surface imaging revealed little difference between 0 dpa and 3 dpa. This 

work indicates that there is a minimum threshold before radiation causes significant effects on 

the bulk corrosion (consistent with Deng et al. [88]), but also radiation effects begin to saturate at 

moderate damage (~19 dpa).  

 
Figure 2.13. Both inner oxide thickness and intergranular oxidation measurements on reactor irradiated CW 

316 stainless steel exposed to simulated PWR primary water at 320 °C for 1149 h from [89]. 

Perrin et al. performed a set of oxidation experiments on proton-irradiated 316L stainless 

steel in simulated PWR primary water at 320 °C [43]. The exposure was completed in two parts: 

the first exposure lasted 620 h, and the second exposure was 25% 18O enriched water for either 

17 h or 404 h. After the combined 1024 h of exposure, the inner oxide thickness of the irradiated 

condition was 60 nm, which was slightly thinner than the non-irradiated case of 90 nm. The 

difference was attributed to possible grain orientation differences which would be consistent with 
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Jiao and Was [71]. Secondary ion mass spectroscopy from the oxide after the longer second 

exposure is presented in Figure 2.14, showing a bimodal profile of 18O in the oxide. A schematic 

of tracer profiles in oxides is given in Figure 2.15, showing a clear match with the short-circuited 

oxygen diffusion behavior predicted by Atkinson [65]. This work shows an unusual result of 

decreased corrosion kinetics on proton-irradiated material, but also clear evidence of oxygen 

short-circuit behavior in simulated PWR primary water conditions. 

 
Figure 2.14. Secondary ion mass spectroscopy profiles from proton-irradiated (a) and non-irradiated (b) 

316L stainless steel exposed to simulated PWR primary water for 620 h followed by 404 h of 18O enriched water 

from [43]. 

 
Figure 2.15. Schematic tracer diffusion profiles for different oxidation mechanisms from [65]. 
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Gupta performed tensile tests in simulated PWR primary water on iron ion irradiated 

304L and dual irradiated 304L with iron and helium ions to 5 dpa for 360 h [30]. The oxide 

thicknesses are presented in Table 2.6, showing that self-ion irradiation significantly increases 

the inner oxide thickness. Another experiment by Gupta compared the effect of static autoclave 

size on the oxide thickness for the dual irradiated conditions, wherein the inner oxide thickness 

increased from 8–10 nm in the small autoclave to 90–100 nm in the large autoclave. This work 

demonstrates the importance of flowing autoclaves and static autoclave size on corrosion 

behavior as well as a qualitative increase of corrosion rate with self-ion irradiation. 

Table 2.6. Oxide thickness comparison of 304L stainless steel tensile bars irradiated with Fe and He ions to 

5 dpa and exposed to simulated PWR primary water for 360 h from [30]. 

 
 

Boisson et al. compared oxidation behavior on 1 dpa proton-irradiated 316L stainless 

steel exposed to 325 °C simulated PWR primary water for 24 hours [36]. Inner oxide thickness 

from similar grain orientations in the non-irradiated case was 10 ± 2 nm and in the irradiated 

case was 53 ± 6 nm. This increase was very large compared with other literature; this change 

may be attributable to the short corrosion time accentuating the difference in thickness. 

Lin et al. performed corrosion tests of proton irradiated 308L weld metal in simulated 

PWR conditions [34]. This 308L material had both δ-ferrite and austenite phases characterized 

for their respective corrosion behaviors in non-irradiated, 0.5 dpa, 1.5 dpa, and 3 dpa. Both 

austenite and δ-ferrite phases showed increased corrosion with radiation damage levels, see 
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Figure 2.16. Lin et al. found sensitivity to radiation damage as low as 0.5 dpa on bulk corrosion 

which shows a greater sensitivity to total irradiation damage than Deng et al. [88] or Fukumura 

et al. [89], but is comparable to Boisson et al. [36]. 

 
(a)                                                                      (b) 

Figure 2.16. Inner oxide thickness measured on the austenite (a) and δ-ferrite (b) phases of 308L stainless 

steel weld metal proton irradiated to different damages and exposed to simulated PWR primary water conditions 

from [34]. 

2.5.2. Nuclear Reactor Irradiation-Assisted Corrosion   

Corrosion that occurs within an operating reactor is the motivating topic of this 

dissertation, so it is important to discuss the effects of reactor irradiation on corrosion. 

Unfortunately, very little published data on reactor corrosion of stainless steels in LWRs exists. 

However, more data is available for zirconium alloy corrosion under irradiation, so some of this 

data will be discussed here to provide additional evidence of reactor irradiation affecting 

corrosion. 

Asher et al. performed in-pile experiments on three zirconium alloys using three different 

environments to compare corrosion behavior: atmospheric 250–450 °C steam/CO2, 340 °C 

hydrogenated (20 mL/kg) water, and 340 °C oxygenated (200 ppb) water [90]. The radiation 

fields for these in-pile experiments were a fast neutron flux of 4×1013 n/cm2.s, a thermal neutron 

flux of 4×1014 n/cm2.s, and a γ intensity of 109 R/h. The weight gain measurements for these 
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experiments in descending order were oxygenated water, steam/CO2, hydrogenated water, and 

non-irradiated as presented in Figure 2.17. This work demonstrated that radiation accelerates 

zircaloy corrosion in all cases, and that dissolved hydrogen reduces, but does not eliminate, 

radiation effects. 

 
Figure 2.17. Schematic comparison of zircaloy oxidation in different water chemistry in-pile compared 

with out-of-pile conditions from [90]. 

Another similar set of experiments by Asher et al. compared four different heats of 

zirconium alloys exposed to moist CO2 at 300 °C in reactor and 300–340 °C out of reactor [91]. 

Some heat treatments of Zr-2.5Nb showed no effect of irradiation on corrosion, whereas one heat 

treatment of Zr-2.5Nb and Zircaloy-2 showed irradiation corrosion at 300 °C is comparable to 

340 °C in the non-irradiated case as presented in Figure 2.18. This work indicates that irradiation 

can accelerate the corrosion kinetics substantially in zirconium.  
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Figure 2.18. Comparison of different zirconium alloy heats oxidation in-pile to various temperatures out-of-

pile from [91]. 

Vankeerberghen et al. performed in-pile electrochemical measurements of two steels 

(316 and EUROFER 97, a ferritic-martensitic 9-Cr steel) in a near room temperature water 

environment [92]. With increasing thermal neutron flux, the electrochemical potential increased 

and the polarization resistance decreased for both materials. This result demonstrated some direct 

evidence of radiolysis affecting the ECP for stainless steels and some change in the electrical 

properties of the oxide film. 

Additional work by Bosch et al. performed in-pile electrochemical measurements in 

simulated PWR conditions on 304 and 306 stainless steels at 300 °C [93]. In this work, the 

corrosion potential and polarization resistance did not change significantly between in-pile and 

out-of-pile measurements. Electrochemical impedance spectroscopy results indicated a thicker 

oxide layer formed on the in-pile samples compared with the out-of-pile samples. The reduced 

potential response from the flux when compared to the low-temperature in-pile measurements of 
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Vankeerberghen et al. [92] was consistent with faster recombination kinetics of radiolysis 

products at higher temperature. Still, the change in spectroscopic measurements of the oxide 

indicates some effect of reactor irradiation on increasing the corrosion rate of stainless steels. 

2.5.3. Gamma-Irradiation-Assisted Corrosion  

Gamma irradiation is a more accessible form of irradiation which impacts a larger 

number of practical applications such as waste storage in addition to nuclear reactors. As 

mentioned earlier, gamma irradiation only causes water radiolysis, not displacement damage, so 

it effectively separates the effects of water radiolysis from displacement damage on corrosion.  

Daub et al. have shown that 60Co gamma irradiation (6.8 kGy/h) effects on room 

temperature alkaline ECP of carbon steel can be simulated by using an equivalent concentration 

of H2O2 in solution [94]. Electrical measurements of the oxide showed very similar properties 

between gamma exposed and hydrogen peroxide exposed samples, see Figure 2.19. The main 

difference was the extended amount of time needed under gamma irradiation to saturate the ECP 

of the system compared to non-irradiated exposure to an initial H2O2 concentration. Without 

initial H2O2, irradiation must take time to produce the H2O2 before affecting the ECP. This work 

shows that the hydrogen peroxide production of water radiolysis directly changes the ECP, and 

short-lived products do not immediately increase the ECP. 
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Figure 2.19. Effects of pre-grown oxide film potential, initial H2O2 concentration, and gamma irradiation 

on the evolution of corrosion potential of carbon steel with time from [94]. 

Another work by Daub et al. explored the effect of 60Co gamma irradiation on alkaline 

and neutral corrosion of carbon steel at 150 °C [95]. Here, the gamma irradiation in alkaline 

conditions induced the formation of hematite. Furthermore, irradiation decreased the corrosion 

rate by altering the oxide speciation and forming a more passive oxide. This work shows that the 

ECP increase of gamma radiolysis can still occur at higher temperatures, that the oxidation rate 

can be affected by radiolysis, and oxide structure changes are induced by radiolysis. 

Similar experiments were performed using 60Co gamma irradiation (0.5 kGy/h) and 250 

°C of 304 stainless steel by Kawaguchi et al. and Ishigure et al. [96,97]. The oxide film was not 

directly measured, but solid iron oxide particulate and aqueous iron ion release was periodically 

measured from the autoclave outlet. The insoluble crud increased dramatically with irradiation, 

but the soluble ions did not change significantly as presented in Figure 2.20. This indicates that 

the solubility limit of iron was reached in the outlet regardless of irradiation. Still, more iron was 

released under irradiation as a solid precipitate in the outlet, so the local solubility was increased 

under irradiation. Additionally, increased flow rate through the autoclave yielded an increase in 

solid iron collected in the irradiated case. This correlation further indicates an increase in iron ion 
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solubility under gamma irradiation. This work does not indicate any changes in the corrosion 

behavior directly, but the radiolysis induced changes in the water chemistry increase the iron ion 

solubility which may impact the dissolution component of corrosion. 

 
Figure 2.20. Comparison of iron particulate (left) and iron ion (right) release with (filled circles) and 

without (open circles) gamma irradiation from 304 stainless steel exposed to 250 °C water containing 20 ppb O2 

from [97]. 

To summarize, radiolysis in isolation appears to only impact the water chemistry in two 

ways: elevating the ECP via hydrogen peroxide production and increasing the solubility of ions. 

2.5.4. Ion Irradiation Assisted Corrosion  

Ion irradiation is a more accurate simulation of reactor irradiation because, unlike gamma 

irradiation, ions can induce both displacement damage and water radiolysis. The experiment 

method for using ion irradiation to study irradiation effects on corrosion was pioneered by Lewis 

and Hunn [98]. A vessel containing the corrosion medium was separated from the ion beam 

source by a thin foil of sample material. In this configuration, the ion beam was accelerated with 

enough energy to transmit through the sample foil (causing displacements) and into the corrosion 

medium (causing radiolysis).  
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The relevant experiment performed by Lewis and Hunn used a 2.0 MeV proton beam 

through a 12 µm austenitic 18Cr-10Ni-3Mo stainless steel foil (990 keV at the metal/water 

interface) for a duration of 4 hours. The proton current density was 1–2 µA/cm2, and the 

temperature at the foil surface increased to 80 °C from beam heating. Two control experiments 

were performed at room temperature and at 90 °C (to account for the beam heating) for 4 hours 

each. Oxide thickness was measured by elastic recoil detection for all three cases: 5 atomic 

layers were measured for the room temperature sample; 20 layers for the 90 °C sample; and 100 

layers for the irradiated sample. This shows a factor of 5 increase in the total corrosion rate under 

irradiation. 

More recent work by Lapuerta et al. examined the effect of proton irradiation on the 

corrosion of pure iron for nuclear waste storage [99,100]. Two configurations were used: 

transmission through iron foil into water and irradiation through humid air first then transmitted 

through an iron foil into argon. Unfortunately, neither work compared the oxygen uptake (i.e., 

corrosion) between irradiated and non-irradiated samples. An increase in the corrosion rate was 

noted in aerated water compared with deaerated water under irradiation. This indicates that water 

radiolysis does not flatten the differences in initial water chemistry. 

Muzeau et al. examined the open circuit potential response of 316L stainless steel to 

proton irradiation in simulated PWR primary water [87]. The autoclave was static and was filled 

with the feedwater mixture before attaching to a cyclotron for 34 MeV proton irradiation. 

Samples were exposed to multiple short irradiations at different fluxes and temperatures while 

continuously measuring the potential difference between a Pt electrode in the cell with the 

sample material. Shifts in the potential were observed during irradiation, and the magnitude of 

the shift increased with increasing proton flux. Repeated irradiations decreased the potential shift 
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until no response was observed. Below 250 °C, the magnitude of the irradiation-induced 

potential shift increased with decreasing temperature. These results indicate: water radiolysis 

induced ECP changes depend on the irradiation flux, protective oxides and radiolysis product 

saturation cumulatively builds resistance to further irradiation, and lower temperature water is 

more sensitive to radiolysis. 

Wang et al. performed additional proton irradiation assisted corrosion experiments using 

the same equipment as Muzeau et al. [87,101]. Here, 23 MeV protons were transmitted through a 

900 µm thick 316L disc and into a static corrosion cell filled with up to 300 °C water at 90–100 

bar. The proton flux ranged from 6.6×107 to 6.6×1011 H+ m-2s-1 or an equivalent current density 

range of 1.1×10-6 to 1.1×10-7 nA cm-2. Even at these extremely low fluxes, a noticeable increase 

in the ECP was observed on the order of tens of mV. Much like the work of Muzeau et al., 

repeated irradiation reduced the potential shift observed under irradiation. Again, this cumulative 

effect was most likely caused by the static cell water chemistry changing over time and the 

development of a passive film. One new finding of this work was that higher hydrogen content 

suppresses the potential response, demonstrating the efficacy of dissolved hydrogen in 

suppressing radiolysis effects on corrosion. 

The thesis work of Wang also includes electron IAC of 316L in similar conditions to the 

proton work [72]. No measurements of oxide thickness were conducted, however the oxide 

structure was examined and compared with non-irradiated controls. Many of the oxide features 

are consistent with literature of non-irradiated corrosion: a double layer with spinel inner oxide 

that is porous and partially epitaxial with the substrate in a fine-grained polycrystalline layer. 

Two major differences are observed after irradiation: the formation of hematite in the outer oxide 

and chromium dissolution. Hematite in the outer oxide was consistent with the positive oxidation 
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potential shift observed and expected with elevated ECP [48]. Chromium dissolution was 

observed alongside pitting on the surface, both observations are consistent with elevated 

potential to a greater degree than hematite formation. This work demonstrated some direct 

effects of irradiation changing the structure of the oxide film formed in addition to altering the 

water chemistry. 

Proton IAC of 316L was also done by Raiman et al. using a flowing water loop and 320 

°C water with 3 wppm H2 [22,102–104]. IAC experiments lasted 4–72 h and had a proton flux 

such that the damage rate at the corroding surface of the metal was either 7×10-7 or 7×10-6 dpa/s 

and the radiolysis was 400–4000 kGy/s. Three distinct regions were observed and characterized: 

the irradiated region in the beam path, the non-irradiated region away from the beam path, and 

the radiolysis flow region where radiolysis products were transported by convection. Inner oxide 

thickness was measured in each region under each condition and is presented in Figure 2.21. A 

notable decrease in oxide thickness was observed under irradiation and in the radiolysis flow 

region compared with non-irradiated conditions. Furthermore, elemental analysis in Figure 2.22 

shows that chromium was depleted in the inner oxide for both irradiated and flow regions 

relative to non-irradiated inner oxides. Raman spectroscopy was used to confirm the Cr depletion 

in the inner oxide and observed the presence of hematite both in irradiated and radiolysis flow 

regions. The inner oxide showed some signs of dissolution in irradiated and radiolysis flow 

cases, and no evidence of dissolution was present in the non-irradiated region. This set of work 

primarily demonstrated the effects of radiolysis increasing potential, causing hematite formation, 

and depleting chromium in the inner oxide. Because there were no substantial differences 

between irradiated and flow regions, the changes in oxidation behavior were caused by water 

radiolysis and not displacement damage. Raiman et al. speculated that displacement damage may 
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have accelerated the oxidation rate in the irradiated region over the flow region and the non-

irradiated region despite the oxide thickness measurements. It is possible that radiolysis shifts the 

dominant mode of corrosion to dissolution, hence the decrease in oxide thickness under 

irradiation and radiolysis flow. However, there is no quantitative measure of the dissolution in 

this work, so no effect of displacement damage is observed. 

 
Figure 2.21. Inner oxide thickness measured on proton irradiation assisted corrosion of 316L stainless steel 

in 320 °C water containing 3 wppm H2 adapted from [104]. 
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Figure 2.22. Chromium content measured by energy-dispersive X-ray spectroscopy of inner oxides in 

irradiated, radiolysis flow, and non-irradiated regions of 316L stainless steel exposed to proton irradiation assisted 

corrosion in 320 °C water containing 3 wppm H2 from [103]. The legend identifiers refer to the damage rate and 

exposure duration in hours: “Hi” for 7 × 10–6 dpa/s, “Lo” for 7 × 10–7 dpa/s, and “Un” for a non-irradiated control. 

From all irradiation assisted corrosion literature, there are only a few radiation effects on 

corrosion that have been observed: 

• Cumulative radiation damage results in faster corrosion kinetics [71,88,89]. 

• Water radiolysis changes the electrochemical corrosion potential 

[22,72,87,95,101,103]. 

• Water radiolysis causes increased dissolution of metal ions and oxides 

[22,72,96,97,103]. 
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• Oxide thickness increases under irradiation in some cases [98] and decreases in 

others [95,103,104]. 

Literature reported radiation effects on corrosion are mostly limited to preexisting 

irradiated microstructures and water radiolysis effects. Changes in oxidation kinetics from 

radiation are mixed, and the mechanisms causing the changes are unclear between water 

radiolysis and displacement damage. The effect of radiation-induced displacement damage on 

oxidation kinetics represents a clear gap in the scientific understanding of radiation effects on 

corrosion. 
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Chapter 3  

Objective 

The objective of this work is to determine the role of displacement damage in 

simultaneous irradiation-corrosion of stainless steel in high temperature water. A hypothesis 

regarding the role of displacement damage in stainless steel corrosion follows: 

Displacement damage in the inner oxide produces excess point defects that increase the 

cation diffusion coefficient, and thus increase the corrosion rate when cation transport is rate-

limiting. However, radiolysis increases the thermal concentration of cation vacancies in the inner 

oxide by changing the oxygen activity in the water thereby dominating the cation diffusion 

coefficient and relegating displacement damage to a negligible contribution. Radiolysis may also 

change the corrosion mechanism to be rate-limited by oxygen transport, which would decouple 

displacement damage from the corrosion rate. Because the radiolysis effects on the oxide are 

thermodynamic and the displacement damage effects are kinetic, radiolysis effects supersede 

those of displacement damage. Consequently, radiolysis can either dominate or suppress 

displacement effects on corrosion rate. 

To test this hypothesis, a combination of aqueous exposure with and without 

simultaneous ion irradiation, careful characterization of the microstructure, and thermodynamic 

and kinetic modeling were utilized. To achieve the main objective, four sub-objectives were 

established.  
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The first sub-objective is to determine the mechanisms of oxide growth and dissolution of 

stainless steel in high temperature water without irradiation. Understanding the effects of 

radiation on corrosion requires a robust understanding of the underlying corrosion processes. 

Oxide film characterization and development of a dissolution measurement technique are used in 

tandem with thermodynamic and kinetic models to infer the corrosion mechanisms. 

The second sub-objective is to determine the separable effects of radiolysis on corrosion. 

Some amount of radiolysis is inevitable with displacement damage, so understanding its effect is 

necessary to deconvolute the effects of radiolysis from displacement damage. A new sample 

geometry was deployed to expose a bar sample to water radiolysis with negligible displacement 

damage during irradiation-corrosion of a disc sample. Subsequent characterization of the oxide 

film composition, structure, and thickness of the bar sample achieves this sub-objective. 

The third sub-objective is to determine the separable effects of displacement damage on 

corrosion. A new experimental setup was designed using a low-pressure steam environment to 

minimize the radiolysis relative to displacement damage. While steam is not a perfect 

replacement of an aqueous environment, the fundamental effects of displacement damage can be 

observed with minimal radiolytic interference in steam. Again, subsequent characterization of 

the oxide film composition, structure, and thickness achieves this sub-objective. 

The fourth sub-objective is to determine the effects of displacement damage in 

combination with water radiolysis. Experiments in high temperature water with simultaneous 

displacement damage and radiolysis at the corrosion surface are performed. Characterization and 

comparison to the isolated effects of radiolysis and displacement damage will yield their 

covariance.  
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Completion of these four sub-objectives yields the effects of displacement damage on 

corrosion with and without radiolysis. Finally, these findings were extrapolated to reactor 

conditions to gain some insight into the corrosion component of IASCC. 
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Chapter 4  

Experiments and Methods 

This chapter describes the equipment, facilities, and procedures used to conduct 

irradiation corrosion experiments and the subsequent characterization of the oxide film formed 

on the sample material. The last section describes the Thermo-Calc modeling parameters used to 

evaluate oxide composition and properties. 

4.1. Design 

Irradiation corrosion experiments require both a system to maintain the corrosion 

environment and a radiation source. To combine the radiation and corrosive environment, a 

specialized vessel is needed to ensure a known amount of radiation reaches the desired corrosion 

surface. The facility for performing these irradiation corrosion experiments was first described 

by Raiman et al. [105] and expanded as part of this dissertation to include a preheater for steam 

capability. For the work presented here, energetic H+ ions are transmitted through sample 

material and into the corrosion environment consisting of either 320 °C water or 480 °C steam. 

The target for radiation is to cause a damage rate of 7 × 10-7 dpa/s at the corrosion surface to 

match the lower damage rate of Raiman et al. [104]. First, the flowing water autoclave system 

design is presented. Second, the accelerator and beamline facility for irradiation corrosion 

experiments is presented. Finally, the sample design is presented. 
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4.1.1. Autoclave System 

The autoclave system is designed to deliver simulated light water reactor (LWR) 

conditions in a flowing water system as shown in Figure 4.1. Modifications to the system were 

made to accommodate a steam environment using a carrier gas shown in Figure 4.2.  

For both operation modes, a filtration loop with a deionization filter is run continuously 

on the main column to ensure high water purity. Dissolved gas content is controlled by bubbling 

gas (hydrogen or air) through the main column and maintaining overhead pressure via a back-

pressure regulator. Dissolved oxygen content and conductivity were continuously monitored on 

the filtration loop where they were recorded as inlet values. Dissolved oxygen content and 

conductivity were also monitored continuously in the return leg where they were recorded as 

outlet values.  

Water gas content was calculated using Henry’s Law and controlled using the column 

overhead pressure [106]: 

 
𝐶gas = 𝑀gas𝑃col𝑘𝐻

∘ 𝑒𝑥𝑝 (
d ln kH

d(1/T)
[
1

𝑇
−

1

298.15 K
]) Eq. 4.1 

 

where the gas mass fraction in water 𝐶 was calculated from the gas molecular weight 𝑀, the 

absolute partial pressure of the gas in the column overhead 𝑃col, Henry’s constant 𝑘𝐻
∘ , and the 

derivative term which is the temperature dependence of Henry’s constant. For molecular 

hydrogen, Henry’s constant is 0.00078 mol/(kg·bar), and the derivative is 500. K [106]. For 

molecular oxygen, Henry’s constant is 0.0013 mol/(kg·bar), and the derivative is 1500. K [106]. 

The ambient pressure was assumed to be 0.95 bar and the column temperature 293 K. 

When the autoclave was not in use, the autoclave portion of the loop was circulated 

continuously while bypassing the autoclave itself. Continuous flow through the supply and return 

legs keeps the piping and instrumentation clean and functional. 
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When emulating PWR conditions, the target pressure was 13.1 MPa, and the target 

temperature was 320 °C in the autoclave. The pressure was supplied by two parallel dual piston 

preparative pumps in the supply leg and maintained by a back pressure regulator rated to 41 MPa 

in the return leg. Heat was supplied by a heating band on the autoclave body, and a regenerative 

heat exchanger was used to reduce the required heat load. The temperature was controlled by a 

Watlow thermocontroller using a type K thermocouple inside the autoclave. Outlet water was 

cooled and depressurized through the return leg and recovered in the primary column. 

In steam mode, the target pressure was 1.4 MPa, and the target temperature was 480 °C 

in the autoclave. The gas regulator controlled the carrier gas pressure from the cylinder. Two 

preparative pumps supplied water pressure in the supply leg. A Grafoil needle valve controlled 

the autoclave pressure at the autoclave outlet. Heat was supplied by a heating band on the 

autoclave body and heating tape on the preheater/boiler. Temperature in the preheater and the 

autoclave were controlled by two Watlow thermocontrollers by using one in-line type K 

thermocouple between the preheater and autoclave and one thermocouple inside the autoclave. 

The outlet steam and carrier gas were expanded through the needle valve and discharged into an 

open sparge tank partially filled with water. 
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Figure 4.1. Process flow diagram for the irradiation assisted corrosion cell operating in aqueous loop mode. 
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Figure 4.2. Process flow diagram for the irradiation assisted corrosion cell operating in steam once-through 

mode. 

4.1.2. Accelerator and Beamline 

The H+ beam for irradiation corrosion experiments was produced at the Michigan Ion 

Beam Laboratory (MIBL) shown in Figure 4.3. The beam production can be summarized in five 
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parts: ion source, low energy leg, accelerator, high energy leg, and beamline. The source was a 

NEC Toroidal Volume Ion Source (TORVIS) which output 30 keV H– ions. In the low energy 

leg, a magnet filtered and steered ions from the source to the accelerator. The NEC 3 MV 

Tandem Pelletron accelerated the H– ions to 5.4 MeV H+ ions. The high energy leg filtered the 

accelerated beam using another magnet and steered it into the irradiation corrosion beamline. 

The final beam focusing, shaping, and dosimetry was completed in the beamline where it was 

delivered to the target shown in Figure 4.4. The target for IAC experiments is discussed in 

Section 4.1.3. 

 
Figure 4.3. Schematic of the Michigan Ion Beam Laboratory locating the source, accelerator, and 

irradiation assisted corrosion beamline. 
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Figure 4.4. Schematic of the irradiation assisted corrosion beamline at the Michigan Ion Beam Laboratory. 

4.1.2.1. Beam Focusing and Shaping 

The low energy beam was focused into the accelerator using Einzel lenses and magnetic 

steerers. The high energy beam was focused by a quadrupole, and a beam profile monitor in the 

beamline was used to determine the beam shape. The beam was focused to yield a ~2 mm 

FWHM beam diameter. In the beamline, the beam was raster-scanned 255 Hz horizontally and 

2061 Hz vertically to generate a consistent time-averaged current density on-target. The edges of 

the beam were cut off by a slit aperture system to define a rectangular beam shape of a known 

area.  

4.1.2.2. Beam Current 

Total beam current was measured by retractable Faraday cups positioned at various 

locations between the source and target. The slit apertures continuously collected and recorded 

current from the edges of the raster-scanned beam, providing on-line monitoring of beam 

current. A final Faraday cup between the slits and target is used to measure the current reaching 

the stage.  

4.1.2.3. Pressure Monitoring 

Several ion gauges are located at the low energy leg, high energy leg, and beamline. Four 

ion gauges are present on the irradiation chamber, two of which were used for recording 

pressure, the other two support the safety system for the irradiation corrosion beamline. 
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4.1.2.4. Equipment Safety 

In the event of a sample breach, two fast-closing gate valves can isolate the beamline 

from the high energy leg and the accelerator. Both fast-closing gate valves close automatically if 

one or both ion gauges in the chamber rise above a selected threshold. If the sample ruptures 

between the autoclave and the beamline, these valves will protect most equipment from a 

damaging inrush. 

4.1.2.5. Radiation Safety 

During irradiation of stainless steel with high energy protons, prompt neutrons and 

gamma rays are produced in significant quantity. The autoclave was directly shielded with 

borated polyethylene clad in lead sheet on a cart. Various interlocks are employed to prevent 

exposure of personnel to radiation hazards. 

4.1.3. Sample Design 

Sample design is critical to irradiation corrosion experiments because the sample must 

transmit radiation into the water and serve as a barrier between pressurized water and a high 

vacuum system. The primary goal is the transmission of the radiation through the sample 

material. One mitigating factor of the sample design was minimization of cold work induced by 

hydrostatic stress. Another factor for consideration is that high energy protons induce both 

prompt and delayed radioactivity in the sample material by nuclear reaction. To achieve 

transmission of the proton beam without deforming the sample material, there are three main 

considerations: ion stopping, hydrostatic stress, and radioisotope production. Increasing the 

sample thickness reduces deformation from hydrostatic stress but is limited by the range of the 

proton beam. Increasing the proton energy allows transmission through thicker sample material 
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but induces more residual radioactivity in the sample. So, sample thickness and proton energy 

are the two parameters used to optimize the sample design. 

An improvement on earlier sample designs was employed in this work. A precipitation 

hardened stainless steel (17-4 PH) was used in place of some sample thickness, creating a two-

disc geometry. Both discs were sandwiched between a washer and a 1 mm diameter beam 

aperture as presented schematically in Figure 4.5. The presence of a stronger “backing” material 

decreases the deflection, and thereby deformation, of the sample material. Another benefit was 

that the backing material degraded the proton energy before reaching the sample material which 

reduces residual radioactivity in the sample disc. The sample disc can be completely separated 

from the backing disc after exposure, so the activity of the backing disc does not have to fall 

within the activity constraints of the characterization laboratories.  

Radioisotope production cross-sections increase monotonically with proton energy 

between the relevant energy scale of 0 MeV to 6 MeV. Some nuclear reactions have non-zero 

energy thresholds which can create sharp changes in the expected radioactivation. Therefore, it 

was prudent to select an energy below the threshold for a major contributor to limit residual 

radioactivity. Because this work was on stainless steel (>50% 56Fe), the 56Fe(p,n)56Co nuclear 

reaction was selected as the limiting reaction which has an energy threshold of 5.45 MeV [107]. 

The selected beam energy was 5.43 MeV to avoid this reaction and inform the sample thickness 

determination. 
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Figure 4.5. Schematic two-disc sample geometry for irradiation assisted corrosion. 

With the ion energy selected, the ion stopping and damage rate was calculated with depth 

in the sample material to determine the maximum sample thickness. The Stopping and Range of 

Ions in Matter (SRIM-2013) [108] Monte Carlo software was used to perform this calculation. 

As an example, the damage rate caused by a 5.43 MeV H+ beam is plotted sequentially through 

17-4PH with a thickness of 38 µm and 316L with a thickness of 70 µm in Figure 4.6. Near the 

damage peak at ~93 µm, small changes in thickness or beam energy result in large changes of 

damage rate. To design an experiment with a well-controlled damage rate, a maximum total 

thickness of ~80 µm was selected to avoid the damage peak region and allow proton 

transmission into the water for radiolysis. With a 42 µm 316L sample thickness and water at 320 
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°C, the dose rate at the sample surface was calculated relative to the target 7×10–7 dpa/s using 

SRIM-2013 as illustrated in Figure 4.7. A cubic fit of the displacement damage in the metal and 

another cubic fit of the radiolysis dose rate in the water were evaluated at the water-facing 

surface of the 316L sample material. 

 
Figure 4.6. SRIM-2013 damage calculation through 38 µm 17-4 PH and 70 µm 316L per 1018 cm-2 fluence 

of 5.43 MeV protons. 
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Figure 4.7. SRIM-2013 damage and dose rate calculations through 38 µm 17-4 PH and 42 µm 316L into 

100 µm water at 320 °C at a current density of 3.31 µA/cm2 to achieve 7×10–7 dpa/s at the corrosion surface. 

Given the 80 µm maximum total thickness, deformation of sample material caused by 

hydrostatic stress determined both the minimum thickness of backing and sample material. The 

Young’s modulus for 316L is ~190 GPa [109] and for 17-4PH it is ~200 GPa [110]. The 0.2% 

yield strength at ~320 °C for both are ~214 MPa [109] and 1103~1275 MPa [110], respectively. 

The sample geometry (see Figure 4.5) is a case between two standard statics problems: a simply 

supported circular plate and a clamped circular plate. At the center of the aperture the maximum 

deflection 𝑤𝑚𝑎𝑥 can be calculated as follows [111]: 

 
𝑤𝑚𝑎𝑥

𝑠 =
(5 + ν)𝑃𝑟4

64(1 + ν)𝐷
 𝑤𝑚𝑎𝑥

𝑐 =
𝑃𝑟4

64𝐷
 

𝐷 =
𝐸𝑡3

12(1 − 𝜈2)
 

Eq. 4.2 

 

where 𝑐 is the clamped case, 𝑠 is the simply supported case, 𝜈 is Poisson’s ratio, 𝑃 is the 

hydrostatic pressure, 𝑟 is the beam aperture radius, 𝐷 is the flexural rigidity, 𝐸 is Young’s 
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modulus, and 𝑡 is the thickness. The maximum stress 𝜎𝑚𝑎𝑥 also occurs in the center of the 

aperture [111]: 

 
σ𝑚𝑎𝑥

𝑠 =
3(3 + ν)𝑃𝑟2

8𝑡2
 σ𝑚𝑎𝑥

𝑐 =
3(1 + ν)𝑃𝑟2

8𝑡2
 Eq. 4.3 

As previously mentioned, one constraint is to minimize the cold work on the sample 

material, so only the maximum strain was considered. Because the yield strengths differ vastly 

between the two materials, they were treated separately. The thin 316L sample will yield to the 

pressure and transmit the stress to the backing 17-4 PH, but the plastic deformation of the sample 

is limited by the deflection of the backing. Using this constraint, the expected strain on the 

sample material was calculated for both bounding cases against the relative thickness of sample 

and backing material in Figure 4.8. Based on this analysis, the minimum thickness of backing 

material to ensure the sample material is below its yield stress is ~60 µm. However, thinning the 

sample material to 20 µm cannot be done reliably, so a few percent strain was considered 

acceptable so the target backing material thickness was 35~40 µm. 

To summarize, the selected ion beam was 5.43 MeV H+ that transmits through a 40~50 

µm 17-4 PH backing material, 30~40 µm 316L sample material, and into the corrosion medium. 
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Figure 4.8. Relation between the sample strain in the center of the beam aperture with 17-4 PH backing 

thickness given that the total thickness is 80 µm. The shaded region indicates the expected strain for the target 

sample/backing thicknesses. 

4.1.3.1. Dissolution Measurement 

As part of the first sub-objective, measurement of dissolution is needed to fully 

characterize the corrosion rate. Direct measurement of dissolution is possible for a whole sample 

by measuring the metal content in the autoclave outlet. However, the irradiated area on the 

sample is small relative to the total sample size and other steel components of the autoclave 

system. These additional surface areas will add significant noise to any direct signal of 

dissolution via water analysis. Therefore, rather than direct measurement of dissolution, the total 

oxidation was measured, and the dissolution was inferred from the following relation: 

 metal corroded = metal in oxide + metal dissolved Eq. 4.4 
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Total oxidation was measured using a marker layer implanted beneath the surface of the 

sample material before any corrosion experiment. The marker serves as a reference to the 

original metal surface even after corrosion occurs. Depth of total metal oxidation can be 

measured by comparing the retracted metal surface to the original metal surface reconstructed 

from the marker layer.  

Helium was chosen as the marker layer material for several reasons. Helium is 

chemically inert, so it does not influence the electrochemical reactions that compose corrosion. 

Helium is a very light element, so implantation of helium will induce minimal radiation damage 

in the sample material. Bubbles are easily formed in austenitic stainless steels with helium. 

Bubbles are also easy to image alongside the oxide film in cross-sectional electron microscopy.  

For visibility, high amounts of swelling were desired for these bubbles, and the highest 

swelling is achieved through hot helium implantation at 600 °C in austenitic stainless steel [112]. 

However, there is a competing issue of sensitization which occurs at 600 °C in under 1 h (Figure 

2.2). A temperature of 550 °C was chosen instead to mitigate the possibility of sensitization 

while still producing a high visibility marker layer. The helium fluence was empirically chosen 

to be 1016 cm-2 with a few test implantations at 550 °C. 

Marker layer depth is dependent on the beam energy, and the energy was chosen to 

exceed the depth of corrosion. Based on the results of Raiman et al., the corrosion of 316L 

stainless steel was only 200~300 nm after 72 h. An implantation depth twice the corrosion depth 

was needed to avoid bubble interference with corrosion. The He+ beam energy was chosen to be 

400 keV because implantation was calculated to be minimal in the first 400 nm of the surface, 

and the implantation peak was at ~830 nm. Radiation damage and implanted concentration of 

helium are presented in Figure 4.9 and compared to 24 h of proton irradiation at 7×10-7 dpa/s. 
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The damage caused by the helium beam near the corrosion surface is ~0.01 dpa compared with 

the minimum damage used for proton irradiation of ~0.06 dpa. 

 
Figure 4.9. SRIM-2013 damage and range calculation for 400 keV He+ implantation to 1016 cm–2 compared 

with proton irradiation for 24 h reproduced from [113]. 

4.1.3.2. Radiolysis Isolation 

Ion transmission through the sample yields both radiation damage in the solid and 

radiolysis of water localized in the area defined by the beam aperture. While it is desirable to 

combine all radiation corrosion effects at once, separation of radiolysis from displacement 

damage is part of the second sub-objective. Introducing a sample bar on top of the existing 

sample and partially eclipsing the aperture, as presented schematically in Figure 4.10, yields a 

surface where direct radiolysis is generated but radiation damage is negligible. This geometry 

creates a surface where a known dose rate of radiolysis is actively generated during corrosion 

without the beam passing through the material. Dose rates along the bar were the same as those 

plotted in the water region of Figure 4.7. 
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Figure 4.10. Schematic of radiolysis isolation bar geometry with all three regions labelled: irradiated, non-

irradiated, and radiolysis. 

4.1.3.3. Displacement Damage Isolation 

For the third sub-objective, displacement damage must be separated from radiolysis. A 

low-pressure steam environment was chosen to replace the PWR water environment to maintain 

the same displacement damage while mitigating radiolysis. To approximate the PWR 

thermodynamics, Ar-3%H2 was used as a carrier gas in a controlled ratio with water. 

Acceleration of oxidation kinetics was desired to ensure statistically significant differences of 

irradiation effects, so the chosen temperature was 480 °C.  

Previous studies have used 480 °C hydrogenated steam to accelerate SCC kinetics in 

alloy 600 [114,115]. Instead of using the Ni/NiO transition as the thermodynamic reference 

point, the Fe3O4/Fe2O3 transition was used. More specifically, hematite does not form in the 

outer oxide at nominal PWR conditions, so the steam exposures were designed to be well below 

the hematite formation potential but still yield a duplex oxide structure. The expected oxygen 

activity for this transition was calculated using Thermo-Calc 2020b [116]. Oxygen partial 
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pressure in the gas mixture was calculated using partition functions of decomposition 

equilibrium constants [117]. Resulting oxygen partial pressures for a fixed water flow rate of 0.2 

mL/min and total pressure of 1.5 MPa are plotted in Figure 4.11. For Ar-3%H2 flow rates up to 5 

L/min, the oxygen partial pressure is several orders of magnitude below the transition to 

hematite. Therefore, a moderate flowrate of ~1 L/min was chosen for the steam experiments. 

 
Figure 4.11. Expected oxygen partial pressure of Ar-3%H2 steam gas mixture at 480 °C using a fixed water 

flow rate and variable gas flow rate and compared to various oxide regimes identified using Thermo-Calc by dashed 

lines. 

Using the gas mixture in SRIM-2013, the damage and dose rates were re-calculated in 

Figure 4.12. It is important to note that the dose rate of 8.26 kGy/s includes the Ar content of the 

gas mixture. Assuming dose is partitioned by atomic number, the combined dose rate 

experienced by water and hydrogen was 0.196 kGy/s. This value is a factor of 3000 less than 
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liquid phase radiolysis from Figure 4.7, so radiolysis of water in the gas mixture was relatively 

small. Furthermore, the residence time in the autoclave was much lower with steam, so radiolysis 

products have less opportunity to accumulate. 

 
Figure 4.12. SRIM-2013 damage and dose rate calculations through 38 µm 17-4 PH and 37 µm 316L into 

20 µm Ar-H2-steam at 480 °C at a current density of 4.12 µA/cm2 to achieve 7×10–7 dpa/s at the corrosion surface. 

4.2. Procedure 

This section details experimental procedures used for this research using the designs 

described in the previous section. Sample and backing material compositions are described 

below along with preparation procedures used for each kind of experiment. Finally, procedures 

for autoclave exposures with and without irradiation will be described. Calculations of damage 

and dose rates using SRIM 2013 as well as the recorded experimental conditions of the autoclave 

and beamline for each experiment are presented in Appendix A. 
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4.2.1. Sample Preparation 

To achieve the sample designs presented in Section 4.1.3, three separate pieces were 

needed: 316L sample disc, 316L sample bar, and 17-4 PH backing disc. 

The sample material used in this research was 316L heat 626032 with its composition 

listed in Table 4.1 with a grain size of 23 µm. This 316L material was solution annealed at 1050 

°C for 30 minutes, cold worked to 5%, and finally heat treated at 1100 °C for 10 minutes [113]. 

The 316L stock material is a 5.08 cm diameter rod. Radial slices 400 µm thick were cut by 

electric discharge machining (EDM) from which several 8 mm diameter discs were punched out. 

Similarly, 1 mm × 1 mm cross-section bars were cut from a 1 mm thick radial slice of the 316L 

stock material using EDM. These longer bars were cut into 4 mm × 1 mm × 1 mm bars using a 

low-speed diamond wafering saw. 

Table 4.1. Elemental composition of 316L heat 626032 with the received composition, the composition 

measured by X-ray fluorescence (XRF) using a wavelength-dispersive X-ray spectroscopy (WDS) detector, and the 

combination of the two previous compositions was used as the alloy composition throughout this work. 

wt. % C N O Al Si P S Ti V Cr Mn Fe Ni Cu Mo 

Received 0.028 0.08 0.003  0.59 0.01 0.01   17.6 1.78 65.5 12.0  2.39 

WDS    <0.01 0.6 0.021 <0.02 <0.009 0.032 17.4 1.77 64 11.8 0.07 2.38 

Combined 0.028 0.08 0.003  0.6 0.016 0.01  0.032 17.5 1.775 65.6 11.9 0.07 2.385 

 

The backing material was 17-4 PH with a nominal composition of 17 wt.% Cr and 4 

wt.% Ni. The 17-4 PH stock material is an 8 mm diameter rod from which ~500 µm slices were 

taken using a diamond wafering saw.  

4.2.1.1. Polishing 

Several 316L discs with 8 mm diameter were attached to a stainless steel puck using 

Pelco Crystalbond 509 Clear and ground on a polishing wheel with 240 grit SiC paper until the 

EDM contamination layer was removed from both sides. Afterwards, grinding on one face 

continued with SiC paper in stages: 240 grit, 320 grit, 400 grit, 600 grit, 800 grit, and 1200 grit. 

Following the grinding step, diamond solution polishing was completed in stages: 3 µm, 1 µm, 
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and 0.25 µm. Finally, to minimize the damage layer and surface roughness, sample discs were 

vibratory polished with 0.02 µm colloidal silica for ~20 hours. 

Similarly, 316L bars were polished using the same procedure as the discs after removing 

the EDM layer from all six faces. 

A subset of both polished 316L bars and 316L discs were implanted with helium as a 

marker layer following the procedure in Section 4.2.1.2. He implanted and non-implanted 316L 

discs were thinned following the procedure in Section 4.2.1.3. 

4.2.1.2. Helium Implantation 

Implantation with helium was completed using the 400 keV Implanter in MIBL. This 

accelerator delivers a raster-scanned 400 keV He+ beam to the stage. Ion charge implanted into 

the stage was collected and integrated to stop at the desired fluence. The implantation stage has a 

copper head with an internal heating element and two thermocouples: one on the atmosphere side 

and one fixed to the beam-facing side with a screw. Three implantations were performed for 

material in this work: two sets of 316L discs and one set of 316L bars. For each implantation, 

operating conditions were recorded and are presented in Figure 4.13, Figure 4.14, and Figure 

4.15, respectively. 

The target temperature for the implantations was 550 °C, but the measured temperatures 

ranged from 460 °C to 550 °C. The difference between front and back thermocouples varied 

greatly between the three implantations indicating inconsistent contact for both thermocouples. 

The heater power was kept as high as possible without exceeding 800 °C on the back 

thermocouple which prevented reaching 550 °C at the front thermocouple for two of the 

implantations. The temperature does not affect the implantation depth; only the size of bubbles is 
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decreased by lower implantation temperature. Therefore, these implanted specimens were used 

regardless of the achieved implantation temperature. 

Sample material was mounted on the copper implantation stage using silver paste and 

cured with a heat gun. The stage was loaded into the chamber, the chamber was evacuated, and 

the stage was heated in vacuum. Samples were implanted with helium to a fluence of 1016 

ions/cm2 within 4 hours. After implantation was complete and the stage was allowed to cool, the 

samples were removed and cleaned in methanol to remove the bulk of the silver paste. Sample 

bars had excess silver paste removed from each unpolished side with 1200 grit SiC paper before 

use. Sample discs were thinned in the next section by grinding the unpolished face thereby 

removing any residual silver paste. 
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Figure 4.13. Implantation of set #1 of 316L discs to a 400 keV He+ fluence of 1018 cm–2 at a temperature of 

552.2 °C ± 1.5 °C. 
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Figure 4.14. Implantation of set #2 of 316L discs to a 400 keV He+ fluence of 1018 cm–2 at a temperature of 

464.9 °C ± 5.4 °C. 
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Figure 4.15. Implantation of 316L bars to a 400 keV He+ fluence of 1018 cm–2 at a temperature of 493 °C ± 

13 °C. 

4.2.1.3. Thinning 

To achieve the desired thickness (~35 µm), polished 316L sample discs were thinned 

using the reverse face. Similarly, 17-4 PH backing discs were also thinned using the same 

procedure. The polished face was attached to a Gatan Disc Grinder using Crystalbond, and 

thinning was completed using SiC paper, again in stages: 240 grit, and 600 grit. Once the desired 

thickness was reached, the disc was removed from the grinder stub, thoroughly cleaned with 

acetone to remove the Crystalbond, and thickness verified with a depth gauge. 
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4.2.1.4. Mounting 

Both backing and sample discs were welded circumferentially together between a sample 

mount and a washer as shown in Figure 4.5. Sample mounts had an 8 mm diameter face for this 

purpose with a concentric 1 mm diameter beam aperture that restricts the irradiation to a circular 

region of the sample. Sample mounts and washers were polished with 600 grit SiC paper before 

welding. Sample and backing discs were sandwiched between a washer and sample mount 

concentrically and held in place with a simple jig. Sample mount assemblies were welded with 

an Orion 150s Pulse Arc Welder using a tungsten electrode and argon shielding gas around the 

circumference of the discs using 15 ms weld time with 8~10 J pulses without agitation. 

The weld between the mount and sample/backing functioned as a seal between vacuum at 

the beam aperture and the pressurized autoclave environment. Sample mounts also had sealing 

surfaces for the water/air interface and the vacuum/air interface. Control specimens were welded 

to a blank sample mount which did not have a beam aperture. 

For radiolysis isolation experiments, a 316L bar was placed on the sample surface inside 

the washer. The bar was held in place with tweezers, and a single welding pulse was used to 

attach the bar to the washer. 

After welding was completed, each sample mount was loaded into a dead leg test cell and 

pressurized to 13.8 MPa for 15 minutes to test the seal integrity. If any water leaked through the 

weld to the beam side of the mount, the weld was repeated until it passed this test. 

4.2.1.5. Cleaning 

Completed sample mounts were cleaned by ultrasound for 10 minutes each in acetone, 

methanol, and ethanol. After each mount was air dried, it was loaded into a small vacuum 

chamber and plasma cleaned with a forward power of 20 W for 15 min with an Evactron EP 



 

83 

 

Series Plasma De-Contaminator. Afterwards, the mount was loaded into the IAC cell for the 

appropriate experiment. 

4.2.2. Control Exposures 

Three exposures were completed without any irradiation to serve as control specimens for 

irradiated samples. The conditions of the control exposures are listed in Table 4.2. Two control 

experiments were conducted for 24 h and 72 h in high temperature hydrogenated water, and one 

additional experiment was conducted for 24 h in high temperature aerated water. See Figure A.1, 

Figure A.2, and Figure A.3, respectively. 

High water purity was maintained in the water loop by continuously running the 

circulation loop both during experiments and idle times. For hydrogenated water exposures, the 

inlet conductivity was under 0.052 µS/cm, whereas it was 0.27 µS/cm for the aerated exposure. 

The gas content in the water was achieved by bubbling gas through the main column. The 

overhead pressure in the column was controlled using a back pressure regulator to the gas vent, 

see Figure 4.1. Henry’s Law is used to calculate the expected dissolved hydrogen content in the 

water from the overhead pressure using Eq. 4.1. Dissolved oxygen (DO) content was directly 

measured using inlet and outlet DO sensors and was also calculated using the column overhead 

pressure in the aerated case. For the two hydrogenated control experiments, the overhead 

pressure of pure H2 was held at ~188 kPa to maintain a hydrogen content of 3 mg/kg. For the 

aerated experiment, compressed air was used as the gas, and the column pressure was kept low at 

~109 kPa for an expected DO of 10.4 mg/kg. 

Once the column was prepared for hydrogenated or aerated conditions, the sample mount 

was loaded into the autoclave with a zirconium gasket for the water/air seal. The autoclave was 

mounted onto the end of the IAC beamline in MIBL and attached to the water loop. Water was 
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run through the vessel and pressurized to the target pressure of ~13.1 MPa at a flow rate of 15 

mL/min. After 15 minutes, the water seals on the vessel, inlet, and outlet were checked for leaks, 

and the seal was reseated until no leaks were found. Afterwards, the cell was heated to the target 

temperature of 320 °C, held at temperature for the appropriate duration of 24 h or 72 h, and 

finally cooled by disabling the heat. Once the temperature dropped below 95 °C, the cell was 

depressurized, and the cell was cooled to room temperature without changing the flow rate. Once 

cool, the cell was bypassed in the water loop, and the sample mount was unloaded from the cell 

and air dried. Finally, the 316L disc (and bar, if applicable) was separated from the mount using 

a rotary cutting disc to remove the weld. 

Before going further, it is worth noting the sample nomenclature used throughout the rest 

of this document. Experimental conditions are abbreviated into a single capital letter followed by 

a number. The letter refers to the nominal water and irradiation conditions for the experiment, 

and the number is the experiment duration in hours e.g., X24. There are four letters used in this 

work: W (Water with irradiation), X (water eXcluding irradiation), A (Aerated water), and S 

(Steam with irradiation). Both W and X refer to 320 °C 13.1 MPa 3 mg/kg H2 water, but W is 

irradiated and X is not irradiated. A is 320 °C 13.1 MPa 8 mg/kg O2 water without irradiation. S 

is 480 °C 1.45 MPa, 170 g/kg H2 argon-steam with irradiation. 

Values recorded by the autoclave system are presented as a function of time for control 

sample X24 in Figure A.1. Similarly, the values for control sample X72 are presented in Figure 

A.2. For sample X72 there was a period where the autoclave control program was frozen and 

data was not recorded, which caused the gap in recorded data. The thermocontrollers and pumps 

function independently of the program, so the water flow and temperature were maintained in 

this gap. There was a small fluctuation in temperature when the control program restarted 
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because it automatically set the thermocontroller setpoint to 16 °C for a few seconds before it 

was manually reset to 320 °C. Finally, for control sample A24, the values are presented in Figure 

A.3. For A24, the inlet and outlet conductivity were very high because the system had not been 

exposed to such a high potential before. It is likely more Fe in solution caused this increase. All 

control samples’ autoclave parameters were averaged over the time at temperature and these 

values are presented in Table 4.3. 

Table 4.2. Nominal conditions of non-irradiated control exposures of 316L stainless steel in high 

temperature water. 

ID 
Duration 

(h) 

Temperature 

(°C) 

Gas content 

(mg/kg) 

Pressure 

(MPa) 
Beam 

Helium 

(1016
 cm–2) 

Radiolysis 

Bar 

A24 24 320 8 (O2) 13.1 No Yes No 

X24 24 320 3 (H2) 13.1 No Yes No 

X72 72 320 3 (H2) 13.1 No Yes No 

 
Table 4.3. Autoclave water loop conditions recorded for non-irradiated control exposures of 316L stainless 

steel in high temperature water. 

ID 
Temperature 

(°C) 

Gas content 

(mg/kg) 

Dissolved 

Oxygen 

(mg/kg) 

Pressure 

(MPa) 

Inlet Conductivity 

(µS/cm) 

Outlet 

Conductivity 

(µS/cm) 

A24 320.12 ± 0.88 10.373 ± 0.015 8.336 ± 0.036 13.33 ± 0.11 0.2705 ± 0.0052 4.87 ± 0.83 

X24 320.04 ± 0.69 3.04920 ± 0.00042 < 0.001 13.33 ± 0.11 0.051418 ± 0.000014 0.193 ± 0.037 

X72 320.0 ± 2.3 3.0460 ± 0.0014 < 0.001 13.34 ± 0.14 0.051477 ± 0.000049 0.164 ± 0.026 

 

4.2.3. Irradiation Assisted Corrosion Experiments 

4.2.3.1. PWR Primary Water Simulation 

IAC experiments require simultaneous operation of the autoclave system and ion beam 

accelerator equipment. A primary goal in the operation of these systems was minimizing the 

amount of time the sample was at the target temperature without the beam. To achieve this, the 

beam was prepared before each sample was brought to temperature, and irradiation began as 

soon as the target temperature was reached. After the full duration of the experiment, the beam 
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was blocked, and the autoclave heat was switched off simultaneously. Otherwise, the autoclave 

was operated identically to the control experiments in Section 4.2.2. 

The proton beam was prepared by MIBL staff using the equipment outlined in Section 

4.1.2. The 5.43 MeV proton beam with < 2 mm FWHM was delivered to the IAC beamline and 

raster-scanned over the stage and slits. To ensure a uniform current density on the stage, beam 

overscan on the slits was calculated by using the FWHM as the overscan distance. For example, 

a 4 mm × 4 mm area defined by the slits was overscanned to 8 mm × 8 mm, so less than one 

quarter of the total beam current was applied to the stage. Ion current passing through the slits 

was measured by a final Faraday cup periodically to ensure the correct damage rate was 

achieved. Ion current on each slit was continuously recorded and monitored throughout the 

irradiation as a measure of the total current consistency. Additionally, the vacuum pressure was 

recorded along the IAC beamline in three locations.  

Table 4.4. Nominal conditions of proton irradiated exposures of 316L stainless steel in high temperature 

hydrogenated water. 

ID 
Duration 

(h) 

Temperature 

(°C) 

Gas content 

(mg/kg) 

Pressure 

(MPa) 

Helium 

(1016
 cm–2) 

Radiolysis 

Bar 

W24-1 24 320 3 (H2) 13.1 No No 

W24-2 24 320 3 (H2) 13.1 No No 

W24-3 24 320 3 (H2) 13.1 No No 

W24-4 24 320 3 (H2) 13.1 Yes No 

W24-5 24 320 3 (H2) 13.1 No Yes 

W24-6 24 320 3 (H2) 13.1 Yes Yes 

W72-1 72 320 3 (H2) 13.1 Yes No 

W72-2 72 320 3 (H2) 13.1 Yes Yes 

 

Nominal conditions and sample geometry of each proton irradiated experiment are listed 

in Table 4.4. Recorded autoclave conditions are listed in Table 4.5. Beam conditions are listed in 

Table 4.6. Damage rates in the sample and dose rates in the water were calculated using SRIM 

2013 for the listed current densities in Table 4.6 and are plotted in Figure A.4 through Figure 

A.18. Plots of the recorded autoclave and beam conditions are presented in Figure A.5 through 
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Figure A.19. Sample W24-4 had a small gap in the beam data collection due to an error in the 

recording program, but the irradiation continued during that time. Sample W72-1 had an issue 

with the accelerator and was interrupted for ~10 h before restarting, so the sample was cooled 

during that time. Sample W72-2 had abnormally high outlet conductivity readings that were later 

determined to be caused by a contaminated filter on the outlet in the return leg, so the actual cell 

conductivity was likely low. 

Table 4.5. Autoclave water loop conditions recorded for proton irradiated exposures of 316L stainless steel 

in Table 4.4. 

ID 
Temperature 

(°C) 

Gas content 

(mg/kg) 

Dissolved 

Oxygen 

(mg/kg) 

Pressure (MPa) 
Inlet Conductivity 

(µS/cm) 

Outlet Conductivity 

(µS/cm) 

W24-1 319.99 ± 0.38 3.1257 ± 0.0010 < 0.001 13.228 ± 0.016 0.051534 ± 0.000055 0.0657 ± 0.0018 

W24-2 319.99 ± 0.35 3.1224 ± 0.0019 < 0.001 13.218 ± 0.023 0.051584 ± 0.000021 0.05919 ± 0.00082 

W24-3 319.98 ± 0.57 3.1349 ± 0.0059 < 0.001 13.281 ± 0.018 0.051383 ± 0.000022 0.0662 ± 0.0026 

W24-4 320.02 ± 0.72 3.1750 ± 0.0018 < 0.001 13.260 ± 0.011 0.051477 ± 0.000011 0.0665 ± 0.0021 

W24-5 320.02 ± 0.42 3.1803 ± 0.0068 < 0.001 13.398 ± 0.091 0.051619 ± 0.000021 0.0975 ± 0.0042 

W24-6 320.05 ± 0.70 3.0324 ± 0.0010 < 0.001 13.415 ± 0.011 0.051683 ± 0.000026 0.0625 ± 0.0016 

W72-1 320.00 ± 0.57 3.1447 ± 0.0039 < 0.001 13.356 ± 0.015 0.051517 ± 0.000027 0.0596 ± 0.0017 

W72-2 320.0 ± 3.2 3.0567 ± 0.0024 < 0.001 13.213 ± 0.017 0.051704 ± 0.000036 0.455 ± 0.033 

 
Table 4.6. Beam conditions recorded for proton irradiated exposures of 316L stainless steel in Table 4.4. 

ID 
Backing 

(µm) 

Sample 

(µm) 

Current density 

(µA/cm2) 
Damage Rate (dpa/s) 

Dose Rate 

(kGy/s) 
Slits 

W24-1 36 ± 2 42 ± 2 3.44 ± 0.25 (6.54 ± 0.48) × 10–7 622 ± 46 4 mm × 4 mm 

W24-2 42 ± 2 38 ± 2 3.44 ± 0.22 (7.18 ± 0.47) × 10–7 667 ± 44 7 mm × 4 mm 

W24-3 38 ± 2 34 ± 2 4.47 ± 0.27 (6.97 ± 0.42) × 10–7 694 ± 42 7 mm × 4 mm 

W24-4 42 ± 2 38 ± 2 3.44 ± 0.24 (7.18 ± 0.50) × 10–7 667 ± 46 7 mm × 4 mm 

W24-5 24 ± 2 50 ± 2 4.27 ± 0.12 (7.12 ± 0.20) × 10–7 694 ± 20 7 mm × 4 mm 

W24-6 51 ± 2 27 ± 2 3.63 ± 0.13 (6.88 ± 0.25) × 10–7 652 ± 24 4 mm × 4 mm 

W72-1 40 ± 2 38 ± 2 3.63 ± 0.32 (6.86 ± 0.60) × 10–7 656 ± 58 7 mm × 4 mm 

W72-2 38 ± 2 34 ± 2 4.53 ± 0.13 (7.06 ± 0.20) × 10–7 703 ± 20 4 mm × 4 mm 

 

4.2.3.2. Steam Exposure 

IAC experiments in steam were performed in a similar manner to IAC experiments in 

water, but with the autoclave system operated in steam mode.  
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The water loop was prepared identically to the earlier control and IAC hydrogenated 

water exposures. A different autoclave vessel was used with a built-in ring seal, so no gasket was 

used between the sample mount and vessel body. After plasma cleaning, a sample mount was 

loaded into the autoclave and mounted onto the beamline. A leak test was performed using 1.5 

MPa water and repeated until no leaks were observed. Afterwards, the Ar-3%H2 gas flow was 

started at a low flow rate to purge the residual water and to provide a reducing environment 

during heat-up. Once the temperature of the autoclave reached 400 °C, the gas flow rate was 

increased to 1.0 L/min, and the cell pressure was set to 1.5 MPa. Once the autoclave reached the 

target temperature, water flow was set to 0.2 mL/min into the inlet stream, and the beam was 

unblocked for the experiment duration. During the experiment, adjustments to the outlet valve 

were made to maintain the gas flow. At the end of the duration, the beam, heating, and water 

flow were stopped, but the gas flow was continued until the sample cooled. 

Table 4.7. Nominal conditions of proton irradiated exposures of 316L stainless steel in high temperature 

hydrogenated steam. 

ID 
Duration 

(h) 

Temperature 

(°C) 

Gas Content 

in Water 

Pressure 

(MPa) 

Helium 

(1016
 cm–2) 

Radiolysis 

Bar 

S24 24 480 170 g/kg H2 1.45 Yes Yes 

S72 71.3 480 170 g/kg H2 1.45 Yes Yes 

 
Table 4.8. Autoclave water loop conditions from proton irradiated exposures of 316L stainless steel in 

Table 4.7. 

ID 
Temperature 

(°C) 

Gas content 

(g/kg) 

Pressure 

(MPa) 

Inlet Conductivity 

(µS/cm) 

Gas Flow 

(L/min) 

S24 479.96 ± 0.21 179 ± 21 1.497 ± 0.016 0.051137 ± 0.000020 1.00 ± 0.12 

S72 479.96 ± 0.24 166 ± 17 1.557 ± 0.039 0.051216 ± 0.000083 0.890 ± 0.092 

 

Nominal conditions and sample geometry of both steam IAC experiments are listed in 

Table 4.7. Recorded autoclave conditions are listed in Table 4.8. Beam conditions are listed in 

Table 4.9. Damage rates in the sample and dose rates in the water were calculated using SRIM 

2013 for the listed current densities in Table 4.9 and are plotted in Figure A.20 and Figure A.22. 
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Plots of the recorded autoclave and beam conditions are presented in Figure A.21 and Figure 

A.23. Notably, the duration of S72 was only 71.3 h rather than 72 h due to a failure in the 

TORVIS negative hydrogen source, so the experiment was stopped early. 

Table 4.9. Beam conditions from proton irradiated exposures of 316L stainless steel in Table 4.7. 

ID 
Backing 

(µm) 

Sample 

(µm) 

Current Density 

(µA/cm2) 

Damage Rate 

(dpa/s) 

Dose Rate 

(kGy/s) 
Slits 

S24 46 ± 2 26 ± 2 4.52 ± 0.62 (6.89 ± 0.95) × 10–7 5.43 ± 0.74 4 mm × 4 mm 

S72 49 ± 2 28 ± 2 3.95 ± 0.43 (6.98 ± 0.77) × 10–7 5.56 ± 0.61 4 mm × 4 mm 

4.3. Characterization 

After each experiment, the sample material was separated from the sample mount. 

Sample discs (and bars where applicable) were mounted onto conductive SEM stubs with copper 

tape. Sample material was kept on these stubs for all characterization work. 

Virtually all characterization work was completed as postmortem examination of the 

sample surface. The only exception was measurement of the implanted helium bubble marker 

layer to calibrate the total oxidation measurement.  

Characterization in this work can be divided into qualitative surface characterization and 

quantitative analysis by cross-section. Surface imaging included optical microscopy for general 

examination of the outermost surface of the oxide film, Raman spectroscopy for qualitative 

phase analysis of corrosion products, and scanning electron microscopy (SEM) for general oxide 

morphology.  

As mentioned in the sample design section, there are three distinct regions on which 

separate characterization of the corrosion film was achieved by selective cross-sectioning. The 

irradiated region was defined as the region of the disc where the beam emerges into the autoclave 

environment, generating both displacement damage and radiolysis. The radiolysis region only 

existed on the bar where the beam passed over the surface of the bar. Finally, the non-irradiated 
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region was the area on the bar and the area on the disc far away from the beam path. Areas 

between the irradiated and non-irradiated regions of a sample disc are affected by diffusion and 

convection of radiolysis products, so these areas were avoided. 

4.3.1. Surface Analysis 

4.3.1.1. Optical Microscopy and Raman Spectroscopy 

Both optical microscopy and Raman spectroscopy were performed with a Renishaw 

inVia confocal Raman microscope using either 20x or 50x objective lenses. Raman spectroscopy 

was done using StreamLine™ mapping to capture the spatial differences between regions. All 

six samples in the W24 set and W72-1 were examined with Raman mapping, and all W24 

samples except W24-4 were imaged with optical microscopy.  

Optical images were taken using the motorized stage to produce a montage of 20x or 50x 

magnification images. Raman maps were taken over an area within the montage using a 532 nm 

laser and evaluated for corundum and spinel content. Spatial and phase information from the 

maps was used to determine the location and extent of radiolysis effects. 

4.3.1.2. Scanning Electron Microscopy 

Samples were imaged primarily with a Thermo Scientific Nova NanoLab and 

occasionally with a Thermo Scientific Helios 650, Thermo Scientific Helios G4 PFIB, or a 

Thermo Scientific Scios 2. Specific imaging conditions varied depending on the features being 

examined. All images were secondary electron images acquired using accelerating voltages 

between 5–15 keV. Low magnification images were used to distinguish regions on the sample, 

and higher magnification was used to examine the oxide morphology on the surface. 
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4.3.2. Cross-Section Analysis 

Analysis of the oxide film with depth was performed on cross-sections extracted from 

different regions. Cross-sections were prepared by extracting them from the sample surface using 

a focused ion beam (FIB). Oxide thickness and total oxidation measurements were taken from 

cross-sections using transmission electron microscopy (TEM), and oxide composition 

measurements were taken with energy dispersive X-ray spectroscopy (EDS). 

4.3.2.1. Cross-Sectional Sample Preparation 

Cross-sectional samples for TEM characterization were prepared across multiple 

SEM/FIB dual beam microscopes: Thermo Scientific Nova NanoLab, Thermo Scientific Helios 

650, Thermo Scientific Helios G4 PFIB, and Thermo Scientific Scios 2. All FIB systems used a 

Ga liquid metal ion source except the PFIB which used a Xe gas source. To prepare for TEM 

analysis, cross-sections were cut from the sample, attached to PELCO lift-out TEM grids (mostly 

copper but some molybdenum), and thinned using the procedure below. Note that the procedure 

is general, and alterations to the procedure were made on a case-by-case basis for the cross-

sections in this work. 

First, a site for cross-sectioning was selected from the non-irradiated, irradiated, or 

radiolysis region. Within the region, a boundary in outer oxide morphology was selected with the 

aim of extracting a grain boundary and two or more surface grain orientations. The target 

boundary was chosen as the center of the cross-section. The length of the cross-section was 

perpendicular to the boundary to yield an “edge-on” grain boundary. 

A ~500 nm layer of platinum was deposited on the selected site using the electron beam 

in a 22 µm × 2 µm rectangle. This layer serves to protect the outermost surface of the oxide from 
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the ion beam. Additional protective platinum and carbon layers were deposited using the ion 

beam to increase the total layer thickness to 2~3 µm. 

Trenches were cut on either side of the protective layers to expose the cross-section. The 

cross-section was thinned to ~1 µm in the trenching process. The cross-section was then 

undercut in a “J cut” about 3~4 µm beneath the original sample surface. A probe was welded to 

the upper corner of the cross-section using ion beam platinum. The cross-section was detached 

from the sample, and it was extracted using a nano-manipulator probe. The cross section was 

welded into the center of the groove of an “M” post on the TEM grid using ion beam platinum 

before it was cut free from the probe. 

Finally, the cross-section on the TEM grid was thinned as a ~20 µm “window” leaving 

some protective platinum/carbon on either side. The bulk of the thinning was completed using 30 

keV Ga ions in a cleaning cross-section ± 2° from parallel until the cross-section was 100~200 

nm thick. Additional thinning was completed with a 5 keV Ga ion beam, again in a cleaning 

cross-section ± 2° from parallel, to remove some FIB damage. A final cleaning step using 2 keV 

Ga ions was done as a beam shower on either side of the cross-section. 

4.3.2.2. Oxide Thickness and Total Oxidation Measurement 

The TEMs used for thickness measurements were JEOL 2010F and JEOL 2100F at the 

Michigan Center for Materials Characterization and a Thermo Scientific Tecnai F20 (TF20) at 

the Bettis Atomic Power Laboratory. For samples W24-1 and W24-2, imaging for oxide 

measurements was performed on the JEOL 2010F in conventional TEM mode using bright field. 

All other samples were imaged using either the 2100F or TF20 with scanning TEM (STEM) 

using a high angle annular dark field (HAADF) mode. The imaging magnification was 100000× 

on the 2100F and 79000× on the TF20 to capture the oxide film and the implanted bubble layer 
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in the same images where applicable.  For both microscope/magnification pairs, the pixel size 

was between 0.65~0.70 nm/px, and the image resolution was 2048 × 2048. The same 

magnifications were used regardless of the presence of bubbles for consistency. 

Each cross-section was imaged along the full length of the window in about 20 images. A 

montage was created for each cross-section from these images to ensure no area was double 

counted. Both the inner oxide and the implanted helium bubble layer are fully in the frame of the 

montage, so both inner oxide thickness and total oxidation measurements were performed on 

these montages. 

For clarity it is necessary to define the terms inner oxide thickness, total oxidation, and 

dissolution. Inner oxide thickness is the total thickness of oxide between the metal and either the 

outer oxide or the surface when there is no outer oxide. Total oxidation is the thickness of metal 

that has been oxidized. Dissolution is the loss of inner oxide thickness to any process which is 

generally assumed to be dissolution; however, conversion into outer oxide or spallation would 

fall into this definition. Due to the inward growing nature of the inner oxide, the thickness of 

inner oxide is equal to the total oxidation measurement because it occupies the same volume that 

used to contain metal. Therefore, dissolution is a derived quantity that is the difference between 

the inner oxide thickness and total oxidation, see Eq. 4.4. 

Each layer thickness was determined by measuring the distance between the upper and 

lower bounds of the layer in each column of pixels as visualized in Figure 4.16. For the inner 

oxide, the lower bound is the metal / oxide interface, and the upper bound is either the inner / 

outer oxide interface or the exposed surface of the inner oxide. For total oxidation, the lower 

bound is also the metal / oxide interface, but the upper bound is the original metal surface. 

Except for the original metal surface, each boundary was determined from the contrast difference 
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between the layers on either side. The original metal surface is a fixed distance from the helium 

bubble layer depth; the determination of which is described below and shown in Figure 4.16a. 

Finally, inner oxide dissolution is derived by subtracting the inner oxide thickness from total 

oxidation as exemplified in Figure 4.17. 

 
(a) 

 
(b)                                                                           (c) 

Figure 4.16. Schematic showing how the surfaces are identified to measure the inner oxide thickness and 

total oxidation. 

Helium bubbles from hot implantation form a diffuse layer, so measuring a single value 

of the layer’s depth is not straightforward. Identification of bubbles was performed using ImageJ 

by first running each image through a bandpass filter, binarizing the image, and then using the 

“analyze particles” function. This yields the depth and area of each bubble, and the depth 
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distribution is roughly a Gaussian skewed towards the surface. The mean of a Gaussian fit of this 

distribution was used as the depth of the layer. Bubble distribution fitting was repeated for each 

image, and the output is a coordinate point on each image in the montage. These points were fit 

to a 2nd order polynomial to generate a continuous bubble layer depth across the montage. This 

process was first completed on helium implanted material before exposure to calibrate this 

measurement of average depth of the bubble layer relative to the original metal surface. Finally, 

the bubble layer depth is offset by the calibration measurement to yield the original metal surface 

line across the entire cross-section montage. 

 
Figure 4.17. Example showing the respective measurement of inner oxide thickness, total oxidation, and 

inner oxide dissolution. 

Using the original metal surface and boundaries defined earlier, the inner oxide thickness 

and total oxidation are measured in each column of pixels across the montage. Additionally, the 

dissolution is calculated by subtracting the two measurements in each column of pixels. From 

this data set, the overall mean and standard deviation are calculated for each cross-section and 

for each region of all samples. Furthermore, histograms of inner oxide thickness, total oxidation, 

and dissolution are generated for each sample region and presented. 
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Error measurements for inner oxide thickness, total oxidation, and dissolution are made 

with modified versions of the measurement techniques themselves. For both inner oxide 

thickness and total oxidation, the primary source of error is the degree to which the metal/oxide 

interface is edge-on with the finite thickness of the cross-section from which they were 

measured.  Total oxidation also includes a calibration error that is described below. The primary 

error for both inner oxide thickness and total oxidation is ambiguous regions that contain both 

metal and oxide through the thickness of the cross-section. To quantify this error, a second 

“metal/oxide interface” was identified, capturing all ambiguous areas, and the measurement was 

repeated to gain a “maximum” measurement. The difference between the averages of these 

datasets yields the error value, and the same is true for subset of those datasets. The inner/outer 

oxide interface was not treated in the same way because the cross-sections are taken such that 

this interface is edge-on throughout the thickness. 

Error measurement for dissolution consists of two components: calibration error and total 

oxidation relative error. The metal/oxide interface is not used in the calculation of dissolution, so 

the edge-on error is not directly applicable to this measurement. Calibration error is simply the 

standard deviation of the difference between the actual metal surface and the reconstructed metal 

surface for the calibration cross-sections; the value of this is 11.4 nm. The error of the total 

oxidation measurement relative to the dissolution measurement is included to capture any high 

percentage errors between the reconstructed original metal surface and the new metal surface. 

Multicomponent errors (e.g., total oxidation and dissolution) were combined using a root sum 

square as is standard for addition and subtraction error propagation. Examples of inner oxide 

thickness, total oxidation, and dissolution error calculations are provided in Appendix B. 
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4.3.2.3. Oxide Composition Measurement 

Oxide composition was measured using STEM-EDS on a JEOL 2100F and a Thermo 

Scientific F200X G2 Talos at the Michigan Center for Materials Characterization and a Thermo 

Scientific TF20 at the Bettis Atomic Power Laboratory. Each EDS scan included some part of 

metal significantly below the metal / oxide interface to serve as the standard composition. 

Quantitative EDS data in atomic percentage was calculated using the Cliff-Lorimer method [118] 

with K-factors from the standard ROI of the scan assuming the composition in Table 4.1. 

Because oxygen is a trace impurity in the material composition and has low EDS emission, only 

the major metal elements (Fe, Cr, and Ni) were quantified in EDS. The oxygen signal is still 

presented as net counts for differentiating oxides from the metal phase. Like oxygen, the net 

platinum signal is presented to identify the outer edge of the oxide. EDS data are presented as 

either linescans or maps along with the associated STEM HAADF image of the scanned area. 

Error calculations for EDS measurements were taken to be the combination of error from 

the calculation of the Cliff-Lorimer K-factor and the net counts for each relevant element. For 

net counts, the error is taken to be simply the square root of the number of counts. For the K-

factor error, the ROI taken to be the standard was consolidated into an effective single point, and 

the relative variance of each K-factor is the sum of the relative variance for Fe and the quantified 

element. For each data point, the relative variance is the sum of relative variance for the Fe and 

the quantified element for that point itself, combined with the relative variance of the K-factor. 

The final error is the calculated atomic percentage multiplied by the square root of the sum of all 

the listed relative variances, repeated multiple times where necessary. An example of error 

calculations is provided in Appendix B. 
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4.4. Thermodynamic Modeling 

Thermo-Calc was used to calculate equilibria of the stainless steel corrosion system along 

the continuum of oxygen activity. Both water and steam conditions were modelled to cover the 

environments achieved in this work. The range of oxygen activity covers hydrogenated, aerated, 

and radiolyzed water and steam. The water condition is 320 °C and 13.1 MPa, and the steam-

argon environment is 480 °C and 1.5 MPa. 

Thermo-Calc software was used with the Thermo-Calc software steel and FE-alloys 

(TCFE) database to calculate equilibria in a simplified system containing only Fe, Cr, Ni, and O. 

The original mole fractions of Fe, Cr, and Ni in the alloy were renormalized to make a pseudo-

model alloy for the purposes of these calculations. The system was defined with a constant 3 

moles of metal and the amount of O was stepped from 0 mol to 5 mol in 0.05 mol increments or 

finer. The number of moles was chosen for convenience with spinel stoichiometry (3 mol metal 

and 4 mol oxygen), but the amount is arbitrary because all results are intrinsic properties. Results 

of the modeling are presented in Chapter 5. 

Thermo-Calc is software that calculates thermodynamic equilibria using the CALPHAD 

(CALculation of PHAse Diagrams) method. This method can be summarized as a Gibbs free 

energy minimization numerical solver that uses databases for interaction parameters between 

elements for different phases. As such, the use of CALPHAD to calculate equilibria for an alloy 

under different environmental conditions merely requires the contents of the alloy and the 

conditions as listed in Table 4.10. Many of the results from this modeling can be compared 

against Kurepin et al. [47] which used a similar Gibbs free energy minimization approach on the 

Fe-Cr-Ni-O system. While the results of Kurepin et al. show a variety of results which can be 
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compared to the modeling in this work, the modeling done here uses the more specific 

composition and environment (320 °C instead of 290 °C) relevant to this work. 

Table 4.10. Parameters used for Thermo-Calc single axis equilibrium calculations. 

 Water Steam 

Temperature (K) 593 753 

Pressure (bar) 131 14.8 

Fe (mol) 2.0508 

Cr (mol) 0.5918 

Ni (mol) 0.3574 

Initial ln 𝑎O2
 -80 

 

There are three main drawbacks to consider for the application of a CALPHAD method. 

First, as the CALPHAD method solves for thermodynamic equilibria, it is not easily suited to 

account for metastable phases without some kinetic information. While Thermo-Calc does have 

kinetic modeling in DICTRA, this module was not used in this work. Second, the database limits 

the scope to the elements, phases, and parameters contained within the database. However, the 

Fe-Cr-Ni ternary system and their oxides are well-characterized materials for most properties. 

One notable exception is the lack of data on anion vacancy concentration in Fe-Cr-Ni spinels. 

Third, there is no spatial information contained in the equilibrium calculations. The depth at 

which oxides form on the alloy surface will be determined later in this work by combining the 

equilibrium datasets with kinetic information and a wholistic description of the corrosion system. 
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Chapter 5  

Results 

This chapter presents the characterization results of the oxide film formed in the 

experiments detailed in Chapter 4. Results are collected in three sections distinguished by the 

corrosion and radiation environments of the experiments as detailed in Table 5.1. Section 5.1 

includes only control experiments wherein the sample material was not exposed to radiation. 

Section 5.2 includes all proton irradiation experiments in 320 °C hydrogenated water. Section 

5.3 includes all proton irradiation experiments in 480 °C hydrogenated argon-steam. 

The characterization techniques used to obtain the results are described in Section 4.3. 

Results are divided into subsections based on the perspective of the characterization: plan-view 

surface analysis or cross-sectional analysis. Generally, surface characterization provides only 

qualitative information about the oxide film, whereas results from cross-sectional 

characterization are more often quantitative. 

Table 5.1. List of nominal conditions of all corrosion (and irradiation) experiments performed on 316L. 

ID Duration (h) 
Temperature 

(°C) 

Gas Content 

in Water 

Pressure 

(MPa) 
Beam 

Helium 

(1016
 cm–2) 

Radiolysis 

Bar 

A24 24 320 8 mg/kg O2 13.1 No Yes No 

X24 24 320 3 mg/kg H2 13.1 No Yes No 

X72 72 320 3 mg/kg H2 13.1 No Yes No 

W24-1 24 320 3 mg/kg H2 13.1 Yes No No 

W24-2 24 320 3 mg/kg H2 13.1 Yes No No 

W24-3 24 320 3 mg/kg H2 13.1 Yes No No 

W24-4 24 320 3 mg/kg H2 13.1 Yes Yes No 

W24-5 24 320 3 mg/kg H2 13.1 Yes No Yes 

W24-6 24 320 3 mg/kg H2 13.1 Yes Yes Yes 

W72-1 72 320 3 mg/kg H2 13.1 Yes Yes No 

W72-2 72 320 3 mg/kg H2 13.1 Yes Yes Yes 

S24 24 480 170 g/kg H2 1.45 Yes Yes Yes 
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S72 71.3 480 170 g/kg H2 1.45 Yes Yes Yes 

 

 

5.1. Non-irradiated corrosion experiments 

Results from characterization of 316L sample material exposed to 320 °C water without 

irradiation are presented in this section. Because there was no irradiated region on these samples, 

surface analysis was not performed. 

5.1.1. PWR Control exposures – X24 and X72 

Control experiments X24 and X72 were helium implanted 316L discs exposed to 320 °C 

hydrogenated water for 24 h and 72 h, respectively.  

5.1.1.1. Inner Oxide Thickness and Total Oxidation 

Both inner oxide thickness and total oxidation were measured from cross-sections in 

HAADF-STEM imaging. Image montages of example cross-sections are presented in Figure 5.1 

for X24 and Figure 5.2 for X72. Inner oxide measurement and the reconstructed original metal 

surface for these same cross-sections are presented in Figure 5.3 for X24 and Figure 5.4 for X72. 

Each pixel column of each inner oxide thickness and total oxidation measurements were taken as 

individual measurements and collected across all cross-sectional samples in Figure 5.5 for X24 

and Figure 5.6 for X72. Both histograms for X24 show only one clear mode of corrosion, 

whereas X72 has two modes of corrosion: mode 1 at very shallow depths, mode 2 at a depth 

greater than the single mode of X24. Both modes of oxidation can be seen in Figure 5.4 where 

the inner oxide is mostly in the range of 200~500 nm thick or is <50 nm thick. The arithmetic 

mean and standard error of inner oxide thickness and total oxidation for X24 and X72 are 

presented in Table 5.2. The case of X72 is used as an example for the calculation of error in 

Appendix B. Additionally, the two modes of corrosion are separated by a simple threshold and 
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the same statistics are presented for X72, whereas X24 is clearly lacking mode 1 corrosion. It is 

important to note that the dissolution for both datasets are within error of zero. 

It is useful to explain why total oxidation and dissolution measurements may be negative 

where inner oxide thickness measurements are always positive. Measurements of the inner oxide 

thickness are entirely manual, so it is impossible to find a negative measurement of thickness. 

Total oxidation and dissolution measurements both use the reconstructed original metal surface 

(derived from the helium bubble layer) which results in a static random error in both 

measurements. Barring any systematic error in the original metal surface reconstruction, the 

mean of the measurement will still be an accurate estimator of the true value because they are 

calibrated to the actual depth of the bubble layer before exposure. For these control 

experiments—X24 and X72—the dissolution mean is within error of zero meaning that the true 

dissolution is either very small or zero. If one were to exclude the negative measurements of 

dissolution, then the mean would erroneously imply a significant positive dissolution where there 

is little to none. 

 
Figure 5.1. TEM micrograph collage showing a cross-section of the oxidized surface from control 

experiment X24. 

 
Figure 5.2. TEM micrograph collage showing a cross-section of the oxidized surface from control 

experiment X72. 

Table 5.2. Mean values of inner oxide thickness and total oxidation measurements from non-irradiated 

control experiments in 320 °C hydrogenated and aerated water split into lower and upper modes of corrosion and 

combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 
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X24 Non-irradiated 155 ± 15 164 ± 15 7 ± 11 0   –    –    100 155 ± 15 164 ± 15 

X72 Non-irradiated 179 ± 18 183 ± 21 5 ± 11 18 20.7 ± 5.4 32 ± 13 82 213 ± 17 216 ± 20 

 

 
Figure 5.3. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from control experiment X24. 
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Figure 5.4. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from control experiment X72. 
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Figure 5.5. Histogram of inner oxide thickness and total oxidation measurements on specimen X24.  

 
Figure 5.6. Histogram of inner oxide thickness and total oxidation measurements on specimen X72. 
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5.1.1.2. STEM-EDS 

Composition profiles of the inner oxide are presented in Figure 5.7 from control 

experiment X72. One point from the EDS profile is taken as an example of error calculation in 

Appendix B. Both STEM-EDS scans were taken from the same cross-section and only a few 

hundred nanometers apart. However, the chromium profile is significantly different between the 

two scans. The more porous inner oxide has a Cr content of ~60 at.% of metal atoms, whereas 

the denser oxide has a Cr content of ~40 at.% of metal atoms. 

 

 
Figure 5.7. STEM-EDS linescans though the oxide and associated micrograph from the control experiment 

X72. 
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5.1.2. Aerated exposure – A24 

The final control sample A24 was exposed to the same nominal conditions as X24, but 

the water contained 8 mg/kg O2 instead of 3 mg/kg H2. 

5.1.2.1. SEM surface characterization 

Surface micrographs from A24 are shown in Figure 5.8. The surface is covered in a 

uniform distribution of small outer oxide particles with sizes less than 500 nm. Two kinds of 

outer oxide particles are visible: polyhedral crystallites which appear darker, and the brighter 

equiaxed oxide particles. 

 
Figure 5.8. SEM micrographs from the oxidized surface of control experiment A24. 

5.1.2.2. Oxide Thickness and Total Oxidation 

Like the other control specimens, inner oxide thickness and total oxidation measurements 

for A24 were taken from collaged HAADF-STEM micrographs as exemplified in Figure 5.9 and 

tabulated in Table 5.3. The inner oxide is highlighted in Figure 5.10, and the reconstructed 

original metal surface is overlaid to demonstrate the spatial arrangement of the measurements. 

Histograms of both measurements are presented in Figure 5.11 showing a similar profile between 

both with some additional spread in the total oxidation. 
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Figure 5.9. TEM micrograph collage showing a cross-section of the oxidized surface from control 

experiment A24. 

 
Figure 5.10. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from control experiment A24. 
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Figure 5.11. Histogram of inner oxide thickness and total oxidation measurements on specimen A24. 

Table 5.3. Mean values of inner oxide thickness and total oxidation measurements from non-irradiated 

control experiments in 320 °C hydrogenated and aerated water split into mode 1, mode 2 corrosion, and combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

X24 Non-irradiated 155 ± 15 164 ± 15 7 ± 11 0   –     –   100 155 ± 15 164 ± 15 

X72 Non-irradiated 179 ± 18 183 ± 21 5 ± 11 18 20.7 ± 5.4 32 ± 13 82 213 ± 17 216 ± 20 

A24 Non-irradiated 11.0 ± 4.0 9 ± 12 -2 ± 11 –   –     –   –   –     –   

5.1.2.3. STEM-EDS 

One composition profile of the oxide is presented in Figure 5.12 from control experiment 

A24. Within the very thin inner oxide region there is a peak in the Cr content. 
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Figure 5.12. STEM-EDS linescans though the oxide and associated micrograph from the control 

experiment A24. 

5.2. Water irradiation corrosion 

The results presented in this section are from corrosion experiments on 316L 

simultaneously irradiated with a proton beam. For all irradiation corrosion experiments, the 

nominal damage rate at the corrosion surface was 7 × 10–7 dpa/s, and the durations were either 24 

h or 72 h. The results from experiments in a 320 °C hydrogenated water environment will be 

presented in this section. The results from experiments in a 480 °C hydrogenated argon-steam 

environment will be presented in Section 5.3. 

Two sets of experiments in a water environment are presented in this section: W24 

consists of six experiments with a 24 h duration, and W72 consists of two experiments with a 72 

h duration, see Table 5.1. Only W24-4 and W24-6 were helium implanted within the W24 set, so 

only inner oxide thickness measurements were taken from the other four experiments. 

Furthermore, only W24-5, W24-6, and W72-2 had a bar for radiolysis isolation, so all radiolysis 

region measurements in this section are from these three experiments. 
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5.2.1. Optical, Raman, SEM surface characterization 

Because there are distinct regions on irradiated sample surfaces, surface analysis was 

used to gather qualitative information about the oxides formed within each region. Optical 

microscopy provides an indication of outer oxide coverage and some information about changing 

oxide thickness from thin film interference visible as color changes. Raman spectra included 

signals for spinel oxides in all areas of all analyzed samples, so only the Raman signal for 

hematite was extracted and mapped for each experiment. 

For experiment W24-1, the optical micrograph and the Raman hematite map from the 

same area is presented in Figure 5.13. Significant coloration is observed in the circular area of 

the irradiated region with thin film interference patterns to the left, indicating the direction of 

radiolysis product flow. The bright areas in the Raman map show the partial presence of hematite 

in the oxide within the irradiated region in addition to some spurious signal well into the non-

irradiated region on the right side of the map. Partially spalled oxides were present in the non-

irradiated region of W24-1, and so the laser from the Raman microscope burned away the oxides 

and partially oxidized pre-existing magnetite into hematite. Therefore, hematite was only 

observed in the native oxide within the irradiated region. 
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Figure 5.13. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized surface from experiment W24-1. 

For experiment W24-2, the optical micrograph and the Raman hematite map from the 

same area are presented in Figure 5.14. The irradiated region is captured in the lower righthand 

portion of the image and is partially cut off on the bottom. Most of the image consists of the 

radiolysis flow region with a small region at the top righthand corner as non-irradiated. Most of 

the irradiated and non-irradiated regions are blackened from the outer oxide particles, but some 

reddish coloration can be seen throughout the irradiated region and in the center of the radiolysis 

flow region. Some grain contrast is visible in the very top righthand corner, which is the non-

irradiated region. The hematite map shows these regions even more distinctly. Both the 

irradiated region and the radiolysis region show a relatively uniform hematite signal throughout; 

however, at the fringes of these combined regions, a stronger hematite signal is present. 

Comparing the optical and Raman images, radiolysis effects extend beyond the hematite signal 
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which appears as a greyish color between the edge of the hematite containing area and the area 

with visible grain contrast. 

 
Figure 5.14. Optical micrograph (above), Raman hematite map (lower left), and region schematic (lower 

right) of the oxidized surface from experiment W24-2. 

For experiment W24-3, the optical micrograph and the Raman hematite map from the 

same area are presented in Figure 5.15. Here, the optical image captures most of the exposed 

area including the circular irradiated region in the center, the radiolysis flow region in the top 

half, and the crescent-shaped non-irradiated region. Thin film interference is very clearly visible 

here in the irradiated and radiolysis flow regions as the blue, yellow, and red coloration. Grain 

contrast is clearly visible in the irradiated and non-irradiated regions, but it is almost entirely 
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invisible in the radiolysis flow region. Like W24-2, the sheath surrounding the combined 

irradiated and radiolysis flow regions shifts from a darker color near the irradiated region to a 

greyish color before dissipating into the grain contrast of the non-irradiated region. The Raman 

map of hematite for this sample has a low signal to noise ratio, so only the sheath of the 

irradiated and radiolysis flow regions is visible. 

 
Figure 5.15. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized surface from experiment W24-3. 

For experiment W24-4, the optical micrograph and the Raman hematite map from the 

same area are presented in Figure 5.16. The optical image is largely out of focus because of 

sample curling, so there is a line of focus extending from the top left to the center bottom of the 

image. General observations are comparable to W24-3. Thin film interference coloration is 
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visible in the irradiated and radiolysis flow regions. Grain contrast is present in all regions except 

for the sheath which appears thinner than in W24-3. The Raman hematite map has a clear artifact 

of the focusing wherein the hematite signal is much stronger in-focus. Ignoring this artifact, the 

hematite signal appears uniform within the irradiated and radiolysis regions, whereas the sheath 

is relatively higher intensity despite the contrast being washed out from the focusing artifact. 

This hematite signal closely resembles the results from W24-2. 

 
Figure 5.16. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized surface from experiment W24-4. 

For experiment W24-5, the disc optical micrograph and the Raman hematite map from 

the same area are presented in Figure 5.17, and the bar micrograph and Raman map are presented 

in Figure 5.18. The optical image of the disc clearly shows some response of the oxide film from 

the bar that eclipsed the beam aperture in W24-5. Underneath the bar, the oxide appears a lighter 

grey than the surrounding darker oxide within the non-irradiated region, and the circular 
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irradiated region has distinct oxide coloration under the bar (lower left) and not under the bar 

(upper right). The radiolysis flow region is less apparent in this sample than the previous three 

but can be identified by the reddish color of thin film interference above the irradiated region. 

The flow was likely impacted by the presence of the bar, so the size of the flow region is 

diminished beyond being cut in half by the bar. The optical image of the bar shows a clear 

radiolysis region with vibrant thin film interference colors, the width of which is ~1 mm 

corresponding to the beam aperture diameter. However, there is a burr on the bottom of the bar 

that partially blocked the radiolysis region on the center left side creating a curved thin film 

interference pattern that was anomalous. The flow region on the bar appears dark with 

suppressed grain contrast and extends to the right while gradually growing taller. The non-

irradiated region of the bar displayed clear grain contrast that was largely suppressed in the 

radiolysis region. The Raman hematite map on the disc showed a strong hematite signal within 

the irradiated region, and a weaker signal from the flow region. Within both, underneath the bar 

the signal was slightly suppressed leaving a clear outline of the prior location of the bar. The 

sheath was not clearly present on this disc, but the hematite signal was still very strong at the 

edge of the irradiated region opposite the flow region. The Raman hematite map for the bar 

shows a clear hematite signal like W24-2. The burr suppressed the hematite signal in the local 

area, but the rightmost portion of the radiolysis region shows some hematite signal, and a slightly 

stronger signal is visible throughout the flow region. A sheath surrounding the combined 

radiolysis and flow regions has the strongest hematite signal. 
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Figure 5.17. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized disc surface from experiment W24-5. 

 
Figure 5.18. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized bar surface from experiment W24-5. 

For experiment W24-6, the optical micrograph of the disc and the Raman hematite map 

from the same area are presented in Figure 5.19, and the micrograph of the bar along with the 

Raman map are presented in Figure 5.20. The optical image of the disc shows a clear outline of 

the bar, like W24-5, where one edge of the bar draws a sharp line tangential to the circular 

irradiated region, and the other edge is a diffuse line approximately through the center of the 
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irradiated region. Grain contrast is visible in all areas except the irradiated region underneath the 

bar where thin film interference coloring is strongly reddish. The flow region is not clearly 

visible except underneath the bar on the left side of the image as a stronger bluish color. The 

Raman map of hematite for the disc shows very little due to a poor signal to noise ratio. The 

optical image of the bar shows a very clear radiolysis region and a flow region to the right, like 

W24-5, with thin film interference coloring within and near the radiolysis region. Grain contrast 

is visible in the non-irradiated region, and significant spalling can be observed in the non-

irradiated region. The Raman map of hematite for the bar shows a barely visible outline of the 

radiolysis region and spurious signals in the non-irradiated region from spalling oxides as 

observed in W24-1. 

 
Figure 5.19. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized disc surface from experiment W24-6. 



 

119 

 

 
Figure 5.20. Optical micrograph (left), Raman hematite map (upper right), and region schematic (lower 

right) of the oxidized bar surface from experiment W24-6. 

SEM micrographs comparing the different regions from the W24 experiments are 

presented in Figure 5.21. The non-irradiated region has exclusively polyhedral crystallites, some 

of which have agglomerated into continuous coverage. Elsewhere, the inner oxide is exposed, 

and some contrast can be observed wherein the lighter oxide is thinner than the darker oxide. The 

distribution of outer oxides is consistent over a single grain, and grain contrast can be observed 

by comparing the areal density of outer oxide coverage and the orientation of the crystallites. The 

irradiated region shows two types of outer oxide with complete coverage of the inner oxide. The 

oxides are either darker polyhedral crystallites or equiaxed lighter particles, much like A24 in 

Figure 5.8. The outer oxide distribution tends to change very little, if at all, between grains, 

however the orientation of the polyhedral crystallites is still dependent on the underlying grain. 

The radiolysis region shows a uniform outer oxide distribution along the horizontal direction, but 

continuously changing in size in the vertical direction corresponding to the direction of the 

proton beam. A band of a higher volume of outer oxide particles irregular in shape can be 

observed in both SEM and the optical image of W24-6 (Figure 5.20). 
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Figure 5.21. SEM micrographs showing the oxidized surface from the W24 experiment set. The upper pair 

is from the non-irradiated region of W24-3 and W24-4; the middle pair is from the radiolysis region of W24-6; and 

the lower pair is from the irradiated region of W24-4. 
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A Raman map of the hematite signal for W72-1 is presented in Figure 5.22. 

Unfortunately, an optical image could not be saved due to a file size issue with the software. The 

hematite signal is largely uniform within the irradiated region, and there is a small visible flow 

region directly below the irradiated region. The rim of the irradiated region shows a stronger 

signal, much like the sheath in W24-2, while the general size of the regions is comparable to 

W24-1. Optical microscopy and Raman mapping were not performed on W72-2. 

 
Figure 5.22. Raman hematite map (left) and region schematic (right) of the oxidized surface from 

experiment W72-1. 

SEM imaging on W72-2 is presented in Figure 5.23 for all three regions. Grain contrast is 

clearer in the W72 experiments than in the W24 experiments for the non-irradiated region. Some 

of the polyhedral crystallites have become more irregular, but still faceted, and the agglomerated 

particles are more continuously fused than in W24 experiments. The irradiated region shows 

some grain contrast from the orientation of the crystallites. The coverage is virtually total, and 

the shape of the crystallites are all irregular but mostly still faceted. The radiolysis region here 

has the proton beam direction horizontal with the edge of the bar on the left side of the image. 

The oxides appear more uniform in both directions except directly adjacent to the edge of the 
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bar. The outer oxides are a mix of irregular faceted crystallites, much like the irradiated region, 

in addition to brighter rod or plate shaped outer oxide particles. Furthermore, the gaps between 

the larger particles are filled with a very fine coverage of small particles with indistinct shape.  
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Figure 5.23. SEM micrographs showing the oxidized surface from W72-2. The upper pair is from the non-

irradiated region; the middle pair is from the radiolysis region; and the lower pair is from the irradiated region. 
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5.2.2. Oxide thickness, total oxidation, and STEM-EDS 

Following the same procedure as the control experiments, both inner oxide thickness and 

total oxidation were measured from cross-sections in HAADF-STEM imaging. Image montages 

of example cross-sections from all three regions are presented in Figure 5.24 for W24 

experiments and in Figure 5.25 for W72 experiments. The characterization of these experiments 

is divided into subsections for each region characterized. 

 
Figure 5.24. TEM micrograph collages showing cross-sections of the oxidized surface from the W24 

experiment set. The upper collage is from the non-irradiated region of W24-4; the middle collage is from the 

radiolysis region of W24-6; and the lower collage is from the irradiated region of W24-4. 

 
Figure 5.25. TEM micrograph collages showing cross-sections of the oxidized surface from the W72 

experiment set. The upper collage is from the non-irradiated region of W72-1; the middle collage is from the 

radiolysis region of W72-2; and the lower collage is from the irradiated region of W72-1. 

5.2.2.1. Non-irradiated region 

Representations of the inner oxide measurements and the reconstructed original metal 

surfaces from cross-sections of the non-irradiated regions of W24-4 and W72-1 are presented in 

Figure 5.26 and Figure 5.27 respectively. Measurements of inner oxide thickness on specimens 

without helium-implantation (W24-2 and W24-3) are plotted as a histogram in Figure 5.28. The 

measurements were collected across all cross-sectional samples from the non-irradiated regions. 

They are plotted as a histogram in Figure 5.29 for helium-implanted W24-4 and W24-6, and in 
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Figure 5.30 for the two W72 samples (both helium-implanted). The strong mode 1 peak in W24-

2 and W24-3 in Figure 5.28 is in contrast with both the W24-4 and W24-6 histogram in Figure 

5.29 and the histogram from X24 in Figure 5.5 wherein the low corrosion rate mode is very 

weak, but the higher mode represents most of the data. The match in the total oxidation between 

the non-irradiated region and the control is very good. Results from X72 in Figure 5.6 and W72 

match more closely, although the lower mode is slightly weaker in W72 than in X72. The 

arithmetic mean and standard error of these measurements are presented in Table 5.4 along with 

the separation of the two modes. Comparing inner oxide thickness and total oxidation for the 

non-irradiated regions of W24-4 and W24-6, there is general agreement. Comparing inner oxide 

thickness between the helium implanted tests (W24-4 and W24-6) and not implanted tests (W24-

2 and W24-3), the mode 1 peak is much weaker in the helium implanted experiments, but the 

location of each mode is similar. When all the W24 experiments are aggregated together, the 

total mean inner oxide thickness is significantly reduced from the overrepresentation of mode 1 

in W24-2 and W24-3. The difference in the total averages is an artifact of the differing datasets 

rather than a measure of significant dissolution of the inner oxide. Instances of negative 

dissolution are not truly “negative dissolution” or some sort of precipitation; rather, negative 

values for dissolution are the result of intrinsic measurement error. The negative dissolution is 

important to keep in place because when the true value of dissolution is near zero, the negative 

values in the normal distribution contribute to the accuracy of the mean estimator. Without 

including the negative dissolution values, the overall average dissolution would have significant 

bias toward positive values and lead to erroneous conclusions. The aggregated W72 data is 

slightly higher than W24, as expected for a longer duration, and the inner oxide compared with 

total oxidation shows no significant difference. 
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Figure 5.26. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the non-irradiated region of experiment W24-4. 
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Figure 5.27. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the non-irradiated region of experiment W72-1. 
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Figure 5.28. Histogram of inner oxide thickness measurements from the non-irradiated regions of the W24-

2 and W24-3 experiments. 

 
Figure 5.29. Histogram of inner oxide thickness and total oxidation measurements from the non-irradiated 

regions of the W24-4 and W24-6 experiments taken together. 
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Figure 5.30. Histogram of inner oxide thickness and total oxidation measurements from the non-irradiated 

regions of the W72-1 and W72-2 experiments taken together. 

Table 5.4. Mean values of inner oxide thickness and total oxidation measurements from the non-irradiated 

regions of 24 h and 72 h experiments in 320 °C water split into mode 1 corrosion, mode 2 corrosion, and combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

W24 Non-irradiated 83 ± 12 174 ± 19 -5 ± 11 67 21.4 ± 6.3 26 ± 12 33 206.2 ± 8.5 227 ± 17 

W72 Non-irradiated 223 ± 17 208 ± 20 -15 ± 11 4 41.1 ± 4.2 52 ± 12 96 231 ± 15 217 ± 18 

 

5.2.2.2. Radiolysis region 

TEM micrographs showing the inner oxide measurement and the reconstructed original 

metal surface in cross-sections of the radiolysis region are presented in Figure 5.31 for W24-6 

and in Figure 5.32 for W72-2. No evidence of inner oxide dissolution can be seen in the W24-6 

example, but dissolution is clearly visible in W72. A histogram of inner oxide thickness in the 

radiolysis region of the bar specimen without helium implantation (W24-5) is in Figure 5.33. The 

measurements were collected across all cross-sectional samples from the radiolysis region and 
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plotted as a histogram in Figure 5.34 for W24-6 and in Figure 5.35 for W72-2. W24-5 has a 

sharp peak for mode 1 corrosion in the inner oxide thickness and a broader mode 2, whereas 

W24-6 shows only a strong mode 2 peak in both inner oxide thickness and total oxidation. The 

corrosion modality is indistinct for W72 in either histogram, there is only one broad peak that is 

skewed towards lower inner oxide thickness, but there are two separate modes in the total 

oxidation. The divergence between the inner oxide thickness and total oxidation histogram 

shapes is due to the significant positive dissolution measurement which collapses the inner oxide 

thickness measurements into a single peak; therefore, the measurements were not separated by 

modes. The range in the total oxidation of W24 and the higher thickness peak relative to the 

inner oxide thickness implies dissolution. The statistics for the radiolysis region are also 

presented in Table 5.4. The inner oxide thickness and total oxidation are not different within 

error for W24, and the dissolution is within error of zero. For W72 the inner oxide dissolution is 

significant. The radiolysis region has much lower values for both inner oxide thickness and total 

oxidation than the non-irradiated region in the overall average and the second mode average.  
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Figure 5.31. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the radiolysis region of experiment W24-6. 
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Figure 5.32. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the radiolysis region of experiment W72-2. 
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Figure 5.33. Histogram of inner oxide thickness measurements from the radiolysis region of the W24-5 

experiment. 

 
Figure 5.34. Histogram of inner oxide thickness and total oxidation measurements from the radiolysis 

region of the W24-6 experiment. 



 

134 

 

 
Figure 5.35. Histogram of inner oxide thickness and total oxidation measurements from the radiolysis 

region of the W72-2 experiment. 

Table 5.5. Mean values of inner oxide thickness and total oxidation measurements from both non-irradiated 

and radiolysis regions of 24 h and 72 h experiments in 320 °C water split into mode 1 corrosion, mode 2 corrosion, 

and combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

W24 
Non-irradiated 83 ± 12 174 ± 19 -5 ± 11 67 21.4 ± 6.3 26 ± 12 33 206.2 ± 8.5 227 ± 17 

Radiolysis 23.0 ± 8.9 29 ± 16 -3 ± 12 28 9.8 ± 1.8 10 ± 12 72 28.2 ± 8.3 34 ± 14 

W72 
Non-irradiated 223 ± 17 208 ± 20 -15 ± 11 4 41.1 ± 4.2 52 ± 12 96 231 ± 15 217 ± 18 

Radiolysis 45 ± 13 70 ± 17 25 ± 12 –  –   –  –  –   –  

5.2.2.3. Irradiated region 

TEM micrographs showing the inner oxide measurement and the reconstructed original 

metal surface in cross-sections of the irradiated region are presented in Figure 5.36 for W24 and 

in Figure 5.37 for W72. Clear signs of dissolution can be seen in both examples where the top 

layer of the inner oxide dips well below the reconstructed original metal surface line. Inner oxide 

thickness measurements from W24-2 and W24-3 are collected into a histogram in Figure 5.38. 
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The measurements were collected across all cross-sectional samples from the irradiated region 

and plotted as a histogram in Figure 5.39 for W24-4 and W24-6. The same measurements are 

plotted in Figure 5.40 for W72-1 and W72-2. The modality of the inner oxide thickness in all 

three histograms for both W24 and W72 irradiated regions is exhibited as the skewed tail to 

larger values of thickness, but there is no clear separation between the two modes. Despite the 

clear evidence in the micrographs of inner oxide dissolution, the histogram for W24 is spread 

among negative and positive values resulting in an erroneously low total oxidation measurement. 

Two particular cross-sections had exceptionally low reconstructed original metal surfaces that 

frequently intersected the remaining metal in the sample; these cross-sections are the source of 

error for the low total oxidation measurement, but the source of this error is unknown. The W72 

histogram of total oxidation shows a definite increase relative to the inner oxide thickness. The 

statistics for the irradiated and radiolysis regions are also presented in Table 5.6 showing an 

inner oxide thickness comparable to the radiolysis region in W24, but total oxidation and 

dissolution are within error of zero. For W72, the total oxidation was significantly greater than 

the inner oxide thickness, yielding significant dissolution in the irradiated region as in the 

radiolysis region. All other regions have a dissolution measurement that is within error of zero. 

Compared to the non-irradiated region, the irradiated region has significantly lower inner oxide 

thickness and total oxidation.  
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Figure 5.36. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the irradiated region of experiment W24-4. 
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Figure 5.37. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the irradiated region of experiment W72-1. 
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Figure 5.38. Histogram of inner oxide thickness measurements from the irradiated regions of the W24-2 

and W24-3 experiments. 

 
Figure 5.39. Histogram of inner oxide thickness and total oxidation measurements from the irradiated 

regions of the W24-4 and W24-6 experiments. 
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Figure 5.40. Histogram of inner oxide thickness and total oxidation measurements from the irradiated 

regions of the W72-1 and W72-2 experiments. 

Table 5.6. Mean values of inner oxide thickness and total oxidation measurements from control and 

irradiated experiments in 320 °C water split into mode 1 corrosion, mode 2 corrosion, and combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

X24 Non-irradiated 155 ± 15 164 ± 15 7 ± 11 0   –     –   100 155 ± 15 164 ± 15 

X72 Non-irradiated 179 ± 18 183 ± 21 5 ± 11 18 20.7 ± 5.4 32 ± 13 82 213 ± 17 216 ± 20 

A24 Non-irradiated 11.0 ± 4.0 9 ± 12 -2 ± 11 –   –     –   –   –     –   

W24 

Non-irradiated 83 ± 12 174 ± 19 -5 ± 11 67 21.4 ± 6.3 26 ± 12 33 206.2 ± 8.5 227 ± 17 

Radiolysis 23.0 ± 8.9 29 ± 16 -3 ± 12 28 9.8 ± 1.8 10 ± 12 72 28.2 ± 8.3 34 ± 14 

Irradiated 32.3 ± 8.9 40 ± 12 -9 ± 11 –  –   –  –  –   –  

W72 

Non-irradiated 223 ± 17 208 ± 20 -15 ± 11 4 41.1 ± 4.2 52 ± 12 96 231 ± 15 217 ± 18 

Radiolysis 45 ± 13 70 ± 17 25 ± 12 –  –   –   –  –   –  

Irradiated 44 ± 13 65 ± 17 20 ± 12 –   –     –    –   –     –   

 

5.2.3. STEM-EDS 

Example composition profiles collected using STEM-EDS through the oxide and into the 

metal are presented in Figure 5.41 for the non-irradiated region, in Figure 5.42 for the radiolysis 
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region, and in Figure 5.43 for the irradiated region. The non-irradiated region shows a mostly 

continuous elemental profile through the inner oxide except for some small dips in Cr content 

that are largely compensated with increases in Fe content. Outer oxide metal content is 80–95% 

Fe with the remaining metal as Ni and no measurable Cr. The irradiated region has a very non-

uniform profile in Cr where the Cr content peaks highest directly adjacent the metal/oxide 

interface, and a lower second peak exists just below the inn/outer oxide interface. The remainder 

of the inner oxide is largely depleted in Cr, down to ~ 5% at the nadir. The outer oxide contains 

more Ni than the non-irradiated region, and there is 1~2% Cr in the outer oxide. Additionally, 

there is a peak in the Ni profile in the metal just below the metal/oxide interface. The radiolysis 

region shows a Cr profile that has a weak peak near the metal/oxide interface, and a slow 

depletion in Cr moving toward the outer oxide. The outer oxide shows a similar composition to 

that of the irradiated area with ~80% Fe, ~18% Ni, and ~2% Cr. Finally, there is a small Ni peak 

in the metal just below the metal/oxide interface. 

 
Figure 5.41. STEM-EDS linescan though the oxide and associated micrograph from the non-irradiated 

region of W72-1. 
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Figure 5.42. STEM-EDS linescan though the oxide and associated micrograph from the radiolysis region of 

W24-6. 

 
Figure 5.43. STEM-EDS linescan though the oxide and associated micrograph from the irradiated region of 

W72-1. 

Many more linescans were collected from each region in W24 and W72 than these three 

figures, so elemental profiles were plotted together across the metal/oxide interface in each 

region for Cr in Figure 5.44, Fe in Figure 5.45, and Ni in Figure 5.46. First, the Cr profile shows 
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a gradual increase from the metal into the inner oxide to a constant value of ~40% in the inner 

oxide in the non-irradiated region. In the radiolysis region, the behavior is somewhat similar, but 

the increase is more rapid, and the peak concentration varies between 40~60% with a slight 

decrease in content with distance from the metal. Finally, the irradiated region has a very sharp 

peak (up to 60%) immediately into the inner oxide which quickly drops off to a final value 

<20%. The Fe profile for all three regions mirrors the Cr profile almost exactly with valleys 

instead of peaks and opposite slopes. The Ni profile shows a very small peak near the 

metal/oxide interface just beneath the Cr peak mostly in the radiolysis and irradiated regions. 

The Ni content is slightly higher in the non-irradiated region at ~20%, whereas the radiolysis and 

irradiated region return close to the average in the metal, ~12%. 
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Figure 5.44. STEM-EDS linescans showing the Cr profile through the metal/oxide interface for each region 

of W24 and W72. 
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Figure 5.45. STEM-EDS linescans showing the Fe profile through the metal/oxide interface for each region 

of W24 and W72. 
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Figure 5.46. STEM-EDS linescans showing the Ni profile through the metal/oxide interface for each region 

of W24 and W72. 

In addition to linescans, some STEM-EDS maps were collected to yield more spatial 

qualitative information of the oxide compositions. The non-irradiated region map is in Figure 
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5.47, the radiolysis region map is in Figure 5.48, and the irradiated region map is in Figure 5.49. 

Both net count maps and quantified metal content maps are provided to show the oxygen and 

platinum maps in addition to some useful comparisons between phases. 

The non-irradiated region map in Figure 5.47 shows the oxide above a grain boundary 

centered in the image. No difference is observed between the grain boundary and the matrix in 

the metal for either the net counts or the metal content maps. The inner oxide just above the grain 

boundary appears denser in the HAADF image which corresponds to a higher Ni content visible 

in both net and fraction Ni maps. The outer oxide also shows some contrast in the Ni maps which 

may be due to a second outer oxide particle that was either consumed into a larger particle or is 

out-of-plane in the TEM foil. One interesting feature of the Cr net count map is the consistency 

in the signal between the inner oxide and the metal. Except for some small redistribution of Cr 

within the inner oxide structure, most of the Cr has not moved from its initial position in the 

metal after oxidation. Finally, there are some Fe-rich oxide stringers that can be observed in the 

inner oxide in the metal fraction map of Fe. These appear similar in contrast to the outer oxide, 

including very low counts in the Cr fraction map and a brighter signal (i.e., denser oxide) in the 

HAADF image. 
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Figure 5.47. STEM-EDS map of both oxide layers above a grain boundary in net counts (left) and atomic 

fraction of metal (right) from the non-irradiated region of W72-1. 

The radiolysis region map is in Figure 5.48, but there is no grain boundary in this map. 

There are two bright ovals elongated in the vertical direction most visible in the HAADF image 

which are artifacts of carbon deposition from STEM-EDS linescans performed prior to this map 

being collected. In the HAADF, porosity can be observed above and in the pit-like structures 

within the inner oxide layer. Unlike the non-irradiated region, the Cr net map shows a notable 

decrease in signal above and within these pit-like structures. In the net map and more clearly in 

the fraction map for Cr, enrichment of Cr is visible right at the metal/oxide interface wherever 

the interface is edge-on. Similarly, in the Ni fraction map a peak is also observed at the 

metal/oxide interface. The Fe fraction map shows a mirror of the Cr fraction map, compensating 
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for the lack of Cr in any given region. Within this map, the Cr depleted (and porous) inner oxide 

is correlated with the thicker inner oxide. 

 

 
Figure 5.48. STEM-EDS map of both oxide layers above a grain boundary in net counts (above) and atomic 

fraction of metal (below) from the radiolysis region of W72-1. 

The irradiated region map is in Figure 5.49 which has a grain boundary in the center of 

the map. Again, there is some extra brightness in the HAADF image extending along the line of 

the grain boundary and across the oxides from a previous STEM-EDS linescan in this same area. 

Porosity can be observed in the inner oxide in the HAADF image and faintly in the oxygen net 

map. In both sets of maps the grain boundary shows clear evidence of elemental segregation 

where the Ni is enriched and both Fe and Cr are depleted. In both the net and fraction maps, the 

depletion of Cr from the inner oxide on the righthand side of the maps can be clearly seen. Much 

like the radiolysis region map, the Cr fraction map shows a strong peak in concentration along 

the metal/oxide interface along with an associated increase in Ni fraction. Finally, the Cr net and 
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fraction maps both show a small signal from the outer oxide, consistent with the linescan from 

this same region. 

 

 
Figure 5.49. STEM-EDS map of both oxide layers above a grain boundary in net counts (above) and atomic 

fraction of metal (below) from the irradiated region of W72-1. 
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5.3. Steam irradiation corrosion – S24 and S72 

Two experiments in an argon-steam environment are presented in this section: S24 with a 

24 h duration, and S72 with a 71 h duration. Both experiments had a radiolysis isolation bar and 

were helium implanted, so both inner oxide thickness and total oxidation measurements were 

taken from all three regions across both samples.  

5.3.1. SEM surface characterization 

SEM microscopy was performed on the surface in all three regions on S24 in Figure 5.50. 

Both irradiated and non-irradiated regions show a very strong grain contrast at lower 

magnification. The radiolysis region has grain boundaries dotted with extra outer oxide particles 

so the grains can be easily distinguished, but the oxides on the grains themselves are very 

similar. In higher magnification, the non-irradiated region has relatively consistently sized 

polyhedral outer oxide particles with near total coverage of the surface. The irradiated region has 

very agglomerated outer oxide particles that sometimes form rafts; they have jagged, but still 

faceted, edges that appear to be dependent on the grain orientation of the underlying metal. The 

radiolysis region has particles that are faceted but are significantly smaller than the other two 

regions. 

SEM microscopy was also performed on the surface of all three regions on S72 in Figure 

5.51. Like S24, grain contrast is present in the irradiated and non-irradiated regions, but the 

contrast is lacking except for grain boundaries in the radiolysis region. Also, like S24, the outer 

oxide particles are mostly faceted individual particles in the non-irradiated region, agglomerated 

and jagged in the irradiated region, and very small in the radiolysis region. 
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Figure 5.50. SEM micrographs showing the oxidized surface from S24. The upper pair is from the non-

irradiated region; the middle pair is from the radiolysis region; and the lower pair is from the irradiated region. 
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Figure 5.51. SEM micrographs showing the oxidized surface from S72. The upper pair is from the non-

irradiated region; the middle pair is from the radiolysis region; and the lower pair is from the irradiated region. 
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5.3.2. Oxide thickness and total oxidation 

Following the same procedure as the control and water experiments, both inner oxide 

thickness and total oxidation were measured from cross-sections in HAADF-STEM imaging. 

Image montages of example cross-sections from all three regions are presented in Figure 5.52 for 

S24 and in Figure 5.53 for S72. The characterization of these experiments is divided into 

subsections for each region characterized. 

 

 
Figure 5.52. TEM micrograph collages showing cross-sections of the oxidized surface from the S24 

experiment set. The upper collage is from the non-irradiated region; the middle collage is from the radiolysis region; 

and the lower collage is from the irradiated region. 

 
Figure 5.53. TEM micrograph collages showing cross-sections of the oxidized surface from the S72 

experiment set. The upper collage is from the non-irradiated region; the middle collage is from the radiolysis region; 

and the lower collage is from the irradiated region. 

5.3.2.1. Non-irradiated region 

An example of the inner oxide measurement and the reconstructed original metal surface 

on a cross-section of the non-irradiated region is presented in Figure 5.54 for S24 and in Figure 

5.55 for S72. Both experiments show a layer of internal oxidation below that of the inner oxide 

layer that was not measured. This internal oxidation takes the form of strings of small spherical 

oxides that have some metal between them and the inner oxide layer. A few larger pores are 

found in the inner oxide of both S24 and S72. Measurements collected across all cross-sections 
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from the non-irradiated region are plotted as histograms in Figure 5.56 for S24 and in Figure 

5.57 for S72. The histograms show a clear delineation between the two corrosion modes unlike 

most of the water experiments. The histograms change very little between 24 h and 71 h other 

than a slight increase in the thickness of both modes. The arithmetic mean and standard error of 

these measurements are presented in Table 5.7 along with the separation of the two modes. All 

measurements increased slightly from 24 h to 71 h except the lower corrosion mode which did 

not significantly change. 
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Figure 5.54. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the non-irradiated region of experiment S24. 
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Figure 5.55. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the non-irradiated region of experiment S72. 
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Figure 5.56. Histogram of inner oxide thickness and total oxidation measurements from the non-irradiated 

region of the S24 experiment series. 

 
Figure 5.57. Histogram of inner oxide thickness and total oxidation measurements from the non-irradiated 

region of the S72 experiment series. 
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Table 5.7. Mean values of inner oxide thickness and total oxidation measurements from non-irradiated 

regions of 24 h and 72 h exposures in 480 °C argon-steam split into mode 1 corrosion, mode 2 corrosion, and 

combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

S24 Non-irradiated 20. ± 13 16 ± 15 -3 ± 12 45 5.2 ± 2.5 7 ± 11 55 32 ± 11 32 ± 15 

S72 Non-irradiated 30 ± 17 25 ± 14 -5 ± 12 36 6.7 ± 2.6 7 ± 11 64 44 ± 10 47 ± 13 

 

5.3.2.2. Radiolysis region 

An example of inner oxide measurement and the reconstructed original metal surface on 

a cross-section of the radiolysis region is presented in Figure 5.58 for S24 and in Figure 5.59 for 

S72. As with the other two regions, internal oxidation was present below the metal/oxide 

interface. There are larger areas with thinner inner oxide layers than the other two regions, and 

some of the thickest inner oxides are observed between the three regions. Measurements 

collected across all cross-sections from the non-irradiated region are plotted as histograms in 

Figure 5.60 for S24 and in Figure 5.61 for S72. Histograms show a stronger first corrosion mode 

than the other regions, but otherwise a similar profile. The arithmetic mean and standard error of 

these measurements are presented in Table 5.8 along with the separation of the two modes. Both 

corrosion modes show a good match between the radiolysis and non-irradiated regions; however, 

the total average measurements are slightly lower in the radiolysis region than the non-irradiated 

region. This is due to the stronger presence of the first mode which skews the total average 

measurements. 
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Figure 5.58. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the radiolysis region of experiment S24. 
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Figure 5.59. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the radiolysis region of experiment S72. 
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Figure 5.60. Histogram of inner oxide thickness and total oxidation measurements from the radiolysis 

region of the S24 experiment. 

 
Figure 5.61. Histogram of inner oxide thickness and total oxidation measurements from the radiolysis 

region of the S72 experiment. 
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Table 5.8. Mean values of inner oxide thickness and total oxidation measurements from both non-irradiated 

and radiolysis regions of 24 h and 72 h exposures in 480 °C argon-steam split into mode 1 corrosion, mode 2 

corrosion, and combined. 

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

S24 
Non-irradiated 20. ± 13 16 ± 15 -3 ± 12 45 5.2 ± 2.5 7 ± 11 55 32 ± 11 32 ± 15 

Radiolysis 11.5 ± 1.6 5 ± 13 -7 ± 14 78 6.3 ± 3.1 7 ± 11 22 30.5 ± 6.5 34 ± 16 

S72 
Non-irradiated 30 ± 17 25 ± 14 -5 ± 12 36 6.7 ± 2.6 7 ± 11 64 44 ± 10 47 ± 13 

Radiolysis 24 ± 17 24 ± 17 0 ± 11 66 8.6 ± 2.2 9 ± 11 34 53.1 ± 2.4 52 ± 13 

 

5.3.2.3. Irradiated region 

An example of the inner oxide measurement and the reconstructed original metal surface 

on a cross-section of the irradiated region is presented in Figure 5.62 for S24 and in Figure 5.63 

for S72. Again, internal oxidation can be seen below the metal/oxide interface like the non-

irradiated region. Significantly more porosity was observed in the inner oxides in the irradiated 

region than in the non-irradiated region. Measurements collected across all cross-sections from 

the irradiated region are plotted as histograms in Figure 5.64 for S24 and in Figure 5.65 for S72. 

The S24 inner oxide thickness histogram from the irradiated region shows a weak mode 1 peak 

(9 % of measurements), while S72 has a stronger mode 1 peak (23 % of measurements) both of 

which are lower than their non-irradiated or radiolysis counterparts. The arithmetic mean and 

standard error of these measurements are presented in Table 5.9 along with the separation of the 

two modes. The total average and second mode inner oxide thickness and total oxidation are 

significantly higher than the non-irradiated region counterparts. The first mode is not 

substantially different between durations or regions in the thickness value, despite difference in 

the fraction. The total oxidation of the irradiated region in S72 is lower than the inner oxide 

thickness due to some spurious negative values, yielding a significant negative dissolution 
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measurement, but the negative total oxidation measurements are erroneous, so the dissolution is 

likely close to zero. 

 
Figure 5.62. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the irradiated region of experiment S24. 
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Figure 5.63. TEM micrograph collage highlighting the inner oxide area in yellow and the reconstructed 

original metal surface as a red line from the irradiated region of experiment S72. 
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Figure 5.64. Histogram of inner oxide thickness and total oxidation measurements from the irradiated 

region of the S24 experiment. 

 
Figure 5.65. Histogram of inner oxide thickness and total oxidation measurements from the irradiated 

region of the S72 experiment. 
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Table 5.9. Mean values of inner oxide thickness and total oxidation measurements from all experiments in 

320 °C water and 480 °C argon-steam split into mode 1 corrosion, mode 2 corrosion, and combined.  

  Total Mode 1 Mode 2 

ID Region 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Mean 

Dissolution 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

Frac. 

(%) 

Mean 

Inner 

Oxide 

Thickness 

(nm) 

Mean 

Total 

Oxidation 

(nm) 

X24 Non-irradiated 155 ± 15 164 ± 15 7 ± 11 0   –     –   100 155 ± 15 164 ± 15 

X72 Non-irradiated 179 ± 18 183 ± 21 5 ± 11 18 20.7 ± 5.4 32 ± 13 82 213 ± 17 216 ± 20 

A24 Non-irradiated 11.0 ± 4.0 9 ± 12 -2 ± 11 –   –     –   –   –     –   

W24 

Non-irradiated 83 ± 12 174 ± 19 -5 ± 11 67 21.4 ± 6.3 26 ± 12 33 206.2 ± 8.5 227 ± 17 

Radiolysis 23.0 ± 8.9 29 ± 16 -3 ± 12 28 9.8 ± 1.8 10 ± 12 72 28.2 ± 8.3 34 ± 14 

Irradiated 32.3 ± 8.9 40 ± 12 -9 ± 11 –  –   –  –  –   –  

W72 

Non-irradiated 223 ± 17 208 ± 20 -15 ± 11 4 41.1 ± 4.2 52 ± 12 96 231 ± 15 217 ± 18 

Radiolysis 45 ± 13 70 ± 17 25 ± 12 –  –   –  –  –   –  

Irradiated 44 ± 13 65 ± 17 20 ± 12 –   –     –   –   –     –   

S24 

Non-irradiated 20. ± 13 16 ± 15 -3 ± 12 45 5.2 ± 2.5 7 ± 11 55 32 ± 11 32 ± 15 

Radiolysis 11.5 ± 1.6 5 ± 13 -7 ± 14 78 6.3 ± 3.1 7 ± 11 22 30.5 ± 6.5 34 ± 16 

Irradiated 45 ± 13 53 ± 20 8 ± 12 9 7.9 ± 1.4 9 ± 11 91 49 ± 12 58 ± 18 

S72 

Non-irradiated 30 ± 17 25 ± 14 -5 ± 12 36 6.7 ± 2.6 7 ± 11 64 44 ± 10 47 ± 13 

Radiolysis 24 ± 17 24 ± 17 0 ± 11 66 8.6 ± 2.2 9 ± 11 34 53.1 ± 2.4 52 ± 13 

Irradiated 53 ± 13 33 ± 16 -20 ± 13 23 6.6 ± 3.0 9 ± 12 77 66.6 ± 9.5 58 ± 15 

5.3.3. STEM-EDS 

Some example STEM-EDS profiles from S72 through the oxide and into the metal are 

presented in Figure 5.66 for the non-irradiated region, in Figure 5.67 for the radiolysis region, 

and in Figure 5.68 for the irradiated region. The inner oxide of the non-irradiated region shows a 

peak in the Cr content at ~70% of the total metal content near the metal/oxide interface and a 

consistent ~50% through the rest of the inner oxide, but Cr is totally absent from the outer oxide. 

Fe is the mirror image of the Cr profile in the inner oxide, and the outer oxide is nearly 100% Fe. 

Ni is enriched at the metal/oxide interface but is not present in any of the oxide film. 

Furthermore, some porosity can be seen in the inner oxide via the HAADF and the oxygen 

profile dipping in the center of the inner oxide. 
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In the radiolysis region, Cr starts at 40% at the metal/oxide interface and gradually 

increases to 75% by the inner/outer oxide interface before dropping to 0% in the outer oxide. 

Once again, the Fe profile mirrors the Cr profile, and the outer oxide is 100% Fe. The Ni profile 

peaks slightly at the metal/oxide interface and gradually decreases throughout the inner oxide to 

0% about 60 nm before the outer oxide. Porosity is visible in the HAADF image and in the 

oxygen profile. 

In the irradiated region, the Cr content at the metal/oxide interface is 60% of the metal 

content and gradually increases with distance from the metal/oxide interface to ~75%; it then 

drops more quickly to 50% near the inner/outer oxide interface before dropping sharply to 0% 

within the outer oxide. Again, the Fe is the mirror of the Cr profile in the inner oxide, and the 

outer oxide contains >95% Fe. The Ni profile shows a sharper increase at the metal/oxide 

interface than the non-irradiated region, and there is some (<5%) incorporation of Ni into both 

inner and outer oxides layers. Porosity is also visible in this linescan in the HAADF image and in 

the two dips in the oxygen profile in the inner oxide. 

 



 

168 

 

 
Figure 5.66. STEM-EDS linescan though the oxide and associated micrograph from the non-irradiated 

region of S72. 

 
Figure 5.67. STEM-EDS linescan though the oxide and associated micrograph from the radiolysis region of 

S72. 
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Figure 5.68. STEM-EDS linescan though the oxide and associated micrograph from the irradiated region of 

S72. 

From the other linescans collected from S24 and S72, elemental profiles were plotted 

across the metal/oxide interface for Cr in Figure 5.69, Fe in Figure 5.70, and Ni in Figure 5.71. 

While the individual linescans showed some diversity among the different regions, collective 

profiles show little difference between the regions. The Cr profiles often show some peaking 

behavior at the metal/oxide interface followed by a relatively flat profile between 40~70%. The 

Cr drops off quickly upon termination of the inner oxide layer due to the low Cr content of the 

outer oxide in all three regions. Once again, the Fe profiles essentially mirror the Cr profiles with 

nadirs beside the metal/oxide interface and rapidly rising to meet the ~100% Fe content of the 

outer oxide. Finally, the Ni profiles always show some peaking behavior near the metal/oxide 

interface followed by a quick decrease to very low concentrations throughout both oxide layers. 
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Figure 5.69. STEM-EDS linescans showing the Cr profile through the metal/oxide interface for each region 

of S24 and S72. 
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Figure 5.70. STEM-EDS linescans showing the Fe profile through the metal/oxide interface for each region 

of S24 and S72. 
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Figure 5.71. STEM-EDS linescans showing the Ni profile through the metal/oxide interface for each region 

of S24 and S72. 
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5.4. Thermodynamic Modeling 

Thermo-Calc was used to calculate equilibria of the stainless steel corrosion system along 

the continuum of oxygen activity. First, the expected oxygen activity of the nominal conditions 

in this work were calculated and are indicated in the Thermo-Calc results. Oxygen activity was 

calculated using a statistical thermodynamics model for thermal decomposition of H2O into HO, 

H, O, H2, and O2 [117]. The initial condition was the input water pressure, the total system 

pressure (including inert gas in the case of the steam experiments), and the amount of added H2 

or O2. The oxygen activity of the nominal non-irradiated oxidation conditions in hydrogenated 

320 °C water is 1.863 × 10–31 atm, and in aerated water it is 5.951 × 10–4 atm. The oxygen 

activity in the hydrogenated argon-steam environment at 480 °C was calculated to be 1.904 × 10–

27 atm. Oxygen activity under irradiation will be calculated in the later section on radiolysis 

effects. 

All the relevant values resulting from the Thermo-Calc modeling are given in Appendix 

C and are plotted in this section. In water at 320 °C and 13.1 MPa, the resulting phase 

composition of the system is plotted vs. oxygen activity in Figure 5.72 excluding the gas phase. 

The elemental composition of each phase is plotted in Figure 5.73. For the steam-argon 

environment at 480 °C and 1.5 MPa, the phase composition is plotted in Figure 5.74, and the 

elemental composition of each phase is plotted in Figure 5.75. 
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Figure 5.72. Phase composition (excluding the gas phase) of 316L with oxygen at 320 °C and 13.1 MPa as 

a function of oxygen activity calculated using Thermo-Calc software. “W” denotes the nominal oxygen activity with 

3 mg/kg H2 added to water. 
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Figure 5.73. Elemental composition of each phase formed by 316L with oxygen at 320 °C and 13.1 MPa as 

a function of oxygen activity calculated using Thermo-Calc software. “W” denotes the nominal oxygen activity with 

3 mg/kg H2 added to water. 
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Figure 5.74. Phase composition (excluding the gas phase) of 316L with oxygen at 480 °C and 1.5 MPa as a 

function of oxygen activity calculated using Thermo-Calc software. “S” denotes the nominal oxygen activity with 

170 g/kg H2 added to steam. 
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Figure 5.75. Elemental composition of each phase formed by 316L with oxygen at 480 °C and 1.5 MPa as a 

function of oxygen activity calculated using Thermo-Calc software. “S” denotes the nominal oxygen activity with 

170 g/kg H2 added to steam. 

There are seven distinct regimes of corrosion behavior denoted in Figure 5.72 through 

Figure 5.75. Although the environments in this work span the regimes of 5–7, the lower regimes 

are also relevant because the oxide film spans the oxygen activity from the solubility limit of 

oxygen in the metal to that of the corrosion environment. Therefore, it is useful to examine each 

regime in some detail. 

Regime 1 contains only metal, identified as face-centered cubic (FCC), and oxygen up to 

its solubility limit. Regime 1 is present in all the experiments in this work as the metal phase. 
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Regime 2 is where the oxygen solubility in the metal is surpassed, resulting in the 

precipitation of Cr2O3 and consuming all the Cr in the metal phase. This regime is sometimes 

observed as internal oxidation in the metal near the metal/oxide interface as spherical oxide 

precipitates [38]. This regime (and/or regime 3) is visible in all the steam conditions presented in 

this work on the metal side of the metal/oxide interface. 

Regime 3 denotes a phase change from Cr2O3 to FeCr2O4 removing only the required iron 

from the metal to satisfy the stoichiometry. The Ni content in this spinel phase is very small, but 

nonzero, ranging from ~10–7 mole fraction to ~10–4 mole fraction at the upper end of oxygen 

activity in both water and steam conditions The internal oxidation from the steam experiments 

may also represent this regime near the metal/oxide interface. An interesting example of this 

regime in literature can be found in ref. [38] where the “inner oxide layer” consists of both a 

FeCr2O4 phase and a FCC phase that is enriched in Ni. 

Regime 4 demarks the onset of the Fe-rich spinel phase in equilibrium with the extant Cr-

rich spinel in addition to the remaining FCC phase (increasingly pure in Ni). This regime is 

important because it is the last regime containing a stable FCC phase, so for any environment 

with oxygen activities belonging to regime 4 or greater, this regime is present at the metal/oxide 

interface. This explains some commonly observed phenomena of Ni enrichment in the metal 

below the metal/oxide interface as observed in this work and in the literature [34,39,40]. In this 

regime, the duplex oxide structure can be partially explained by the miscibility gap between Fe-

rich and Cr-rich spinel oxides which are generally reflected in the observed oxide layer 

compositions. 

Regime 5 has the same Cr-rich and Fe-rich spinel phases as regime 4, but the metal phase 

is totally absent from this regime. The elemental compositions of the oxides do not change with 
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oxygen activity in this regime; instead, the point defect concentrations change over this regime 

as described later in this section. The first major difference between the 320 °C and 480 °C 

results are in the composition and relative quantity of the two spinel phases. At 480 °C, the Cr-

rich spinel has a lower Cr content than at 320 °C; therefore, there is a greater amount of the Cr-

rich phase present at 480 °C. 

Regime 6 consists of a three-phase oxide equilibrium over which one spinel is oxidized 

into the (returning) corundum phase. Essentially, the remaining Fe2+ begins to be oxidized into 

Fe3+ thereby removing some spinel phase to accommodate corundum. The Cr from the Cr-rich 

spinel gets divided between the phases, but the majority moves to the corundum phase. Ni 

remains in the spinel phase because it does not oxidize to 3+, therefore resulting in an increasing 

Ni concentration in the spinel phases. Regime 6 is very short at 480 °C, and the Cr-rich spinel 

survives to regime 7, unlike the 320 °C case where the Fe-rich spinel survives although the 

distinction is irrelevant in practice. As the Ni concentration increases, the miscibility gap 

between the spinels shrinks until they merge into a single spinel phase, this occurs earlier at 480 

°C because the miscibility gap is already smaller at higher temperatures. Consequently, the 

compositions are still approaching their final values at the beginning of regime 7 at 480 °C as the 

remaining Fe2+ continues to oxidize, whereas virtually all the Fe2+ is oxidized by regime 7 at 320 

°C.  

Regime 7 is the final identified thermodynamic state where one corundum and one spinel 

phase are in equilibrium. The spinel contains the entirety of the Ni from the original metal with 

mostly Fe and a little Cr to fill in the 3+ valence positions in the oxide. The majority of Cr and 

Fe are both contained in the corundum phase. Regime 7 remains stable to the point that oxygen 

gas in the environment is in equilibrium with the oxides at the higher end of oxygen activity. The 
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oxide stoichiometry is very similar between the two temperature/pressure conditions in this 

regime. 

The elemental composition of the metal phase in both Figure 5.73 and Figure 5.75 shows 

the selective oxidation of Cr first followed by Fe and finally Ni. The high concentration of Ni in 

the remaining metal in regime 4 corresponds to the Ni enrichment observed in the metal at the 

metal/oxide interface. The corundum phase exists in regime 2 only as Cr2O3 but reappears in 

regime 6 as a largely Fe-rich oxide and gradually uptakes most Cr in the system by regime 7. 

Both the elemental composition and the oxygen activity influence the thermal point defect 

concentrations within the oxide species as presented in Figure 5.76 in the 320 °C water condition 

and Figure 5.77 in the 480 °C steam condition. One major advantage of using an energy 

minimization (e.g. Thermo-Calc) approach over a simplistic model of point defects with oxygen 

activity is the treatment of complex interactions between oxide composition and oxygen activity. 

The point defect concentrations will be used later in the kinetics section to calculate the diffusion 

coefficient of cations in the inner oxide layer. 
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Figure 5.76. Vacancy and interstitial concentrations in both spinel phases in the 316L corrosion system at 

320 °C and 13.1 MPa as a function of oxygen activity calculated using Thermo-Calc software. 

 
Figure 5.77. Vacancy and interstitial concentrations in both spinel phases in the 316L corrosion system at 

480 °C and 1.5 MPa as a function of oxygen activity calculated using Thermo-Calc software. 
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Similar to results by Töpfer [56], the interstitial concentration in regime 5 is much lower 

in the Cr-rich spinel than the Fe-rich spinel, but the vacancy concentration is only slightly 

suppressed at 320 °C and is slightly enhanced at 480 °C. However, at low oxygen activities, the 

vacancy concentration in the Cr-rich spinel reverses its dependence on oxygen activity because 

the Cr content also changes with oxygen activity. The synergistic effects of oxygen activity on 

composition and point defects in the Cr-rich spinel are more significant compared with those of 

the Fe-rich spinel phase. Conversely, the Fe-rich spinel generally replicates the behavior 

observed by Dieckmann and Töpfer across oxygen activity for pure magnetite at 900 °C to 1200 

°C where cation vacancy concentration increased and cation interstitial concentration decreased 

with oxygen activity to the +1/2 and –1/2 power, respectively [55,56].  

Another useful result from Thermo-Calc is the chemical potential of each species as a 

function of oxygen activity as presented in Figure 5.78 for 320 °C and 13.1 MPa and in Figure 

5.79 for 480 °C and 1.5 MPa. One feature to note is the monotonic change in chemical potential 

with oxygen activity for all elements except Ni. The driving force for oxygen induces motion 

from the environment to the metal, and the reverse for the other elements. However, in regime 4, 

the driving force for Ni flows from the oxide to the metal creating a hurdle for Ni incorporation 

into the oxide. The practical result of this feature is Ni enrichment in the metal phase in the first 

few nanometers directly adjacent the metal/oxide interface as observed in this work and noted in 

literature [34,39,40]. Furthermore, the nominal oxygen activity at 480 °C is just past the peak 

value for the Ni chemical potential, so there is very little driving force for Ni to be incorporated 

into the oxide especially in comparison with the driving force for Ni to diffuse backward into the 

bulk metal. Using a reference point and the system oxygen activity, the change in chemical 

potential can be calculated and used as the driving force for the corrosion process. 
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Figure 5.78. Chemical potential of each element in the 316L corrosion system at 320 °C and 13.1 MPa as a 

function of oxygen activity calculated using Thermo-Calc software. “W” denotes the nominal oxygen activity with 3 

mg/kg H2 added.  
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Figure 5.79. Chemical potential of each element in the 316L corrosion system at 480 °C and 1.5 MPa as a 

function of oxygen activity calculated using Thermo-Calc software. “S” denotes the nominal oxygen activity with 

170 g/kg H2 added. 
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Chapter 6  
Discussion 

The discussion of the results is divided by the radiation environment of the experiments. 

First, the results of experiments without radiation effects (including non-irradiated regions of 

otherwise irradiated specimens) will be discussed. Radiation effects on corrosion can only be 

understood by comparing to non-irradiated controls, so a detailed discussion is warranted. 

Second, effects of radiolysis on the water chemistry and subsequently on the corrosion behavior 

of radiolysis regions will be discussed. Third, the effects of radiation-induced displacement 

damage on corrosion in irradiated regions will be discussed. Finally, the understanding of 

general radiation effects on corrosion will be extrapolated to predict the effects of radiation on 

nominal in-core corrosion of stainless steel structural components. 

6.1. Corrosion of non-irradiated 316L SS 

The discussion on corrosion of the non-irradiated regions of irradiated samples and 

control samples is subdivided into thermodynamics and the kinetics of the corrosion 

mechanisms. Thermodynamics determines the driving force for processes that constitute 

corrosion, intrinsic material properties that affect corrosion, and phase quantity and composition. 

By incorporating the insights of thermodynamics along with observed oxide morphology, 

kinetics can be used to determine the processes that control the corrosion rate and predict how it 

will change with thermodynamic parameters. 
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6.1.1. Thermodynamics 

To best interpret the corrosion observed in non-irradiated regions of otherwise irradiated 

samples and those of control experiments, an in-depth thermodynamic analysis was performed 

for the nominal conditions of these experiments. Because corrosion is a surface phenomenon and 

an active process, there are thermodynamic driving forces between the bulk metal and bulk 

environment. Experimentally, this driving force is often measured as the electrochemical 

corrosion potential (ECP) between a reference electrode and the specimen. The ECP is related to 

the oxygen activity via the Nernst equation in Eq. 2.1 (ECP ∝ 𝑙𝑛 𝑎O2
). Oxygen activity is used in 

this work as the primary thermodynamic variable that defines the state of the system. Instead of 

using ECP as the driving force, chemical potential is used because it is element specific. One 

important feature of the oxygen activity is that it is expressed continuously throughout the oxide 

film thereby changing the thermodynamic state of the oxide at different depths within the oxide 

film. Therefore, it is necessary to examine every thermodynamic state of the corroding system 

between the bulk metal and the bulk environment oxygen activities. 

The limitation of thermodynamic models presented is that they do not provide 

information on the temporal or spatial layout of the phases or compositions identified. While 

regimes 4, 5 and 7 all have two stable oxide phases, these phases do not necessarily segregate 

into different layers, yet two oxide layers are a common feature of stainless steel corrosion. 

Furthermore, because up to three oxides may be stable at a single oxygen activity, it is necessary 

that a mixture of the phases coexist within a single oxide layer. Without applying some kinetic 

information, it is impossible to determine the layer structure purely based on the multiple oxide 

phase equilibria.  
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6.1.2. Kinetics 

To understand how radiation affects the corrosion rate, the fundamental mechanics that 

limit the rate of corrosion must be identified. The mechanics of corrosion can be determined by 

comparing the thermodynamic and kinetic predictions to the observable results. By doing so, the 

response of corrosion mechanisms to changes induced by radiation effects can be explored. 

However, the mechanisms that result in corrosion without the influence of radiation must first be 

established. 

The mechanistic model used to describe the corrosion kinetics will be the parabolic rate 

law. Despite its imperfections, the parabolic rate law captures the essential relationship between 

oxide thickness and time for oxidation via solid state diffusion. The parabolic rate constant, as 

the sole parameter, contains all information about the corrosion system, but this rate constant 

does not have a well-defined expression. Therefore, the starting point in this work is the 

derivation of the parabolic rate law with the purpose of allowing for radiation effects to be later 

incorporated within the parabolic rate constant.  

Other models for corrosion do exist, but they are not sufficiently distinct from the 

parabolic rate law or miss key features of the corrosion behavior of stainless steels. The Cabrera-

Mott model uses the electric field as driving force for electron transport across an insulating 

oxide layer. Iron-containing oxides are reasonably conductive at the temperatures considered in 

this work, and the resulting rate law is the same form as the parabolic rate law. Other models, 

such as the Point Defect Model, contain parameters that are not well-defined material properties, 

so their use is limited to empirical fits of data rather than predictive modeling or mechanistic 

understanding. 
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6.1.2.1. Use of the Parabolic Rate Law 

The derivation of the parabolic rate law for a material that grows two oxide layers is 

provided in Appendix D. The nomenclature for these equations is listed in Table 6.1. 

In the simple case of a single oxide layer which is both the barrier and growing layer, 

both 𝑓𝑏 and 𝑓𝑔 are unity. However, if there are multiple layers, like stainless steel, barrier and 

growth layers must be properly identified along with the transport species 𝐴. For stainless steel 

corrosion in high temperature water, the barrier layer is assumed to be the inner oxide layer. The 

growth layer is the inner oxide if 𝐴 is oxygen because it drives the inward growth of the inner 

oxide layer. The growth layer is the outer oxide if 𝐴 is metal because metal reaching the outer 

oxide causes its growth.  

Table 6.1. Nomenclature for the parabolic rate law calculations. 

𝑎  Oxide cation stoichiometric factor 

𝑏  Oxide anion stoichiometric factor 

𝐶𝐴
𝑙   Molar concentration of element 𝐴 in layer 𝑙 

𝐷𝐴
𝑙   Diffusion coefficient of element 𝐴 in layer 𝑙 

𝑓𝑙  Fraction of layer 𝑙 

JA  Flux of element 𝐴 

𝑘𝑝  Parabolic rate constant 

𝑙  Oxide layer – 𝑏 for barrier and 𝑔 for growth 

𝑀𝑙  Molecular weight of layer 𝑙 

𝑁𝑋
𝑙   Number density of species 𝑋 in layer 𝑙 

PBR  Pilling-Bedworth ratio 

𝑅  Universal molar gas constant 

𝑡  Time 

𝑇  Temperature 

𝑥  Total oxide thickness 

𝑋  Species – 𝑀 for metal/cations and 𝑂 for oxygen/anions 

𝜇𝐴  Chemical potential of element 𝐴 

𝜇𝐴
0   Standard chemical potential of element 𝐴 

𝜌𝑙  Mass density of layer 𝑙 
 

The Pilling-Bedworth ratio (PBR) expresses the oxide thickness relative to the thickness 

of metal oxidized, and the PBR can conveniently determine the distribution between inner and 
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outer layers for expressing 𝑓𝑏 and 𝑓𝑔. It has been shown in literature [33,42] and in this work that 

the inner oxide layer occupies the volume of metal oxidized when discounting dissolution. The 

ratio of metal loss to total oxide thickness is equal to the ratio of inner oxide to total oxide, PBR, 

because the metal loss is equal to the inner oxide thickness. Therefore, the ratio between the 

inner and total oxide thickness is 1/PBR and the ratio between the outer and total oxide 

thickness is (PBR − 1)/PBR. Substituting these values for 𝑓𝑏 and 𝑓𝑔, Eq. D.13 can be expanded 

for both metal and oxygen transport cases below: 

 
kp = − (

Mg

aρg
) (

1 − PBR

PBR2
) ∫

DM
b 𝐶𝑀

𝑏

RT
dμ𝑀
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 Eq. 6.1 

 

 
kp = − (

Mg

bρg
) (

1

PBR2
) ∫

DO
b 𝐶𝑂

𝑏

RT
dμ𝑂

μ𝑂
2

μ𝑂
1

 Eq. 6.2 

Dissolution may be simply included into the differential equation in Eq. D.11 by 

including a new term 𝑗 which is the dissolution rate in nm/h: 

 d𝑥

d𝑡
=

𝑘𝑝

𝑥
− j Eq. 6.3 

 

Assuming the dissolution rate is not a function of time or the depth of corrosion, the 

differential equation in Eq. 6.3 has an analytical solution: 

 
𝑥 =

𝑘

𝑗
[𝑊 (− exp [−1 −

𝑗2

𝑘
𝑡]) + 1] Eq. 6.4 

 

where 𝑊 is the Lambert W function. The properties of this function are such that it starts from 

𝑥(𝑡 = 0) = 0 and asymptotically approaches a steady state value of 𝑥 = 𝑘/𝑗 as 𝑡 →∞. The total 

corrosion rate never approaches zero; rather, the corrosion rate slows from the rapid initial 

oxidation rate to asymptotically approach the dissolution rate, 𝑗, as the oxide grows at the same 

rate it is dissolved. 
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It is important to stress that 𝑥 is the oxide thickness (including both inner and outer 

layers) and not the total oxidation, but also that 𝑗 is only the dissolution rate of the barrier (inner) 

oxide layer. For the case without dissolution (Eq. D.12), the oxide growth rate is proportional to 

the oxide thickness by the Pilling-Bedworth ratio, and both the total oxidation rate and the oxide 

film growth rate follow a 𝑡1/2 dependence. In the case with dissolution (Eq. 6.4), the total 

oxidation rate, after enough time, approaches a steady state value with a 𝑡 dependence, but the 

initial curve resembles a 𝑡1/2 dependence. Regardless of the parabolic rate constant, the 

corrosion rate with dissolution will be greater given enough time, although this time may exceed 

that of the component/application service time. 

6.1.2.2. Additional Kinetics Considerations 

With the rate laws in Eq. D.12 and Eq. 6.4 and the rate constant expressions in Eq. 6.1 

and Eq. 6.2, the corrosion rate can be calculated by filling out the parameters with the 

thermodynamic model and by considering the corrosion mechanisms. Most of the values are 

directly provided by the thermodynamic analysis from Thermo-Calc results in the previous 

section, but there are four missing quantities: oxide densities, diffusion coefficients, the chemical 

potential reference state, and oxide volume fractions in the inner oxide layer. Furthermore, the 

discrepancy between inner oxide volume and Cr-rich oxide volume will be discussed. Finally, 

the calculation of parabolic rate constants from experimental data will be addressed. 

Oxide density:  

Oxide density was assumed to be the pure iron oxide equivalent theoretical density of 5.2 

g/cm3 for spinel (magnetite) and 5.3 g/cm3 for corundum (hematite). The oxide density varies 

between 5.1 g/cm3 for FeCr2O2 to 5.4 g/cm3 for NiFe2O4 in the Fe-Cr-Ni spinel space [47]. 

Diffusion coefficients:  
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Diffusion coefficients for elements in spinel were extrapolated from literature values, 

namely Dieckmann [55] for Fe, Cr, and Ni and Millot et al. [60] for O. For cations, partial 

diffusion coefficients (independent of oxygen activity) were taken from Dieckmann [55] and 

multiplied by point defect concentrations from Thermo-Calc to yield the relevant oxygen activity 

dependence. There are no sublattices for oxygen vacancies and no oxygen interstitial species in 

the Thermo-Calc database used, so the full temperature and oxygen activity dependence was 

extrapolated using the expression 𝐷O = 𝑎𝑝O2

−1/2
+ 𝑏𝑝O2

1/6
 from Millot et al. [60]. Both 𝑎 and 𝑏 are 

partial diffusion coefficients with an Arrhenius temperature dependence. For 𝑎 the pre-factor is 

2.07 × 105 cm2·atm1/2/s, and the activation energy is 549 kJ/mol. Similarly, for 𝑏 the pre-factor is 

1.73 cm2·atm-1/6/s, and the activation energy is 276 kJ/mol. The diffusion coefficients for each 

element are plotted in Figure 6.1 and Figure 6.2 for water and steam cases, respectively. The 

cation diffusion coefficients closely mirror the vacancy concentrations from Figure 5.76 and 

Figure 5.77, meaning that the interstitial contribution to cation diffusion is negligible in most 

cases in this work. The only exception is that Ni in the Fe-rich spinel becomes dominated by 

interstitial diffusion in the lower oxygen activity portion of regime 4 at both 320 °C and 480 °C. 

The dependences of cation diffusion on oxygen activity are otherwise identical except for the 

magnitude: Fe and Ni both have similar diffusion coefficients, with Ni about one order of 

magnitude lower than Fe. The Cr diffusion coefficient is more than six orders of magnitude 

below both Ni and Fe, and it is slower than O diffusion below oxygen activity regime 5. Below 

regime 4, O diffusion approaches the Ni diffusion coefficient within one order of magnitude, but 

it never exceeds that of either Ni or Fe. 
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Figure 6.1. Atomic diffusion coefficients for all elements in the 316L corrosion system across oxygen 

activity at 320 °C and 13.1 MPa. 

 
Figure 6.2. Atomic diffusion coefficients for all elements in the 316L corrosion system across oxygen 

activity at 480 °C and 1.5 MPa. 
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Chemical potential:  

The reference state for integrating the chemical potential in Eq. D.13 is the next 

necessary component for evaluating the parabolic rate constant. Because the reference state is the 

lower bound of the integration of 𝑘𝑝 through the inner oxide layer, the reference state is properly 

the oxygen activity at the metal/oxide interface. The reference state most strongly affects the 

calculation of 𝑘𝑝 at lower activities; however, the choice of the reference state is somewhat 

arbitrary because it is not easily measured. Therefore, the best estimate of the oxygen activity 

will be chosen based on the phenomena observed at the metal/oxide interface. The transition 

from regime 1 to 2 would seem reasonable because the first oxide phase begins at that activity, 

Figure 5.74; however, the FCC phase persists through regime 4, so the transition from 4 to 5 is 

also reasonable as the end of the metal phase. Therefore, the reference state is bounded by 

regimes 2–4. The barrier layer in all observations in this work consists of spinel phase, so regime 

2 can be eliminated because it contains no spinel. Regime 3 is nearly pure FeCr2O4, which is 

observed in EDS scans near the metal/oxide interface in some circumstances as a very thin layer. 

In the steam condition, Cr2O3 does exist as internal oxidation, but it is separate from the barrier 

layer and thus does not contribute to the parabolic rate constant. Furthermore, Ni enrichment in 

the metal phase at the metal/oxide interface is also observed in EDS scans as a minor enrichment 

or an extremely thin layer, so the Ni enrichment in the FCC phase spans regimes 3 and 4. Based 

on these phenomenological observations, the reference state selected for all conditions is the 

transition from regime 3 to 4 which allows for all the stated observations at the metal/oxide 

interface. Another justification is from the integral nature of the expression for the parabolic rate 

constant in Eq. D.13. If a low oxygen activity with a high diffusion coefficient was chosen as the 
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reference state, the resulting oxide would have a large portion of the layer with a composition 

consistent with that reference state, which is not observed in the experimental work. 

Oxide volume fraction:  

The final consideration is the volume fraction of the phases. The parabolic rate law 

assumes a singular, uniform oxide barrier layer, but the case of high temperature stainless steel 

corrosion is more complex as both Fe-rich and Cr-rich spinels may contribute to transport. 

Because corundum only exists in the irrelevant regimes 2, 6, and 7 (irrelevant because they do 

not coexist with the end of the metal phase), this phase was not treated as a potential contributor 

to the barrier layer. As established earlier, the inner oxide layer may contain a mixture of distinct 

oxide phases depending on the environment. Using a material balance and a combination of the 

Thermo-Calc results and the kinetic information, the relevant volume fractions in the inner oxide 

layer can be determined. The Pilling-Bedworth ratio for each phase was calculated separately, 

and the results are given in Figure 6.3 and Figure 6.4. Due to the lower diffusion coefficient for 

Cr, the diffusive mobility of phases in ascending order in all regimes are FCC > Cr-rich Spinel > 

Corundum > Fe-rich Spinel. When any two of these phases are competing to fill the inner oxide 

volume, the oxide phase with lower Cr content is forced to diffuse to the outer oxide where 

volume is effectively unlimited. Most of the inner oxide volume in regimes 4–6 is occupied by 

Cr-rich spinel in both cases. It is useful to note that Fe-rich spinel occupies some portion of the 

inner oxide in the 320 °C water condition in regimes 4 and 5. At 480 °C, the miscibility gap 

between Fe-rich and Cr-rich spinel has shrunk enough to yield no Fe-rich spinel in the inner 

oxide in regime 5. However, there is a portion of regime 4 where there is some Fe-rich spinel in 

the inner oxide in steam. 
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Figure 6.3. Pilling-Bedworth ratio for each phase in 320 °C 13.1 MPa Thermo-Calc modeling of 316L 

corrosion system separated into inner and outer oxide layers. 

 
Figure 6.4. Pilling-Bedworth ratio for each phase in 480 °C 1.5 MPa Thermo-Calc modeling of 316L 

corrosion system separated into inner and outer oxide layers. 
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A brief comparison of the PBR ratio in Figure 6.3 and Figure 6.4 to the elemental 

analysis in Figure 5.47 and Figure 5.66 shows a good match in the distribution of oxides between 

the inner and outer layers. In steam (Figure 5.66), the Fe-rich spinel and Cr-rich spinels are 

exclusive to their respective layers. In water (Figure 5.47), the Cr-rich spinel is entirely within 

the inner oxide layer, and the outer oxide layer is only Fe-rich spinel. But there are some small 

nodes of Fe-rich spinel within the inner oxide layer which is predicted by the partial overlap of 

Fe-rich spinel in the inner oxide PBR in Figure 5.47.  

Separation into inner and outer layers warrants further discussion. Within regimes 3–5, 

all Cr from the alloy is in the spinel phase where its diffusion is much slower than Fe or Ni. The 

slow diffusion effectively traps all Cr at the location where it first enters the spinel phase: in the 

inner oxide layer. The equilibrium composition of the Fe-rich spinel phase that emerges in 

regime 4 has very little Cr, so it can be formed with no Cr without a significant penalty to the 

Gibbs free energy. Because Fe and Ni are both mobile, the Fe-rich spinel may move via atomic 

diffusion, and the chemical potential gradient (Figure 5.78 and Figure 5.79) drives the motion of 

this phase toward the highest oxygen activity: the outer oxide. This explains not only how the 

outer oxide generally forms by the diffusion of Fe and Ni outwards, but also that all Fe-rich 

spinel will egress the inner oxide layer. Therefore, any Fe-rich spinel in the inner oxide layer is 

excess volume. 

Where the Cr-rich spinel does not fully occupy the inner oxide layer (in regimes 4–7 at 

320 °C), the excess volume is not necessarily occupied by another oxide phase. Despite the 

excess volume in the inner oxide, it is thermodynamically favorable for the Fe-rich spinel to 

evacuate the inner oxide and move to the outer oxide. Assuming the thermodynamic oxide 

compositions are realized, there are two possibilities to account for the excess volume when 
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kinetic limitations are considered. First, the Fe-rich spinel may remain within the inner oxide 

layer as implied by Figure 6.3 and Figure 6.4. Second, the Fe-rich spinel may move to the outer 

oxide leaving porosity in the inner oxide. Therefore, the excess volume in the inner oxide layer 

must consist of pores, more Fe-rich oxide phases, or a mixture of the two.  

Because there is a degree of freedom in the inner oxide volume between the two spinel 

phases and porosity, the calculation of the parabolic rate constant will be limited by the extremes 

of the excess volume being entirely filled with porosity or entirely with Fe-rich spinel. 

Consequently, the fraction of oxide that functions as the barrier layer, 𝑓𝑏, is subdivided between 

the volume fractions of the constituent phases of the barrier layer, and an effective kp can be 

calculated as follows. 

 𝑘𝑝
eff = ∑ 𝑣𝑖𝑘𝑝

𝑖

𝑖

 Eq. 6.5 

where 𝑣𝑖 is the volume fraction of phase 𝑖, and 𝑘𝑝
𝑖  is the parabolic rate constant of phase 𝑖, and 

𝑘𝑝
eff is the effective combination parabolic rate constant for the layer. The minimum 𝑘𝑝 occurs 

when there is no Fe-rich spinel in the inner oxide layer and when the excess volume is only 

porosity, assuming cation transport does not occur through pores (𝑘𝑝
pores

= 0). In this case, the 

effective 𝑘𝑝 will be the product of 𝑘𝑝 in the Cr-rich spinel phase and its volume fraction. The 

maximum effective 𝑘𝑝 is without porosity, and its value is the sum of the 𝑘𝑝 in each spinel phase 

weighted by their respective volume fractions in the inner oxide layer. 

To utilize both 24 h and 72 h experimental data, inner oxide thickness measurements 

were converted to parabolic rate constants to plot alongside calculations. Since oxidation rate 

measurements were split into two corrosion modes, only mode 2 was used. This is justified 

because the mode 1 corrosion has a minor contribution to the overall corrosion rate and has very 
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little dependence on time. Mode 1 corrosion in 480 °C steam (both inner oxide thickness and 

total oxidation) did not increase from 24 h to 72 h within error. Mode 1 oxide thickness in 320 

°C water increased between 24 h and 72 h in the non-irradiated region.  

Mode 2 oxide thickness, however, increases with time in a manner mostly consistent with 

the parabolic rate law for all cases. Therefore, parabolic rate constants were calculated for each 

experimental condition using the mode 2 oxide thickness data, where available, from Table 5.8 

using Eq. D.12 and listed in Table 6.2 and plotted in Figure 6.5; otherwise, total mean values 

were used. In addition, exclusively for irradiated and radiolysis regions of W72, the 

corresponding parabolic rate constant and dissolution constant were calculated using Eq. 6.4. 

The diffusion coefficients for the equation are provided as a function of oxygen activity in Figure 

6.1 and Figure 6.2. The concentrations of all relevant elements are plotted as a function of 

oxygen activity in Figure 5.73 and Figure 5.75.  

Table 6.2. Parabolic rate constants and dissolution constants calculated from the experimental data in Table 

5.9. 

Experiment Region 
𝑘𝑝 

(nm2/h) 

𝑗 

(nm/h) 

X24 Non-irradiated 528 0.30 

X72 Non-irradiated 316 0.06 

A24 Non-irradiated 2.50 -0.08 

W24 Non-irradiated 886 -0.22 

W24 Radiolysis 16.6 -0.14 

W24 Irradiated 21.8 -0.37 

W72 Non-irradiated 371 -0.21 

W72 Radiolysis 25.5 0.35 

W72 Irradiated 22.5 0.28 

S24 Non-irradiated 20.8 -0.14 

S24 Radiolysis 19.4 -0.28 

S24 Irradiated 49.6 0.33 

S72 Non-irradiated 13.3 -0.07 

S72 Radiolysis 19.8 -0.01 

S72 Irradiated 31.1 -0.28 
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Figure 6.5. Parabolic rate constants and dissolution constants from Table 6.2. 

In summary, all the missing parameters needed to calculate the parabolic rate constant 

were obtained. The diffusion coefficients were calculated for each element in both spinel phases 
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in Figure 6.1 and Figure 6.2. The oxide densities were assumed to be equal to the theoretical 

density of the pure iron oxide equivalents (magnetite and hematite). The chemical potential 

reference state was set at the transition oxygen activity between regimes 3 and 4. Volume 

fractions of different oxide phases within the inner oxide layer were calculated accounting for the 

possibilities of excess volume within the inner oxide layer. These identifications can be applied 

to Eq. 6.1 and Eq. 6.2 in calculating the overall parabolic rate constant, and they provide a 

framework for determining the distribution of oxides between the two layers. Finally, 

measurements of oxide thickness and total oxidation were converted into parabolic rate constants 

to compare with calculated values. 

6.1.2.3. Application of the Parabolic Rate Law at 320 °C 

For non-irradiated regions in 320 °C water, the mode 2 (thick) parabolic rate constants 

are plotted alongside calculations of the same using Fe and O solid state diffusion (from Figure 

6.1) in Figure 6.6. Since both Fe and O transport are necessary for the growth of both oxide 

films, the lowest calculated rate constant should be that of the rate-limiting step. The 24 h data 

point is between the calculated Fe-limited 𝑘𝑝, and the 72 h data point is just slightly below the 

minimum calculated Fe-limited 𝑘𝑝; therefore, the agreement is good. However, solid-state 

oxygen diffusion clearly underestimates the measured parabolic rate constants, so the mechanism 

of oxygen transport cannot be solid state O2– diffusion. As suggested by Robertson and others 

[9,34,36,39,119], oxygen transport through the inner oxide layer is facilitated by some fast path 

of either grain boundaries or a network of pores. Dieckmann [120] has shown that water 

molecules and OH– anions may also transport through solid state diffusion in both spinel and 

corundum phases. Regardless of the precise mechanism, oxygen transport must be the rate-

limiting step responsible for the low corrosion rate observed in the aerated case because cation 
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diffusion is too fast to be rate limiting. Otherwise, the corrosion rate would increase with oxygen 

activity which is contrary to the decrease observed between hydrogenated and aerated water. The 

calculation of 𝑘𝑝 is on the assumption that cation transport is rate-limiting. Therefore, the 

disagreement between the calculation and the aerated corrosion rate data shows that cation 

transport is not rate-limiting because the corrosion rate decreases even when cation transport 

coefficients and chemical potential gradients both increase. 

 
Figure 6.6. Measurements in non-irradiated regions (of W24 with X24, W72 with X72, and A24) and 

calculations of parabolic rate constants using Fe and O diffusion in spinel (using Eq. 6.1 and Eq. 6.2 respectively) 

for 316L in 320 °C 13.1 MPa water as a function of oxygen activity. 

There is good agreement between the hydrogenated water condition measurements and 

the Fe-limited 𝑘𝑝 calculation. However, the aerated condition measurement is entirely 

incompatible with Fe-based 𝑘𝑝. There is no slower mechanism available for cation transport 

outward than solid state diffusion through the inner oxide, and this mechanism would only 

increase the corrosion rate with increasing oxygen activity as suggested by the monotonic nature 

of the calculated 𝑘𝑝. Even for the hydrogenated case, the rate-limiting step may or may not be 
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cation transport, although the general agreement with the calculation makes it a feasible option. 

In either case, a different oxygen transport mechanism must be identified to account for the 

oxygen transport rate required for both hydrogenated and aerated condition corrosion rates. 

Robertson [9] and Perrin et al. [43] show that oxygen reaches the metal/oxide interface 

by a fast transport path. Rouillard and Martinelli [39] present an “available space model” that 

explains the balance between the rate of oxygen transport through pores in the oxide and cation 

transport. Essentially, the pore network can only form by the transport of cations to the outer 

layer, thus limiting the rate of oxygen ingress via pores to be proportionate to cation transport. 

As oxygen reaches its destination at the metal/oxide interface, it creates more oxide which fills 

the pores (with Fe-rich spinel) thereby preventing further oxygen from reaching the interface. 

Countering this effect, cation (mostly Fe and Ni) transport to the outer oxide layer consumes the 

Fe-rich spinel in the inner oxide layer forming new pores which facilitate oxygen transport. In 

this scheme, the oxygen transport through pores can never exceed the rate of cation transport 

outward which matches experimental results in Figure 6.6 because the experimental data are all 

below the maximum of the cation diffusion curve. If oxygen transport exceeds cation transport, 

then the inner oxide would grow as a mixture of the two spinel phases, and the resulting stress 

would push the inner oxide layer above the metal. This would result in an oxide that does not 

preserve the original metal surface unlike the observations in this work and other stainless steel 

corrosion research [33,38,39,41,42]. However, the “available space model” preserves the original 

metal surface as the upper boundary of the inner oxide while explaining the role of oxygen and 

cation transport with porosity. 

Dieckmann [120] suggests the transport of oxygen-bearing compounds through solid 

state diffusion in oxides may enhance oxygen transport to the metal/oxide interface. This process 
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would serve to increase the effective oxygen diffusion coefficient as a function of water pressure 

in the environment. Because this mechanism does not require fast paths for diffusion, it may 

apply to all the possible oxidation conditions; however, this contradicts the evidence for fast path 

transport. Most likely, the mode 1 oxidation could be described by solid state transport of 

oxygen-bearing species, whereas mode 2 corrosion appears to be accelerated by fast path 

(porous) transport of oxygen to the metal/oxide interface. The nucleation of pores will be 

somewhat stochastic, resulting in the high variance of mode 2 corrosion rates. 

Grain boundaries in the oxide are unlikely to be the feature responsible for controlling the 

corrosion because of their relationship with Cr. Terachi et al. observed a decrease in grain size of 

the inner oxide layer with increasing Cr content in the alloy [33]. Furthermore, the corrosion rate 

on these same alloys decreased with increasing Cr content. It is likely that the inner oxide grain 

size is related to the volume fraction occupied by Fe-rich spinel, which should decrease with 

increasing Cr content of the alloy. Regardless of the reason for the grain size change, higher Cr 

alloys have more grain boundaries, yet the corrosion rate decreases with Cr. This leaves porosity 

as the key feature for facilitating oxygen transport as necessary for the corrosion reaction. 

Porosity and its relationship to corrosion modality will be discussed further in Section 6.1.2.5. 

In summary, corrosion in the hydrogenated and aerated water conditions is rate-limited 

by oxygen transport through the inner oxide layer. Oxygen transport through solid-state 

diffusion, including grain boundaries, is responsible for mode 1 corrosion. Oxygen transport 

through networks of pores is identified as a mechanism consistent with mode 2 corrosion.  

6.1.2.4. Application of the Parabolic Rate Law at 480 °C 

As with the previous section, parabolic rate constants from the non-irradiated regions of 

S24 and S72 in Table 6.2 are plotted with calculated parabolic rate constants in Figure 6.7. Here, 
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the rate constants calculated from experimental data are significantly below the Fe-based 

calculation and are slightly above the O-based calculation. Because the parabolic rate constant is 

higher than the calculated values for oxygen diffusion, some mechanism must increase the 

transport rate of oxygen above its solid-state diffusion coefficient. This mechanism for oxygen 

transport is, therefore, the rate-limiting step. 

 
Figure 6.7. Measurements in non-irradiated regions and calculations of parabolic rate constants using Fe 

and O diffusion in spinel for 316L in 480 °C 1.5 MPa argon-steam as a function of oxygen activity. 

As discussed in detail in the previous section, grain boundaries and porosity are both 

possible fast paths for the transport of oxygen to the metal/oxide interface. Another possibility is 

the transport of oxygen-bearing compounds though solid-state transport in the inner oxide layer. 

Despite the higher temperature, the parabolic rate constants are lower for the steam condition 

than the hydrogenated water condition. One aggravating factor for corrosion rate increase is that 

an elevated temperature increases the transport coefficients of all species relative to the water 

conditions. However, the relatively low pressure of water in the steam environment results in a 

decrease in driving force for transport because the oxygen activity is roughly proportional to the 
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water pressure. Water pressure can also more directly impact the corrosion rate if water 

molecules are the oxygen-bearing species that reach the metal/oxide interface [120]. Another 

mitigating factor is the lower excess volume, and therefore lower expected porosity, which will 

reduce oxygen transport. All these factors combine to position the steam parabolic rate constants 

one order of magnitude below the hydrogenated water condition and one above the aerated water 

condition shown in Figure 6.6. 

One similarity between the hydrogenated steam and aerated water conditions is the 

magnitude of mode 1 corrosion. There are many environmental parameters that have changed 

between the two conditions, but mode 1 oxidation is ~7 nm for S24 and S72, and the total 

average oxidation in A24 is 11.0 nm. Mode 2 corrosion rates in steam are higher than those in 

aerated water. It is unclear if the mechanisms are the same between the two conditions for mode 

2 corrosion because there are both aggravating and mitigating factors that obscure the 

mechanism. However, the excess volume in the inner oxide layer shares some features between 

the two conditions that will be discussed further in the next section. 

A major difference between the water and steam conditions is the behavior of Ni. From 

the EDS data in steam (Figure 5.71), there is little to no incorporation of Ni into either inner or 

outer oxide layers, whereas Ni is incorporated into both oxide layers in water (Figure 5.47). 

Instead, Ni is highly enriched in the metal at the metal/oxide interface, and some metal 

protrusions into the inner oxide layer may be relatively stable in a manner consistent with regime 

4 corrosion. This behavior is expected throughout the inner oxide layer because the environment 

oxygen activity is only just above the transition to regime 5, thus regime 4 behavior will 

dominate most of the inner oxide. Furthermore, the chemical potential of Ni in Figure 5.79 
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shows that there is a greater driving force for Ni to diffuse back into the bulk metal rather than 

incorporate into the oxide. 

In summary, the rate-limiting step for corrosion in 480 °C argon-steam is consistent with 

solid state diffusion of oxygen through the inner oxide layer for mode 1 corrosion and oxygen 

transport through pores for mode 2 corrosion. Notably, these are the same rate-limiting steps 

identified for corrosion in 320 °C water in both aerated and hydrogenated conditions. The 

increased temperature yields higher transport coefficients in the inner oxide, but the low water 

pressure and lower inner oxide porosity decrease the transport of oxygen. This results in lower 

overall oxidation rates in 480 °C hydrogenated steam compared to 320 °C hydrogenated water. 

6.1.2.5. Corrosion Modality and Porosity 

A key factor in the proposed inner oxide growth mechanism in both 320 °C water and 

480 °C steam is porosity as a transport fast path for oxygen, which controls the overall corrosion 

reaction rate. Fast paths facilitating higher corrosion rate provide a rationalization for the 

separation between mode 1 and mode 2 corrosion. Pores are not distributed uniformly throughout 

the oxide; where pores connect the metal to the environment the corrosion rate is high, and 

where the oxide is dense or has unconnected pores, the corrosion rate is low. Therefore, a more 

detailed analysis of inner oxide porosity in the different environments is needed to better address 

the differences in corrosion rate. 

The “available space model” by Rouillard and Martinelli [39] fits well with the Thermo-

Calc analysis performed earlier where the “available space” in the inner oxide layer is 

accommodated by the excess volume. Excess volume is defined by the thermodynamics of the 

inner oxide where there is more volume than necessary to contain the (immobile) Cr-rich spinel. 

The Cr-rich spinel is immobile because of the low diffusion coefficient of Cr and the free energy 
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of mixing which resists concentrating Cr in the spinel phase. The Fe-rich spinel phase has 

virtually no Cr, so the cations may transport to the outer layer and form oxides there. This makes 

any volume occupied by Fe-rich spinel in the inner oxide layer excess volume. The excess 

volume is split between pores and Fe-rich spinel, and the pores created by Fe and Ni diffusion to 

the outer oxide layer are the “available space” for new oxides at the metal/oxide interface.  

Excess volume changes as a function of oxygen activity, and oxygen activity in the inner 

oxide spans the range from the metal to the environment. On the assumption that oxygen 

transport through the inner oxide is the rate limiting step, the logarithm of the oxygen activity 

will be linear through the thickness of the inner oxide. The result is a non-uniform distribution of 

excess volume with depth in the inner oxide layer, and the excess volume is visualized in Figure 

6.8. In hydrogenated water the inner oxide has a relatively constant excess volume, and thus it is 

continuously porous and highly permeable for oxygen transport. In contrast, the aerated water 

condition has a distinct change in porosity from the metal-adjacent sublayer that is porous to an 

environment-adjacent sublayer that has no excess volume i.e., an impermeable layer. Finally, the 

steam condition has a lower overall magnitude of porosity which tapers off near both the 

environment and metal.  
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Figure 6.8. Visualization of inner oxide excess volume in the hydrogenated water condition (top), aerated 

water condition (middle), and hydrogenated argon-steam condition (bottom) with the nominal oxygen activity of the 

environment denoted by the dashed line. 
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For comparison with the calculated porosity distributions in Figure 6.8, some images 

from hydrogenated water conditions are provided in Figure 6.9 and from hydrogenated argon-

steam in Figure 6.10. The radiolysis region in Figure 6.9 has a significant amount of inner oxide 

dissolution with little porosity except directly adjacent to the metal. The irradiated region has 

similar porosity localized to the metal/oxide interface. The non-irradiated region has a fine 

distribution throughout the layer, with higher concentrations of pores where the inner oxide is 

thickest. This matches the general expectation from Figure 6.8. 

The images from steam in Figure 6.10 show different distributions of porosity in all three 

regions. The non-irradiated region is mostly dense with a few small pores. The radiolysis region 

has some significant porosity in the inner oxide, mostly concentrated at either interface, but some 

porosity is also present in the center. The irradiated region has many pores throughout the inner 

oxide that are largest near the metal/oxide interface. None of these regions match very well with 

the expectation in the steam environment from Figure 6.8. The increased porosity in the 

radiolysis region relative to the non-irradiated region is most likely an effect of radiolysis on the 

oxide. The large pores in the irradiated region are consistent with a displacement damage-driven 

void growth mechanism occurring in the inner oxide. Because the irradiated region shares the 

radiolysis condition with the radiolysis region, these smaller pores nucleate from the interaction 

with the environment and grow with displacement damage. 
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Figure 6.9. HAADF STEM micrographs of oxide layers representing porosity from the non-irradiated, 

radiolysis, and irradiated regions of experiment W72-2.  
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Figure 6.10. HAADF STEM micrographs of oxide layers representing porosity from the non-irradiated, 

radiolysis, and irradiated regions of experiment S72. 

Porosity in the inner oxide facilitates the transport of oxygen by creating a fluid phase 

within the inner oxide layer with a higher transport coefficient. This complicates the calculation 

of the parabolic rate constant by introducing an additional oxygen activity dependence to the 

diffusion coefficient which is integrated in Eq. D.13. Allowing for the possibility that pores are 

somewhat interconnected, a parallel resistance model yields a maximum effective transport 

coefficient for the inner oxide layer. 

 𝐷O,eff = ϵ𝐷O,pore + (1 − ϵ)𝐷O,ox Eq. 6.6 
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Here, ϵ is the volume fraction of pores in the inner oxide layer, and 𝐷O is the diffusion 

coefficient in the solid oxide, the pores, or the effective total inner oxide. However, this 

expression in Eq. 6.6 does not account for the changing porosity with oxygen activity throughout 

the inner oxide layer. This requires a series resistance model to yield an effective porosity. 

 

ϵeff = [
1

μO
2 − μO

1
∫

dμO

ϵ

μO
2

μO
1

]

−1

 Eq. 6.7 

Assuming a minimum porosity of 1%, the effective porosity is 12.7% in hydrogenated 

water, 1.42% in aerated water, and 2.36% in steam. To demonstrate that porosity is the 

controlling factor, the oxygen diffusion coefficient in the oxide (𝐷O,ox) is assumed to be 

negligible in Eq. 6.6. The diffusion coefficient for oxygen in pores (𝐷O,pore) is a gas diffusion 

coefficient which is proportional to √𝑇, and the parabolic rate law is itself proportional to the 

diffusion coefficient. Therefore, excess volume can be used to calculate a parabolic rate constant 

for each experimental condition by fitting to the measured data as in Eq. 6.8. 

 kp
ev ∝ ϵeff√T Eq. 6.8 
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Figure 6.11. Correlation between parabolic rate constants as measured on the vertical axis and calculated 

using excess volume on the horizontal axis. The identity line is the solid diagonal line where the calculation and 

measurement are equal. 

Comparing the parabolic rate constants as measured and calculated from excess volume 

reveals a clear correlation in Figure 6.11. The highest oxidation rate (hydrogenated water) has 

the most consistent excess volume; the lowest oxidation rate (aerated water) has the least excess 

volume or the largest non-porous sublayer. Again, steam is intermediate in both the excess 

volume and oxidation. It bears mentioning that the ln 𝑎O2
 (oxygen activity) is not necessarily 

linear with depth into the oxide layer, particularly if it is permeable to oxygen. However, the 
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chemical potential is proportional to ln 𝑎O2
, so it is a reasonable assumption where chemical 

potential is the driving force for oxygen transport. 

Portions of the inner oxide without excess volume are not necessarily non-porous; 

however, the thermodynamics favor pore formation with excess volume because there is always 

a chemical potential driving force exerted on the Fe toward the outer oxide layer. If there is no 

excess volume or pores, the Cr-rich spinel may shed some Fe or Ni to allow some pore formation 

when oxygen activity decreases in the inner oxide layer as it is consumed. This kind of porosity 

will be much smaller than that accommodated by excess volume, but it enables the corrosion 

reaction to continue with rates well above those allowed by solid-state oxygen diffusion by 

increasing the permeability. It follows that there are areas both with and without porosity that 

naturally result in bimodal corrosion rates as observed. Bimodal, and generally variable, inner 

oxide thicknesses are consistent with a corrosion mechanism that is limited by porous transport 

of oxygen. 

The substantial differences in localized corrosion are difficult to explain without a feature 

such as porosity. Take for instance W24 thickness from Table 5.9 where there is 21.4 nm 

thickness in mode 1 and 206.2 nm in mode 2. The parabolic rate constants calculated from these 

two values yield 9.54 nm2/h in mode 1 and 886 nm2/h in mode 2 which implies a difference by 

nearly a factor of 100 between the two modes. The only parameter in the parabolic rate constant 

that could possibly accommodate this discrepancy is the diffusion coefficient, yet there is no 

observed composition change which would result in such drastic changes in the material 

properties. Furthermore, these oxidation modes coexist within a single micron of distance across 

the surface, so any features that cause this modality must be nanoscale. Porosity is the most 

promising theory for explaining the corrosion modes observed because it fits these requirements. 
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The distinction between corrosion modes has been noted in literature, sometimes as 

localized corrosion (not to be confused with pitting), but only quantified by Sumner et al. [42]. 

The relative quantity of each mode is extremely important for the overall average oxidation. 

Comparing the non-irradiated regions of W24 and W72 with the control experiment X72 from 

Table 5.9 and reproduced in Figure 6.12, the inner oxide thickness and total oxidation 

measurements are in good agreement for both mode 1 and mode 2. One exception is mode 1 for 

X24 (Figure 5.5) and W72 (Figure 5.30) where the mode is completely and nearly absent, 

respectively. For W72, the value of mode 1 is skewed to higher values by the broad peak of 

mode 2 captured below the threshold, and the much lower proportion of mode 1 oxide present. 

Mode 2 matches within error for X72 and W72, but mode 2 for X24 is slightly lower than W24. 

This difference is likely just experimental variance from across the samples. X24 has double the 

average inner oxide thickness of W24 because the mode 1 fraction for W24 is 63% compared to 

the 0% for X24. Similarly, the average oxide thickness is greater for W72 than X72 due to the 

difference in fraction. Large scatter in corrosion rate data may be easily caused by a change in 

the fraction of corrosion modes rather than a change in the corrosion kinetics. 
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Figure 6.12. Corrosion modes and averages for control and non-irradiated experiments in hydrogenated 

water from Table 5.9. On the right are the inner oxide histograms to illustrate the differences between mode 1 

corrosion. 

One issue with this excess volume model is the presence of mode 1 corrosion in the 

hydrogenated water condition. If porosity in hydrogenated water extends through the inner oxide 

layer, then there should only be minor differences in local inner oxide thickness, but mode 1 

corrosion between 20~40 nm is observed. Stainless steels grow a thin and protective oxide film 

in air, and this air-grown film is most likely the progenitor of mode 1 corrosion. If the entire 

surface is coated in a non-porous oxide film before exposure in the autoclave, there is a 

necessary step of breaking down, or bypassing, this initial layer. This first step in corrosion slows 

the initial corrosion rate in all conditions. Thus, in the hydrogenated water condition, the fraction 

of mode 1 corrosion is the fraction of the air-grown film remaining on the surface as a protective 

layer. In some cases, like the non-irradiated region of W72, this layer is nearly absent, and in 

others, like X24, the layer is totally absent. The difference between these samples is likely some 
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small difference in the surface condition before exposure such as the time between polishing and 

exposure in the autoclave. Another visualization including the air-grown layer is presented in 

Figure 6.13. A similar example from W24-4 is presented in Figure 6.14. 

 
Figure 6.13. Visualization of inner oxide excess volume in mode 1 and mode 2 corrosion with a non-porous 

air-grown layer in the hydrogenated water condition with the nominal oxygen activity of the environment denoted 

by the dashed line. 

The structure and thickness of the air-grown layer were not examined prior to water 

exposure in this work. However, the structure is likely a mixture of spinel and hematite if the 

oxide is not amorphous. Regardless of the exact structure, the air-grown oxide film will reduce to 

solely spinel in the hydrogenated water condition which is slightly less dense than corundum. 

The reduction in density likely opens up a path for oxygen transport resulting in mode 2 

corrosion. In the aerated condition, some amount of dissolution is likely to occur which will also 

open a path for oxygen transport to the metal oxide interface. Based on the relative fractions of 

mode 2 corrosion in Table 5.9, mode 1 corrosion is minimally present after 72 hours in 

hydrogenated conditions, meaning that the air-grown film has a limited lifetime in this condition. 

Some observations from this work can provide evidence for oxygen transport through 

porosity as the rate-limiting step. The thickest inner oxides observed always coincide with a very 

porous inner oxide layer. High amounts of porosity indicate faster oxygen transport which causes 
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this high corrosion rate. Another example is that outer oxide particles are sometimes protective; 

inner oxides beneath some outer oxide particles are very thin when exposed areas are thicker. A 

dense outer oxide particle will prevent oxygen from reaching the inner oxide layer, even if the 

inner oxide would otherwise be porous. Inner oxides are sometimes found to grow laterally, 

leaving some metal between the inner oxide and the surface. This phenomenon is a clear 

example of a certain path through the oxide facilitating transport rather than the shortest distance 

to the surface, as seen in Figure 6.14. The wide variation in inner oxide thickness is itself an 

indication of fast path diffusion because solid state diffusion would only be affected by 

crystallographic orientation leading to a consistent thickness for each grain. 

From the example in Figure 6.14 and the pore distributions in Figure 6.8 and Figure 6.13, 

the relationship between corrosion modality and porosity becomes clearer. In any condition, the 

mode 1 corrosion will closely resemble the expected porosity in the aerated condition: a non-

porous sublayer that is a significant portion of the inner oxide thickness. The aerated condition 

has a low corrosion rate without distinct modality because the expected mode 2 corrosion is 

practically identical to mode 1 corrosion in any other condition. However, in steam or 

hydrogenated water, once the air-grown film is bypassed by some mechanism, mode 2 corrosion 

begins and develops the excess volume distribution in the inner oxide layer. This justifies the 

previous use of mode 2 corrosion as the sole contributor to the parabolic rate constant because it 

is representative of corrosion in the environment. Mode 1 corrosion represents the protectiveness 

of the oxide grown in air, rather than that grown in the respective autoclave environment. 
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Figure 6.14. Visualization of porosity and solid-state transport driving both modes of corrosion. On top is 

the original HAADF STEM micrograph from W24-4 non-irradiated region, the middle is a colorized version to 

highlight the porosity in the inner oxide layer, and the bottom is a sketch of the same oxide showing the transport 

mechanisms driving their respective corrosion modes. 

Additional evidence of excess volume is present in the inner oxide composition observed. 

The EDS data in Figure 5.47 show that Cr is clearly enriched in the inner oxide layer relative to 
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the metal and especially the outer oxide, but this is because Fe and Ni have been displaced from 

this volume. Looking at the net counts, the Cr in the inner oxide layer is nearly indistinguishable 

from the metal layer. The exception is some small Fe-rich oxides in the inner layer which match 

the excess volume and are the likely sites of pore nucleation. These Fe-rich oxides correlate with 

less porous oxide and likewise the higher Cr-enrichment is in the porous areas of the oxide. Ergo, 

the Cr remains in place in the inner oxide, but Fe and Ni may either fill in the gaps making the 

oxide denser, or vacate to the outer oxide leaving a porous, Cr-rich oxide layer behind. 

An attempt at quantifying porosity was made by measuring the relative standard 

deviation of the HAADF image contrast along the oxide thickness for each region; the results are 

in Table 6.3. Error is calculated as the standard deviation of all porosity measurements across the 

given condition. Low porosity values tend to be 3~4, and high porosity values are 5 or greater. 

The hydrogenated water control exposures (X24 and X72) have unusually low porosity values, 

this may be from these oxides having finer pores that are not as easily detected. A24 has a very 

low porosity value as expected for the low corrosion rate. Both non-irradiated regions of W24 

and W72 have high porosity values more in line with expectation than X24 and X72. The 

radiolysis and irradiated regions of W24 are low which is reflected in the low corrosion rate. 

Radiolysis and irradiated regions of W72, however, show moderately high porosity from the 

dissolution (or possible displacement damage) affecting the inner oxide morphology. In steam, 

both non-irradiated and radiolysis regions have low porosity for both S24 and S72, and the 

irradiated region has elevated porosity that is causally linked to the elevated corrosion rate. 

Pores appear to preferentially form in the inner oxide layer along certain crystallographic 

directions of the metal substrate. Naturally, the angle between these directions and the surface 

will impact the corrosion rate, as rate-limiting oxygen transport is directed along these pores. 
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Porosity has a further dependence on the crystallographic orientation of the metal via the outer 

oxide layer. Outer oxide particles are large single crystallites with their crystallographic 

orientation dependent on the substrate orientation. Some grain orientations favor lateral growth 

of the particles along the surface, whereas others are more vertical in their growth. Greater areas 

of the inner oxide directly exposed to the environment increase the probability of porous 

networks to connect the metal/oxide interface to the environment. Therefore, the overall 

corrosion rate via the fraction of mode 2 corrosion may be influenced by the grain orientation of 

the metal. 

Table 6.3. Measurement of inner oxide porosity from all experiments by region. 

Experiment Region 
Porosity 

(arbitrary units) 

X24 Non-irradiated 0.468 ± 0.075 

X72 Non-irradiated 0.474 ± 0.041 

A24 Non-irradiated 0.363 ± 0.030 

W24 

Non-irradiated 0.473 ± 0.026 

Radiolysis 0.414 ± 0.047 

Irradiated 0.449 ± 0.090 

W72 

Non-irradiated 0.481 ± 0.057 

Radiolysis 0.519 ± 0.057 

Irradiated 0.473 ± 0.061 

S24 

Non-irradiated 0.4388 ± 0.0044 

Radiolysis 0.423 ± 0.023 

Irradiated 0.523 ± 0.028 

S72 

Non-irradiated 0.457 ± 0.020 

Radiolysis 0.436 ± 0.060 

Irradiated 0.4821 ± 0.0099 

 

6.1.2.6. Hydrogen and Porosity 

Another factor to consider is the effect of hydrogen on the transport properties of the 

inner oxide. Gradual addition of hydrogen has been shown [29,33] to increase corrosion rates 

which is precisely opposite the trend demanded by the solid-state diffusion calculation of 𝑘𝑝 in 

Eq. 6.1 and Figure 6.6. As previously established, the oxygen transport is rate-limiting and 
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occurs primarily through pores in the inner oxide layer. Dissolved hydrogen changes the system 

oxygen activity, and this influences the excess volume and pores in the inner oxide. Comparing 

Figure 6.8a and Figure 6.8b shows how changing the oxygen activity can stretch or squash the 

same excess volume profile over the inner oxide layer. Hydrogen may also play a more direct 

role in affecting the size, stability, and connectivity of oxide pores.  

Literature shows an increase in corrosion rate with dissolved hydrogen ranging from 0 

mg/kg to 4.5 mg/kg, and the transition between regime 5 and regime 6 is 1.3 mg/kg (at 320 °C). 

So, some of the data is within regime 6 where excess volume begins to decrease, but data from 

Terachi et al. [33] are mostly within regime 5 and still show a significant effect of hydrogen 

addition on corrosion rate. If the corrosion rate is limited by oxygen transport through pores in 

this literature case, the permeability of the inner oxide to oxygen or oxygen-bearing compounds 

appears to increase with hydrogen.  

The role of hydrogen in more general stainless steel oxidation has been noted in 

literature, but the precise mechanism is not clear. Literature has shown that dry oxidation (air, 

O2, or CO2 without water) is slower than wet oxidation (with steam or water) for otherwise 

identical conditions on stainless steels [120,121]. In addition, there were high concentrations of 

hydrogen measured within the inner oxide layer formed during stainless steel corrosion [20,121]. 

It is reasonable to suspect that hydrogen plays an important role in the formation and 

stabilization of both individual pores and a continuous network of pores. Hydrogen adsorbs on 

free oxide surfaces which reduces the surface energy and insulates the fluid from the ionic solid. 

Water molecules may transport through the pores to the metal/oxide interface, and the liberated 

hydrogen from water molecule must be incorporated into the oxide or transport elsewhere (either 

into the metal or the environment). If hydrogen is incorporated into the oxide lattice it may alter 
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the transport properties by reducing the formation or migration energies of point defects. 

Hydrogen incorporation into the oxide film may simply be as a coating on the inner surfaces of 

pores. In any case, hydrogen activity in the corrosion system is inversely related to the oxygen 

activity, so if the pore structure is increasingly stable with hydrogen activity, the corrosion rate 

should decrease with increasing oxygen activity. This relationship runs counter to the 𝑘𝑝 

calculations based on solid state diffusion but matches the observation in this work between 

hydrogenated and aerated water and the literature on the effects of hydrogen addition to water 

[20,29,33]. 

6.1.3. Conclusion 

Oxygen transport is the rate-limiting step in all circumstances for 316L corrosion in this 

work, although the transport mechanisms depend on the temperature and oxygen activity. The 

slower mode of corrosion is limited by solid state diffusion of oxygen or oxygen-bearing species 

through the air-grown oxide layer present before exposure, and there is no resulting increase in 

mode 1 oxidation from 24 h to 72 h in steam. Mode 2 corrosion is consistent with rate-limitation 

by oxygen transport along pore networks in the inner oxide layer and only exists where some 

initial defect or process creates pores which allow oxygen transport through the air-grown layer. 

For 320 °C hydrogenated water, the entirety of the mode 2 inner oxide has the capacity for 

porosity due to the excess volume. For 480 °C hydrogenated steam, the excess volume is 

generally lower and tapers off at either surface, so the inner oxide in this condition is moderately 

permeable. For 320 °C aerated water, the environment-facing sublayer of the inner oxide has no 

excess volume, so mode 2 corrosion is significantly slower such that it is indistinguishable from 

mode 1 corrosion. 
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6.2. Corrosion with Radiolysis 

Radiolysis changes the water chemistry by increasing the activity of species without 

changing the amount of oxygen or hydrogen in the system. Therefore, it is assumed that the 

primary effect of radiolysis is to change the oxygen activity of the system, and this places 

radiolyzed water along the same axis as the hydrogenated and aerated conditions in this work. 

The discussion of radiolysis effects will be split into two parts: radiolysis-induced water 

chemistry changes and their subsequent impact on the corrosion behavior. 

6.2.1. Radiolysis Effect on Water Chemistry 

There are two very different conditions in which radiolysis effects must be calculated: 

hydrogenated water and hydrogenated steam. To get an effective oxygen activity from radiolysis 

products, only hydrogen peroxide production will be considered. The general radiolysis reaction 

for the formation of hydrogen peroxide is given in Eq. 6.9.  

 2H2O → H2O2 + H2 Eq. 6.9 

There are short-lived radiolysis products that may increase the true oxygen activity, but the 

activity of these species is unknown because they are unmeasurable. Furthermore, hydrogen 

activity will not be strongly affected because hydrogen is already added to the system and oxide 

surfaces catalytically decompose molecular hydrogen, so hydrogen activity will not be strongly 

affected by radiolysis.  

The evidence for hydrogen peroxide as the primary agent of radiolysis is in the hematite 

signal from Raman spectroscopy. There are expanded areas beyond the irradiated and radiolysis 

regions (outside the path of the beam) where hematite signals are detected at the same intensity 

as the irradiated region. These areas are generated by water flow from natural convection 

induced by beam-heating. Since there are no other radiolysis products that could survive the 

duration of the flow and induce a positive shift in the oxygen activity, hydrogen peroxide must 
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be causing this shift. Furthermore, the similar intensity of the signal indicates that there is no 

measurable net effect of the short-lived products, otherwise the intensity would be stronger in the 

irradiated/radiolysis regions. 

6.2.1.1. Radiolysis in Hydrogenated Water 

Because this work is not the first to explore the effects of proton-induced radiolysis on 

stainless steel corrosion, an interpolation of a model employed by Raiman et al. will be used to 

calculate the hydrogen peroxide production in this work [22]. The energy of protons emerging 

from the sample surface is similar between this work and that of Raiman et al. (i.e., the LET is 

similar), and the dose rates in this work are intermediate. The model predicts 340 µg/kg H2O2 for 

4000 kGy/s dose rate in the water and 40 µg/kg H2O2 for 400 kGy/s. Using a simple polynomial 

fit to these values, the following expression can be used to interpolate the yield of hydrogen 

peroxide in µg/kg:  

 [H2O2] = 4.167 × 10−6𝐷2 − 0.101𝐷 Eq. 6.10 

where 𝐷 is the dose rate in kGy/s. The disc surface dose rate ranges from 600~700 kGy/s 

yielding a hydrogen peroxide concentration in the 60~69 µg/kg range. Peak dose rates on 

radiolysis bars (radiolysis regions) approach 1500 kGy/s or 143 µg/kg hydrogen peroxide in 

water. 

With the range of hydrogen peroxide concentrations, the equivalent oxygen activity needs 

to be determined. Using the effect of oxygen and hydrogen peroxide addition on ECP by Kim 

[26] in Figure 2.10, an effective oxygen concentration can be determined for a given hydrogen 

peroxide concentration by assuming a constant ECP. From the oxygen concentration, the 

equilibrium oxygen activity can be calculated with the same method as the nominal conditions, 
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and the results are listed in Table 6.4. The oxygen activity under irradiation in this work 

approaches the value of oxygen activity in the aerated condition within an order of magnitude. 

Table 6.4. Oxygen activity calculation from proton-induced hydrogen peroxide production compared with 

other nominal conditions in 320 °C water. 

Added 

Gas 

Added Gas 

Concentration 

(mg/kg) 

Dose 

Rate 

(kGy/s) 

Hydrogen 

Peroxide 

Concentration 

(µg/kg) 

Equivalent 

Oxygen 

Concentration 

(µg/kg) 

Oxygen 

Activity 

(atm) 

H2 3 0 – – 1.863 × 10–31 

H2 3 600 60 662 4.9 × 10–5 

H2 3 700 69 739 5.5 × 10–5 

H2 3 1500 143 1120 8.3 × 10–5 

O2 8 0 – 8000 5.951 × 10–4 

 

Each mole of hydrogen peroxide generated from radiolysis also generates a mole of 

molecular hydrogen as shown in Eq. 6.9. The result is a minor increase of the hydrogen 

concentration; in the most extreme case of 1500 kGy/s, the resulting hydrogen concentration 

would be 3.016 mg/kg. This is important because it distinguishes the radiolyzed water from both 

aerated and hydrogenated conditions. If oxygenated water were to be radiolyzed, it would result 

in significant increases in the relative hydrogen activity but with minimal effect on the oxygen 

activity. With radiolysis, both oxygen and hydrogen activity are enhanced in a manner analogous 

to displacement damage with vacancy and interstitial concentrations. Therefore, the effects of 

oxygen activity on the oxide will resemble the aerated case, and the effects of hydrogen activity 

on the oxide will resemble the hydrogenated case. 

The effect of the injected hydrogen atoms from the proton beam on the water chemistry is 

minimal. For the upper end of current density, ~4.5 µA/cm2, and an injection depth of 100 µm, 

the equivalent added H2 is 2.4 µg/kg·s. The refresh rate of the autoclave is 40 s in water (much 

faster in steam), so at most the accumulated concentration could be ~0.1 mg/kg. This 
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concentration is mitigated by convective and diffusive flow which is accelerated by the beam 

heating. Therefore, the effect of the injected hydrogen is considered to be negligible. 

Solubility is a secondary effect on water chemistry by radiolysis that is important to this 

work. Fe, Ni and Cr all dissolve from the oxide to the solubility limit in the water and no further. 

Because the autoclave in this work is made from stainless steel, the solubility of all cations is 

assumed to have reached in the water above the sample for any nominal water chemistry. 

However, radiolysis changes oxygen activity which, in turn, changes solubility without 

immediately altering the concentration of any dissolved metal species. Therefore, these dissolved 

species will become undersaturated or supersaturated depending on the change in solubility with 

oxygen activity. This is only possible with radiolysis in this type of experiment where the 

radiolyzed water is confined to a small volume inducing local solubility changes above irradiated 

and radiolysis regions. 

6.2.1.2. Radiolysis in Hydrogenated Steam 

The environment is significantly different for the steam case in this work, especially 

because most of the gas is argon. The mass density of the argon-steam was calculated to be 13.2 

mg/cm3, and the dose rate in the gas was 5.43 kGy/s for S24 and 5.56 kGy/s for S72. Taking an 

average value of 5.5 kGy/s for both experiments, the energy deposition is still split between 

argon, water, and hydrogen in the gas. Normally, one would use the atomic number to distribute 

the energy from ion irradiation, but argon will transfer some energy back to the water due to its 

low heat capacity. Therefore, the mole fraction of both water and hydrogen were combined to 

give a conservative estimate of the effective dose rate on the water: 0.957 kGy/s. This value was 

applied to Eq. 6.10, and the resulting oxygen concentration and activity are listed in Table 6.5. 

Here, the hydrogen peroxide concentration is significantly below that plotted in Figure 2.10, and 
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the lowest points show that the hydrogen peroxide and oxygen concentrations return virtually 

equal ECP values. Therefore, it was assumed that the equivalent oxygen concentration was equal 

to the hydrogen peroxide concentration. Furthermore, the 150 µg/kg H2 point (–540 mV) in 

Figure 2.10 is very close in ECP value to the 0.3 µg/kg O2 and H2O2 points (–510 mV). 

Table 6.5. Oxygen activity calculation from proton-induced hydrogen peroxide production compared with 

the nominal condition in 480 °C steam. 

Added 

Gas 

Added Gas 

Concentration 

(g/kg) 

Dose 

Rate 

(kGy/s) 

Hydrogen 

Peroxide 

Concentration 

(µg/kg) 

Equivalent 

Oxygen 

Concentration 

(µg/kg) 

Oxygen 

Activity 

(atm) 

H2 170 0 – – 1.863 × 10–31 

H2 170 0.957 0.0973 0.0973 5.951 × 10–4 

 

While the calculated value of oxygen activity is very high under proton radiolysis in 

steam, there are several mitigating factors to consider. First, the equivalent oxygen concentration 

is very low. According to Kim [26], 0.3 µg/kg of O2 (and H2O2) (–510 mV) is nearly the same 

ECP as 150 µg/kg H2 (–540 mV), so it stands to reason that a lower value would be even closer. 

Second, the calculation of hydrogen peroxide is an extrapolation from proton-induced radiolysis 

in 320 °C water where the slower reaction kinetics give more time for the necessary intermediate 

products to accumulate. Finally, the corrosion medium here consists mostly of argon which will 

interfere with the formation of hydrogen peroxide. The formation of H2O2 by radiolysis of water 

is a strong function of LET because it forms in the tracks of the energetic particle [85]. The high 

amounts of argon and hydrogen, in addition to the low density, will suppress the formation of 

hydrogen peroxide [84]. The result is that the calculated H2O2 concentration is an overestimate, 

the calculated oxygen activity can be discarded, and the oxygen activity of the nominal condition 

will be assumed for the radiolyzed steam condition. 
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6.2.2. Radiolysis Effect on Corrosion 

Because both the nominal and the radiolyzed conditions are substantially different, the 

water and steam radiolysis effects will be discussed separately. 

6.2.2.1. Radiolysis Effect on 320 °C Water Corrosion 

Radiolysis regions in water show a marked decrease in corrosion rate from the nominal 

hydrogenated condition. Notably, the radiolysis region corrosion rate is still higher than that of 

the aerated case, and the oxygen activity under radiolysis is between that of the hydrogenated 

and aerated conditions. The radiolysis region corrosion rates in water are plotted alongside the 

non-irradiated hydrogenated and aerated values and the calculated parabolic rate constants in 

Figure 6.15. 

 
Figure 6.15. Measurements in non-irradiated and radiolysis regions and calculations of parabolic rate 

constants using Fe and O diffusion in spinel limits for 316L in 320 °C 13.1 MPa water as a function of oxygen 

activity. 

Like the aerated condition, the hydrogenated water with radiolysis increases the oxygen 

activity which results in a lower corrosion rate. There are two features that differentiate 
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radiolyzed and aerated water conditions: the difference in corrosion rates and the active 

dissolution under radiolysis. 

Both the aerated and radiolyzed water conditions have no excess volume in the 

environment-facing sublayer of the inner oxide. See Figure 6.8b for the aerated case. Because the 

oxygen activity is so similar between these two conditions, the excess volume profile is virtually 

identical for radiolyzed water as aerated water. The lack of excess volume inhibits porosity as a 

significant mechanism of oxygen transport to facilitate the corrosion reaction. While the oxygen 

activity from radiolysis is slightly lower than that of the aerated condition, it is insufficient to 

account for the large difference in corrosion rates. Therefore, another factor must be responsible 

for the significant discrepancy in the corrosion rate between the two conditions. 

Dissolution under radiolysis is a key feature that is present in neither hydrogenated nor 

aerated conditions without radiation effects. Without radiation, the stainless steel corrosion 

vessel saturates the water with the relevant aqueous metal species. However, the locally 

increased oxygen activity increases the solubility of several cation species (notably HCrO
4
- ) [22], 

and thus leads to measurable dissolution of the inner oxide after 72 h of exposure to radiolyzed 

water. Dissolution is also evident in the 24 h radiolysis regions, but it was not quantifiable within 

error using the helium bubble marker layer technique. Dissolution of the inner oxide allows both 

the air-grown layer (responsible for mode 1 corrosion) and the non-porous sublayer (from the 

excess volume profile in Figure 6.8b) to be breached, causing accelerated corrosion rates relative 

to the aerated condition. The accelerated loss of the air-grown layer would cause an increase in 

the fraction of mode 2 corrosion if the modes were distinguishable in either condition. In 

contrast, the non-irradiated hydrogenated water condition always has available porosity in the 

inner oxide layer which results in a much higher corrosion rate that serves as an upper boundary 
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for the corrosion with radiolysis. With radiolysis, the non-porous sublayer both dissolves and 

reforms, creating a cyclical repassivation process that is rate-limited by oxygen transport via the 

dissolution of the inner oxide layer. If the non-porous sublayer did not form, then the corrosion 

rate should match that of the mode 2 non-irradiated hydrogenated water condition. If the non-

porous sublayer did not dissolve, then the corrosion rate would approach that of the aerated water 

condition. 

One other feature to consider is the composition of the inner oxide layer under radiolysis. 

The average Cr content of the inner oxide layer is higher in the radiolysis region than in the non-

irradiated region. There are two factors that lead to a more Cr-enriched inner oxide with 

radiolysis: the stratification of oxygen activity regimes and the ratio between cation diffusion 

rates and the corrosion rate. Because of the non-porous sublayer, oxygen transport into the inner 

oxide is limited, creating a more gradual slope of oxygen activity across the inner oxide layer 

which gives room for the lower activity regimes to manifest their equilibrium oxides. Regime 3 

and 4 Cr-rich spinel oxides are more Cr-rich than in regime 5, and so the inner oxide closest to 

the metal enriches in Cr relative to the rest of the layer. In contrast, with continuous porosity 

much of the inner oxide layer is exposed to oxygen activity near that of the environment, so the 

breadth of the inner layer exemplifies the activity regime of the environment (regime 5 in the 

hydrogenated water condition). While cation diffusion rates are fast and not rate-limiting, they 

are not instantaneous, so some equilibrium is reached with the oxygen transport. With radiolysis, 

the cation diffusion rate is higher in some parts of the inner oxide, and the corrosion rate is 

lower, therefore, there is more time for Fe and Ni to diffuse to the outer layer leaving Cr-rich 

spinel behind and depleting the amount of Fe-rich spinel in the inner oxide layer. In contrast, the 

higher corrosion rate and lower cation diffusion rate in the hydrogenated water condition result 
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in a greater proportion of Fe-rich spinel in the inner oxide layer and thus a lower Cr content than 

the radiolyzed water condition. This is reflected in the porosity measurements in Table 6.3 where 

W24 has higher porosity in the non-irradiated region than the radiolysis region; by 72 h in W72, 

however, the porosity is evened out between the regions. 

6.2.2.2. Radiolysis Effect on 480 °C Steam Corrosion 

As established earlier, the effective oxygen activity under radiolysis in hydrogenated 

steam is not significantly different than the non-irradiated condition as plotted in Figure 6.16. 

The oxidation results bear out this claim in that the corrosion rate in mode 1 and mode 2 is not 

affected in any statistically significant manner between the non-irradiated and radiolysis regions. 

One caveat is that both S24 and S72 radiolysis regions have a higher fraction of mode 1 

corrosion than the respective non-irradiated regions. The main drivers of this difference are that 

the two regions are from a bar (radiolysis) and a disc (non-irradiated) and that the surface 

condition varies from specimen to specimen resulting in more mode 1 corrosion on the bar 

(radiolysis region). Furthermore, the Cr-content measurements from the inner oxide layer are not 

notably different between the two regions.  

The fact that the measured values in Figure 6.16 lie between the curves elucidates the 

rate-limiting mechanism. Being above the curve for O diffusion in spinel means that oxygen 

must have a faster transport mechanism available rather than solid state diffusion. Lying 

significantly below the curve for Fe in spinel demonstrates that cation transport is not rate-

limiting because the corrosion rate would be equal or higher if that were the case. 

It was expected for the steam radiolysis region to be indistinct from the non-irradiated 

region; in fact, the point of the steam condition was to minimize the effects of radiolysis on 

corrosion. Doing so creates a direct comparison between irradiated and non-irradiated regions to 
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achieve the objective of this work: isolating the effect of displacement damage, which will be 

discussed in the next section. 

 
Figure 6.16. Measurements from non-irradiated and radiolysis regions and calculations of parabolic rate 

constants using Fe and O diffusion in spinel for 316L in 480 °C 1.5 MPa water as a function of oxygen activity. 

6.2.3. Conclusion 

Radiolysis region oxidation and Cr content were compared to non-irradiated regions in 

similar corrosion media. In hydrogenated water, radiolysis was found to decrease the corrosion 

rate, but compared to aerated water, this same radiolysis condition had a much higher corrosion 

rate. In water, radiolysis causes cycles between the porous oxygen transport mechanism of the 

non-irradiated hydrogenated water condition and low excess volume of the aerated condition, 

and this results in intermediate corrosion rates. Cr content was higher in the inner oxide with 

radiolysis than without due to increased cation diffusion and from oxygen activity stratification 

via pore blocking. In steam, no effect of radiolysis was observed in mode 1 or mode 2 corrosion 

rates, and no significant change in inner oxide Cr-content was found. The low dose rate in the 
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low density of steam prevented a significant quantity of hydrogen peroxide from forming and 

influencing the corrosion behavior. 

6.3. Corrosion with Displacement Damage 

All experimental conditions with irradiation in this work had a nominal 7 × 10-7 dpa/s 

damage rate at the metal surface facing the corrosion medium calculated using SRIM quick K-P. 

However, the point defect concentration in the metal is largely irrelevant for corrosion kinetics. 

Therefore, it is useful to calculate both the cation and anion displacement damage rate in spinels 

on the surface of the metal. The displacement damage rate is identical between the two 

temperature conditions, but the final point defect concentrations are temperature dependent. 

To calculate the damage rate in the oxide, SRIM was run in both quick K-P mode and 

Full Cascade. Quick K-P was used to calculate the total damage rate in pure magnetite at the 

surface of the sample material. Full Cascade mode was used to separate the cation and anion 

point defect generation rates by computing a ratio between Fe and O displacements, and the 

quick K-P rate was divided between cations and anions according to this ratio. The result is 5.32 

× 10-7 dpa/s for cations, 8.33 × 10-7 dpa/s for anions, and a total damage rate of 1.365 × 10-6 

dpa/s in the oxide film. 

6.3.1. Displacement Damage in 320 °C Water Corrosion 

While solid-state diffusion is not always the rate-limiting step for corrosion, the effects of 

displacement damage on the diffusion coefficients are illustrative of the effects on corrosion and 

the oxide film. First, a radiation point defect balance is needed to calculate the steady-state point 

defect concentrations. It is assumed that sinks are irrelevant for the calculation because they are 

true Frenkel defects in an ionic solid, so sinks may only serve as recombination sites. The 
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general point defect balance equations in Eq. 2.6 have an analytical solution when sinks are 

excluded which is given in Eq. 6.11 

 

Crad = −
1

2
(Cv,th + Ci,th) +

1

2
√(Cv,th − Ci,th)

2
+ 4

K0

Kiv
 

𝐶𝑖 = 𝐶rad + 𝐶𝑖,𝑡ℎ 

𝐶𝑣 = 𝐶rad + 𝐶𝑣,𝑡ℎ 

Eq. 6.11 

where 𝐶 is the concentration of vacancies 𝑣 or interstitials 𝑖 induced by radiation 𝑟𝑎𝑑 or 

thermally 𝑡ℎ, 𝐾0 is the damage rate in dpa/s, and 𝐾𝑖𝑣 is the recombination rate constant in s–1.  

 With the radiation and thermally generated point defects, the radiation enhanced diffusion 

coefficient can be calculated by using the following equation: 

 𝐷𝐴,𝑡ℎ = 𝐷𝐴
𝑖 𝐶𝑖,𝑡ℎ + 𝐷𝐴

𝑣𝐶𝑣,𝑡ℎ 

𝐷𝐴,𝑟𝑎𝑑 = 𝐷𝐴
𝑖 (𝐶rad + 𝐶𝑖,𝑡ℎ) + 𝐷𝐴

𝑣(𝐶rad + 𝐶𝑣,𝑡ℎ) 

Eq. 6.12 

where 𝐷𝐴
𝑖  is the partial diffusion coefficient for species 𝐴 moving by intersitials 𝑖 and similarly 

for 𝐷𝐴
𝑣 but with vacancies 𝑣. 

Using Eq. 6.11, radiation-induced point defect concentrations can be calculated and used 

to calculate diffusion coefficients with Eq. 6.12 and plot them in comparison to the thermal 

values in Figure 6.17. However, there is no literature or database information on the anion point 

defect concentrations in Fe spinels, so the radiation effect on anion diffusion cannot be 

calculated. 
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Figure 6.17. Radiation enhancement of diffusion coefficients in spinel oxides grown in the 316L corrosion 

system at 320 °C and 13.1 MPa. 

In the 320 °C water experiments in this work, the non-irradiated and irradiated regions 

are different in both water chemistry and displacement damage, so they cannot be directly 

compared to yield the effect of displacement damage at the nominal water chemistry. Radiolysis 

has a strong effect on the corrosion behavior, thus only by comparing the radiolysis and 

irradiated regions can any effects of displacement damage be discerned.  
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Figure 6.18. Measurements from all regions and calculations of parabolic rate constants using Fe and O 

diffusion in spinel for 316L in 320 °C 13.1 MPa water as a function of oxygen activity. 

The inner oxide thickness, total oxidation, and dissolution for both radiolysis and 

irradiated regions are within error of one another in both W24 and W72 as plotted in Figure 6.18. 

Compared to the non-irradiated region data, these regions have much lower oxidation rates and, 

in W72, are the only regions to show measurable dissolution. The discussion comparing the 

radiolysis region oxidation rate data to the non-irradiated region is equally relevant to the 

irradiated region due to their similarity. 

Earlier, it was established that mode 1 corrosion is rate-limited by solid-state transport of 

oxygen, so displacement damage would be relevant in accelerating this corrosion mode. 

However, mode 1 corrosion was not cleanly separable from the inner oxide thickness distribution 

in irradiated regions of W24 or W72, so the effect of displacement damage on mode 1 corrosion 

cannot be determined. The diffusion coefficients calculated for 320 °C water with and without 

radiation are comparable to non-irradiated steam diffusion coefficients. Mode 1 corrosion did not 
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increase significantly between 24 h and 72 h in steam, so displacement damage should also result 

in negligible change in mode 1 corrosion rates up to 72 h in 320 °C water.  

Rate-limiting steps for mode 2 corrosion were established earlier to be oxygen transport 

via porosity. Porosity is limited by increasing oxygen activity because the excess volume to 

support the pores decreases at higher activity regimes; however, dissolution counteracts this 

effect and allows the corrosion medium to access the inner oxide pore network intermittently. 

The two processes here—dissolution and oxygen transport through pores—do not rely on point 

defects or other solid-state transport mechanisms that may be affected by displacement damage. 

Therefore, displacement damage has negligible effect on the mode 2 corrosion rate as well as the 

mode 1 corrosion rate, and the match between corrosion rate data for the radiolysis and irradiated 

region corroborates this claim. 

The one measurable difference between the irradiated and radiolysis regions is the Cr-

content of the inner oxide and the Ni content in the metal. The attendant Ni enrichment (Figure 

5.46) is correlated with the Cr peak (Figure 5.44) but is found in the metal near the interface. 

Both radiolysis and irradiated regions have peak Cr-contents in the oxide directly adjacent to the 

metal/oxide interface and at about the same amount of Cr. However, the inner oxide Cr 

enrichment is constant in the radiolysis region, and Cr drops off rapidly away from the metal in 

the irradiated region. Since the only notable difference between the two regions is the 

displacement damage rate, this must be the cause of the difference. Increased mobility of the 

species in the oxide—even from ballistic mixing—may be responsible for the sharp drop in Cr 

content in the irradiated region. Based on the Thermo-Calc results, the Cr should be distributed 

widely between both inner and outer oxide layers in regime 6–7 compared to virtually no Cr in 

the outer oxide in regime 5. Therefore, in regimes 6–7, a driving force for Cr to move from the 
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inner layer to the outer layer emerges. Because of the increased oxygen activity caused by 

radiolysis, the Cr driving force is appreciable in both radiolysis and irradiated regions. The low 

mobility of Cr is the key factor in slowing its depletion in the radiolysis case, and displacement 

damage provides the avenue in the irradiated region. Furthermore, there is virtually no driving 

force in the non-irradiated region for Cr depletion, and the mobility is even lower, so Cr does not 

deplete or move significantly in hydrogenated water. Also, the Cr content does not directly 

impact the corrosion rate because excess volume is the key factor, so the difference in 

composition between radiolysis and irradiated regions does not affect the corrosion rate. More 

discussion on this feature is in a later section to compare both water and steam conditions 

together. 

6.3.2. Displacement Damage in 480 °C Steam Corrosion 

Again, the effect of radiation on the diffusion coefficients was calculated for cations in 

spinel in 480 °C steam using Eq. 6.11 and Eq. 6.12 and plotted in Figure 6.19. Cation diffusion 

coefficients are less affected by radiation-induced displacement damage than at 320 °C because 

the higher temperature yields higher thermal point defect concentrations.  

Both radiolysis and non-irradiated regions in 480 °C steam were indistinguishable in all 

aspects of corrosion behavior; therefore, both serve as valid controls for the irradiated region for 

determining the effects of displacement damage. Unlike the 320 °C water condition, 

displacement damage directly resulted in an increase in corrosion rate, both in the mode 2 

corrosion measurements and in the fraction of mode 2. 
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Figure 6.19. Radiation enhancement of diffusion coefficients in spinel oxides grown in the 316L corrosion 

system at 480 °C and 1.5 MPa. 

 
Figure 6.20. Measurements from all regions and calculations of parabolic rate constants using Fe and O 

diffusion in spinel for 316L in 480 °C 1.5 MPa water as a function of oxygen activity. The line denoting the 

irradiated condition wholly overlaps with the non-irradiated condition for Fe in spinel, and there is no irradiated line 

for O in spinel. 
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Despite the lack of point defect concentration information for anions, the mode 1 

corrosion rates in steam show that the effect is small. The only insight into anion point defects is 

from Dieckmann [120] who states that the anion point defect concentrations are minor compared 

to cations. If the diffusion coefficient of oxygen were to increase substantially, the minimum 

corrosion rate of mode 1 would increase, but this was not observed. Therefore, based on the 

mode 1 corrosion and the calculation of cation diffusion coefficients in Figure 6.19, radiation 

enhanced diffusion does not impact the corrosion in 480 °C steam within 72 h. However, 

displacement damage clearly influences the corrosion rate in mode 2, so some other radiation 

process must be responsible for this effect. 

As with all regions in steam, the inner oxide has both porous and non-porous sublayers. 

However, the irradiated region inner oxide has a much greater number of pores throughout the 

inner oxide than the other two conditions, as confirmed in Table 6.3. The rate-limiting 

mechanism of mode 2 corrosion is porous transport of oxygen (and oxygen-bearing compounds) 

through the inner oxide. Displacement damage accelerates the growth of these pores which 

increases the mode 2 corrosion rate in turn. Because the concentration of anion point defects is 

small compared to cation defects, the displacement damage will greatly increase anion point 

defect concentrations. Forming pores in an ionic solid requires the clustering of Schottkey 

defects i.e., cation vacancies and anion vacancies. Doing so is the only way to maintain the 

charge balance and form a cavity, so displacement damage can both nucleate and grow pores in 

the inner oxide. 

Displacement damage also increases the frequency of breakthrough defects in the air-

grown layer. The increased fraction of mode 2 corrosion over mode 1 corrosion is evidence of a 

higher frequency of breakthrough of the air-grown film. Similarly, the portions of the inner oxide 
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with low excess volume are also susceptible to radiation-induced pores. The formation of pores 

throughout the inner oxide connects the metal/oxide interface to the environment and increases 

the both the frequency and magnitude of mode 2 corrosion. 

One question with this mechanism is why does pore formation by displacement damage 

not affect the corrosion rate in 320 °C water? The key difference between the two conditions is 

dissolution. Thermal point defect concentrations are much lower at 320 °C, so displacement 

damage would promote pore formation as it does in 480 °C steam. However, the continuous 

dissolution of the inner oxide layer does not allow enough time for pores to form by 

displacement damage. There may also be some effect of the decreased mobility of all point 

defects at lower temperatures that reduces the radiation-induced pore formation. Regardless, the 

displacement damage at 480 °C results in accelerated corrosion via enhanced pore growth in the 

inner oxide layer. 

The elemental composition of the oxide is not remarkably different between any of the 

three regions. All three have substantial Ni enrichment in the metal and high Cr-enrichment in 

the oxide. There is no discernable common profile observed within any region, so there is little 

information to be learned from this data. 

6.3.3. Enrichment of Cr in the Inner Oxide 

Previously, the Cr-rich oxide layer was speculated as the reason for decreased corrosion 

rates in radiolyzed water [113]; however, the causality of this relationship is backwards. There 

are two arguments to support this theory: one kinetic argument and one thermodynamic.  

There are two kinetic factors that lead to the formation of this feature: diffusion in the 

metal and local corrosion rate. Highly Cr-enriched spinel oxides are a clear feature of regime 3–4 

corrosion, and the associated peak in Ni concentration in the metal phase is also consistent with 
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these regimes. Diffusion in the metal phase delivers Cr and Fe from the metal into the oxide, 

leaving Ni behind at higher concentrations, so enhanced diffusion in the metal will exaggerate 

this feature. For example, 480 °C steam corrosion has very high concentrations of Ni in the 

metal. The localized corrosion rate affects the magnitude of this feature because the metal/oxide 

interface is a moving boundary, so the enrichment of Ni depends on the relative velocity of the 

boundary to the diffusion flux in the metal. Because the cation diffusion coefficients are not a 

strong function of Cr content and because there is no evidence to suggest that oxygen diffusion is 

either, the peak in Cr concentration is caused by low corrosion rates. 

The difference in Cr content in the inner oxide between the irradiated and radiolysis 

regions can be explained with displacement damage effects. Displacements damage in the metal 

increases the diffusion coefficients of all species via point defect concentrations, and therefore 

the Ni enrichment in the metal and Cr enrichment in the oxide on opposite sides of the interface 

are increased by displacement damage. The corrosion rate between the irradiated and radiolysis 

regions of W24 and W72 are not significantly different, yet the enrichment levels are higher in 

the irradiated region, providing further evidence that the corrosion rate is not affected by the 

level of either Ni or Cr enrichment. Since the corrosion rates are equal between the two regions, 

increases in the diffusion coefficients will necessarily result in higher enrichment. In steam, there 

is little observed difference in the interface enrichment levels between all three regions of S24 

and S72. Even in the non-irradiated and radiolysis regions of S24 and S72, the Cr peak reaches 

its maximum value of 0.67 metal molar fraction, so there is no room for displacement damage to 

result in higher enrichment of Cr in the irradiated region. Furthermore, the irradiated region has a 

higher corrosion rate which mitigates gains in enrichment from displacement damage, resulting 

in similar Ni enrichment values. 



 

244 

 

The thermodynamic argument for the Cr peak in the oxide is based on the oxygen activity 

profile across the inner oxide layer. In the hydrogenated water condition, the porosity in the inner 

oxide layer allows for the oxygen activity near the metal/oxide interface to approach that of the 

environment. This leads to the inner oxide layer closely resembling the oxide compositions of 

regime 5 throughout the layer. In the cases with less excess volume (hydrogenated steam, aerated 

water, and radiolyzed water), oxygen activity is more stratified throughout the inner oxide layer. 

This leads to oxide compositions ranging across regimes 3–7, yielding high Cr enrichment near 

the metal oxide interface, and where applicable, very low Cr content near the inner/outer oxide 

interface. 

In water, the Cr depletes in the irradiated region inner oxide whereas the Cr in the 

radiolyzed region inner oxide remains constant. Despite this clear difference in Cr content, the 

oxidation rate is unaffected by this phenomenon. This is because the enrichment of Cr in the 

inner oxide is immaterial to the corrosion rate, rather only the presence of a dense oxide results 

in reduced corrosion rate. Cr serves to increase the thermodynamic regimes where dense oxides 

may form, thereby reducing corrosion. Even pure iron may form a passive oxide film in alkali 

conditions, so Cr is not necessary for protective oxide films on steels. With displacement damage 

from direct irradiation, Cr can redistribute to approach thermodynamic equilibrium in the outer 

oxide without altering the density of the inner oxide.  

6.3.4. Conclusion 

The effect of displacement damage on stainless steel corrosion was determined to be 

primarily through the formation and growth of pores in the inner oxide layer. The presence of 

mode 1 corrosion and the fact that it is unchanged by displacement damage shows that the effect 

of radiation enhanced diffusion on the corrosion rate is negligible in the conditions tested in this 
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work. Instead, the increase of corrosion with displacement damage in steam is due to the 

increased porosity relative to the radiolysis and non-irradiated regions. Displacement damage 

causes a redistribution of Cr in the inner oxide layer, but this does not impact the corrosion rate. 

The dissolution caused by radiolysis in water suppresses the effects of displacement damage at 

320 °C. 

6.4. Extrapolation to Reactor Conditions 

With the key effects of oxygen activity, radiolysis, and displacement damage on 

corrosion determined and the rate-limiting steps identified, these insights can be applied to 

practical conditions to predict the effect of radiation on corrosion behavior. Because there is no 

published characterization of LWR core oxides on stainless steel, this section will be entirely 

speculative. First, the effects of radiation in typical PWR conditions will be considered because 

the nominal water conditions in this work partially emulated PWR primary water. Second, BWR 

HWC and NWC will be briefly discussed. Finally, other coolants will be considered briefly. 

One feature that will not significantly impact the corrosion behavior in-core is mode 1 

corrosion. Insofar as the air-grown layer responsible for mode 1 corrosion affects the total 

corrosion rate, the effect is diminished over longer exposure times because all mode 1 corrosion 

is eventually converted to mode 2. Exposure times of years compared to the 72 h in this work 

will surely have eliminated mode 1 corrosion. 

Overall corrosion rates are important to the operation of reactors due to the release of Co-

60 causing increased dose rates for radiation workers and build-up of corrosion products causing 

fouling. However, overall corrosion rates are not clearly connected to failure mechanisms such 

as IASCC. Increases in dissolved hydrogen tend to increase corrosion rates but reduce cracking 

susceptibility, whereas zinc addition to the water decreases both corrosion rate and cracking 
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susceptibility. Therefore, radiation effects on cracking susceptibility will be considered 

separately. 

PWR primary water chemistry is different from the hydrogenated water condition in this 

work in a few ways. Most notably, PWRs use boric acid and lithium hydroxide which increase 

the pH and conductivity of the water compared to the pure water used in this work. Also, 

depleted zinc oxide is added to the water which has been shown to impact corrosion behavior of 

stainless steels. The radiation environment is also different: the damage rate (~10–8 dpa/s) is 

approximately 10x lower than the ion irradiation in this work (~10–7 dpa/s), but the radiolysis 

dose rate (< 4 kGy/s) is about 250x lower than this work (600~1500 kGy/s). 

The effect of increasing pH is proportional to increasing the oxygen activity because of 

the Nernst Equation, but the pH has a smaller effect than oxygen. This means that the nominal 

thermodynamic regime in a PWR core is still regime 5. Radiolysis at the low dose rates in the 

reactor core are assumed to be too low for significant changes to the oxygen activity. More likely 

the effect of radiolysis is to increase solubility of cations in the core, but this effect is inseparable 

from the temperature effects on solubility. Generally, the oxygen activity in the PWR core 

should not deviate strongly from the nominal condition of 320 °C with 3 mg/kg H2.  

Displacement damage in the PWR core is significantly lower than the irradiation 

experiments in this work. The effect of radiation enhanced diffusion was found to be irrelevant 

for corrosion rates of all conditions in this work, so lower displacement damage rates will further 

decrease the relevance to the corrosion behavior. However, the relationship between 

displacement damage and porosity is the primary mechanism for changing corrosion rates. 

Unlike any 320 °C condition in this work, PWR cores have oxygen activity in regime 5 but also 

have displacement damage. Pores will already be present throughout the thickness of the inner 
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oxide because of the excess volume profile. Dissolution (of the inner oxide) is not a major factor 

due to the low (and not localized) radiolysis, so the inner oxide will persist to be affected by 

accumulated displacement damage. Like the steam condition, the oxide permeability greatly 

increased with displacement damage up to 0.18 dpa. Therefore, it is expected that radiation in-

core will result in accelerated corrosion rate because the inner oxide permeability will increase 

with accumulated radiation damage. Most other features of the oxide will be unaffected by 

irradiation because the water chemistry and point defect concentrations will not be affected. 

BWR NWC places the thermodynamic regime firmly at 7 because of the added oxygen. 

Like the PWR condition, water chemistry, solubility, and point defect concentrations will be not 

be affected by radiation. Therefore, the situation is very similar to the irradiated region in W24 

and W72 except without significant dissolution. There will be a large portion of the inner oxide 

without excess volume, but without dissolution, the inner oxide porosity will resemble the 480 

°C steam irradiated region. Pore nucleation and growth by radiation will enhance corrosion rates 

in the higher oxygen activity water, but the repassivation process will still result in overall lower 

corrosion rates than a hydrogenated water equivalent (HWC). Therefore, radiation will have a 

strong effect in increasing the corrosion rate via pore growth in BWR NWC, but the corrosion 

rate will still be lower than either PWR or BWR HWC without radiation. 

BWR HWC is very similar to PWR in terms of the expected response to radiation. One 

interesting feature is the relatively low hydrogen addition in HWC compared to PWR which will 

place HWC in early regime 6 rather than 5. Consistent with literature, the corrosion rate should 

decrease with the lower hydrogen addition because there will be a small sublayer in the inner 

oxide with no excess volume. Countering this, however, the miscibility gap between Cr-rich and 

Fe-rich spinels is larger at lower temperatures, so excess volume is greater where it exists within 
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the inner oxide layer. Displacement damage will cause an increase in corrosion rate by 

exacerbating the pores in the inner oxide layer like PWR conditions, but also forming pores in 

the sublayer without excess volume. Furthermore, radiolysis may cause a substantial increase in 

oxygen activity which will mitigate the corrosion rate. Therefore, it is unclear if corrosion rates 

would increase or decrease in BWR HWC by radiation effects. 

Cracking susceptibility in the various LWR environments is generally expected to be 

exacerbated by radiation effects on corrosion. Radiolysis increases the effective oxygen activity 

through H2O2 production, and elevated oxygen activity (i.e. ECP) increases cracking 

susceptibility. Displacement damage may or may not increase the corrosion rate and is very 

likely to increase the porosity of the inner oxide layer, so an embrittled inner oxide over a grain 

boundary is more likely to initiate cracking. Regarding crack growth rate, radiolysis in a crevice-

like crack tip should be stronger than in the bulk, thereby enhancing the crack growth rate. 

Displacement damage will have a similar effect for crack growth rate by generally increasing the 

corrosion rate at the crack tip and generating a more porous oxide along grain boundaries. 

Other coolants for advanced reactors often have fundamentally different corrosion 

mechanisms than light water. Notably, water radiolysis is entirely unrelated to other coolants, 

although equivalent radiation effects in the given coolant should not be discounted. For example, 

molten salt does not result in the formation of a protective oxide film, so most of the work here is 

irrelevant to this coolant. However, liquid metals such as sodium or lead bismuth eutectic with 

added oxygen may have some similar features of radiation effects on oxidation because of the 

formation of an oxide film. Porosity in the oxide may be an even more important factor at the 

higher temperatures for these advanced reactors which may result in significant effects of 

displacement damage on corrosion.  
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In summary, radiation effects are complex due to the separate effects of radiolysis and 

displacement damage. Radiolysis tends to increase oxygen activity which decreases corrosion 

rates. Displacement damage generally increases corrosion rates by increasing porosity and 

oxygen permeability to the inner oxide layer. The overall effect of radiation on corrosion rates 

will depend on the water chemistry. Radiolysis affects the oxygen activity relative to the nominal 

water chemistry, and displacement damage will change the permeability relative to the 

distribution of excess volume in the inner oxide layer in the radiolyzed condition.
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Chapter 7  
Conclusions 

Corrosion of stainless steel in both 320 °C water and 480 °C steam, and the radiation 

effects thereof, were tested in this work. Radiation effects were separated into radiolysis and 

displacement damage and isolated experimentally to determine their effects on corrosion. The 

following conclusions were drawn from this work: 

In the absence of irradiation and irrespective of environment: 

1. Corrosion was broadly split into two modes of corrosion rate. The lower corrosion 

rate mode was rate-limited by solid-state oxygen transport from the environment to 

the metal/oxide interface and is caused by a protective air-grown oxide layer. The 

higher corrosion rate mode was rate-limited by oxygen transport through pores in the 

inner oxide layer. 

2. Excess volume in the inner oxide layer is an essential feature controlling the 

corrosion rate of stainless steels. The permeability of the inner oxide layer controls 

the overall corrosion rate which is a function of thermodynamic excess volume in the 

inner oxide layer. Excess volume decreases with increasing oxygen activity resulting 

in lower corrosion rates in aerated water as compared to hydrogenated water. Both 

excess volume and corrosion rate in steam are between the respective values in 

aerated and hydrogenated water. 

With radiolysis: 
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3. In hydrogenated water, radiolysis decreases the corrosion rate of stainless steel. 

Radiolysis of water yields hydrogen peroxide which increases the oxygen activity, 

similar to aerated water. This results in less excess volume in the inner oxide layer 

which results in less porosity, and this reduces the corrosion rate by limiting oxygen 

transport to the metal. In steam, radiolysis is minimal and does not alter the corrosion 

rate. 

4. Radiolysis induces dissolution in water. Radiolysis confined to a small local area in 

the autoclave results in undersaturation of various cation species in the inner oxide 

layer. This causes localized dissolution of the inner oxide layer.  Despite the active 

dissolution of the inner oxide layer, the corrosion rate is lower than without radiolysis 

even accounting for the dissolved oxide. In steam, dissolution is not possible and was 

not observed. 

With displacement damage and radiolysis 

5. Displacement damage increases the corrosion rate in steam. Radiation causes the 

growth of pores in the inner oxide by increasing the concentration of both cation and 

anion vacancies which accelerate both nucleation and growth of pores. This results in 

increased permeability of the inner oxide layer which allows more oxygen to reach 

the metal and thereby increase the corrosion rate.  

6. Displacement damage has an insignificant effect on corrosion rate in radiolyzed 

water. The decreased excess volume and dissolution caused by radiolysis on the inner 

oxide reduce the capacity for displacement damage to grow pores. Without increased 

porosity, the oxygen permeability is unchanged, thus the corrosion rate is unchanged. 
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Chapter 8  
Future Work 

From the conclusions of this work, there are many avenues that would yield valuable 

information. The relative novelty of this work sets a foundation for many similar experiments 

with proton irradiation corrosion of stainless steel along different variable axes. Furthermore, 

there are many non-irradiation experiments that can test the model of excess volume and better 

define the regime in which porous transport of oxygen is the rate-limiting step for corrosion. 

For irradiation-affected corrosion experiments, there are a few unexplored variables that 

could be examined using the approach laid out in this work.  

Porosity 

One key feature of stainless steel oxides that warrants further characterization is porosity 

of the inner oxide. Porosity is sometimes noted in the inner oxide layer, but it is often overlooked 

since it may be on the nanometer scale when oxide films are commonly measured on the micron 

scale. If porosity is rate-limiting for corrosion of stainless steels, the volume fraction and 

continuity of pore networks are very important to quantify. Doing so would enable better models 

for corrosion rate prediction and better understanding of general corrosion behavior for stainless 

steels. 

For example, porosity could be imaged using tomography to generate a 3D map of pore 

networks. Tomography would generate quantitative volume fraction information in addition to 

the continuity of the pores. Another example is the use of a tracer isotope such as O-18 to 

elucidate the mechanism of oxygen transport to the metal/oxide interface. Introduction of O-18 
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partway through exposure would highlight the oxides grown in the latter part of the exposure. 

Used in tandem with atom probe tomography (or other similar techniques), the location of O-18 

pores and the oxide/metal interface would provide more empirical evidence for porous transport 

of oxygen. 

Excess Volume 

The use of excess volume is a novel approach to understanding the corrosion behavior of 

multilayered oxide-forming alloys. There are potential applications in the use of stainless steels 

and other alloys in many different environments. Excess volume is used very narrowly in this 

work, so there is substantial work needed to determine its validity for each alloy-environment 

system.  

For example, excess volume may be key to understanding the critical chromium content 

required by a steel to achieve passivation in a given environment. Performing similar 

thermodynamic modeling across chromium content in addition to oxygen activity would yield a 

relationship between chromium content and excess volume. Either when the excess volume 

crosses or otherwise approaches zero, the corresponding chromium content should be the critical 

amount. 

Radiolysis 

For radiolysis, the assumption in this work that radiolysis only affects the oxygen activity 

via hydrogen peroxide could be tested. A systematic study that covers the range of radiolysis 

dose rates in operating reactors would be a valuable dataset for reactor operators and designers in 

optimizing water chemistry. 

The effect of dose rate could be tested by modulating the proton current density, thereby 

changing the amount of both hydrogen peroxide and other short-lived radiolysis products. The 
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LET of the ion can be changed by simply changing the energy of the proton beam to simulate 

different types of LWR environments. From these experiments, the expected corrosion behavior 

could be correlated with different levels of radiolysis. 

Parallel experiments could be performed using variable amounts of added O2 and added 

H2O2 to compare results directly with radiolysis experiments. From these sets of experiments, the 

effective H2O2/O2 concentration can be calibrated to radiolysis dose rate and LET by regression 

of some characterization metric such as oxide thickness.  

Short-lived radiolysis products may have a measurable effect on corrosion. These effects 

may be equivalent to changes in the oxygen activity and would be integrated into the effective 

H2O2/O2 concentration value. Otherwise, discrepancies between the behaviors of added H2O2/O2 

and radiolysis can be examined in greater details as unique features of radiolysis effects on 

corrosion. For example, there may be changes in the formation of different oxide phases like 

hematite compared with equivalent H2O2/O2 additions. Alternatively, there may be 

morphological or other differences that are not apparent in the corrosion rate. 

Damage Rate 

To better understand reactor irradiation effects on corrosion, it is important to test 

different levels of damage rate on corrosion of stainless steel. The damage rate used in this work 

is significantly higher than LWR damage rates for structural materials, and yet the effect was 

found to be unmeasurable. However, the fact that the hydrogenated water condition without 

radiolysis appeared to be partially limited by cation diffusion, it is possible that radiation 

enhanced diffusion in real LWR conditions would impact the corrosion rate. 

To test the effect of damage rate, environments other than liquid water need to be used to 

avoid the dominating effect of water radiolysis. Low pressure steam as used in this work is one 
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possibility, but air or CO2, among other options, may be an adequate surrogate for the radiolysis 

levels expected in a reactor. Because the oxide morphology and corrosion kinetics are 

remarkable similar across a wide range of environments and temperatures, similar mechanisms 

are likely to be rate-limiting among these different environments. 

A variety of damage rates could be correlated to measured corrosion rates and compared 

with both radiation enhanced diffusion and porosity. This would reveal the active mechanisms as 

a function of damage rate and better determine the conditions in which cation/anion diffusion is 

or is not rate-limiting. Where porosity is rate-limiting, quantification of porosity within the inner 

oxide will correlate with the overall corrosion rate. Where atomic diffusion is limiting, radiation 

enhanced diffusion can be calculated and compared to corrosion rate data. Not only will this type 

of study determine the displacement damage effects on corrosion, it may also be used to 

disambiguate solid-state diffusion mechanisms from other mechanism such as porous transport 

of oxygen. 

IASCC 

Environment-assisted cracking is the main motivation for this work, so there is direct 

application to the study of irradiation-assisted stress corrosion cracking. There are several 

directions for research relevant to IASCC. 

Grain boundary corrosion, and the irradiation effects thereof, is topic for future research 

because IASCC is generally intergranular. Grain boundary corrosion is difficult to study because 

it has an inherently low sample size compared to bulk corrosion behavior. The conclusions of 

this work, particularly the porous transport of oxygen as a rate-limiting step for corrosion, may 

assist in focusing attention on the porosity of intergranular oxides as a function of grain 

boundary attack. Therefore, a study specifically on grain boundary corrosion under irradiation 
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may be able to correlate grain boundary character to intergranular attack. Alternatively, the 

extent of grain boundary corrosion may be correlated to SCC initiation by mechanically testing 

materials exposed to irradiation corrosion. 

Crevice corrosion under irradiation has some potential for improved understanding of 

radiation effects on crack growth rate. Since crack tips are typically very confined spaces that 

allow the environment to reach deep into the material, the effects of radiolysis particularly may 

change significantly compared to bulk corrosion. A crevice with radiolysis is likely to become a 

much more aggressive environment and may be responsible for increasing crack growth rate in 

IASCC.  

Finally, a laboratory IASCC experiment combining strain, corrosion, and irradiation has 

great potential for determining the mechanisms of irradiation assistance of SCC. The irradiation 

would directly affect the metal at the crack tip in addition to the oxide formation along the crack 

and at the crack tip. Bringing all these elements together may reveal new mechanisms that cannot 

be observed by sequential testing, much like how SCC cannot be tested by sequential exposure 

and straining. Furthermore, the ability to change radiation parameters independently from the 

environment and straining allows for new axes to be studied and correlated with cracking 

behavior. 

Reactor Experiments 

One major gap in the literature is the characterization of oxides formed on stainless steels 

in LWR cores. As the original motivation for this work is improve understanding of radiation 

effects on corrosion in commercial LWR reactors, the most valuable data would be collected 

from these reactors. While materials from reactors are often expensive and difficult to handle, 

they are frequently harvested and used for corrosion and mechanical testing. So, examining the 
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oxides formed natively on these materials should be eminently achievable. Characterization of 

reactor-grown oxides would yield a much-needed basis for comparison for further ion irradiation 

corrosion experiments. 
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Appendix A  

Autoclave and Irradiation Conditions 

 
Figure A.1. Recorded cell parameters for control exposure sample X24 in high temperature hydrogenated 

water. 
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Figure A.2. Recorded cell parameters for control exposure sample X72 in high temperature hydrogenated 

water. 
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Figure A.3. Recorded cell parameters for control exposure sample A24 in high temperature aerated water. 
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Figure A.4. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for sample 

W24-1. 
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Figure A.5. Recorded cell parameters for proton irradiated exposure W24-1 in high temperature 

hydrogenated water. 
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Figure A.6. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for sample 

W24-2. 
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Figure A.7. Recorded cell parameters for proton irradiated exposure W24-2 in high temperature 

hydrogenated water. 
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Figure A.8. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for sample 

W24-3. 
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Figure A.9. Recorded cell parameters for proton irradiated exposure W24-3 in high temperature 

hydrogenated water. 
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Figure A.10. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for 

sample W24-4. 
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Figure A.11. Recorded cell parameters for proton irradiated exposure W24-4 in high temperature 

hydrogenated water. 
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Figure A.12. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for 

sample W24-5. 

 



 

270 

 

 
Figure A.13. Recorded cell parameters for proton irradiated exposure W24-5 in high temperature 

hydrogenated water. 
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Figure A.14. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for 

sample W24-6. 
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Figure A.15. Recorded cell parameters for proton irradiated exposure W24-6 in high temperature 

hydrogenated water. 
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Figure A.16. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for 

sample W72-1. 
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Figure A.17. Recorded cell parameters for proton irradiated exposure W72-1 in high temperature 

hydrogenated water. 
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Figure A.18. Calculation of surface damage rate in 316L and dose rate in water using SRIM 2013 for 

sample W72-2. 
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Figure A.19. Recorded cell parameters for proton irradiated exposure W72-2 in high temperature 

hydrogenated water. 
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Figure A.20. Calculation of surface damage rate in 316L and dose rate in argon-steam using SRIM 2013 for 

sample S24. 
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Figure A.21. Recorded cell parameters for proton irradiated exposure S24 in high temperature 

hydrogenated steam. 
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Figure A.22. Calculation of surface damage rate in 316L and dose rate in argon-steam using SRIM 2013 for 

sample S72. 



 

280 

 

 
Figure A.23. Recorded cell parameters for proton irradiated exposure S72 in high temperature 

hydrogenated steam. 
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Appendix B  

Sample Calculations 

Inner oxide thickness, total oxidation, and dissolution  

For each measurement of oxide thickness, a second measurement was made including all 

ambiguous areas that may contain a combination of metal and oxide through the thickness of the 

cross-sectional sample. Therefore, the difference between these values is the measurement error 

because it contains all ambiguity in the thickness measurement. This error is large enough that 

other sources of error, such as the magnification calibration of the instruments are negligible. For 

X72, the overall mean oxide thickness is 178.65 nm and the mean “maximum” oxide thickness is 

196.32 nm. So the error in the inner oxide thickness measurement is ± 17.73 nm, and the 

reported inner oxide thickness is 179 nm ± 18 nm as in Table 5.2. 

For total oxidation, the same “maximum” metal/oxide interface is used with the 

reconstructed original metal surface to generate a “maximum” total oxidation measurement. 

Additionally, the calibration error of the original metal surface reconstruction (11.3986 nm) is 

propagated together with the measured error to get the final value. For X72, the mean total 

oxidation is 183.32 nm, the mean “maximum” total oxidation is 200.99 nm, so the measured 

error is 17.72 nm. Note that this value is nearly identical to the inner oxide thickness because the 

upper interface does not contribute to the measurement ambiguity. The overall error is 

propagated with the reconstruction error to yield √(11.3986)2 + (17.72)2 = 21.07 nm. The 

reported value for total oxidation is 183 nm ± 21 nm as in Table 5.2. 

For dissolution the error is taken to be the reconstruction of the original metal surface 

error propagated with the relative error of the total oxidation. The measured value of the 
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dissolution in X72 is 4.67 nm and using the values from the total oxidation error calculation 

above, the error is calculated as √{(11.3986)2 + (21.07 × 4.67/183.32)2) = 11.41 nm. The 

reported value for dissolution is 5 nm ± 11 nm as in Table 5.2. 

Error for the different modes is handled using the same methodology as the total 

measurements since they are generated using a subset of the data. The full dataset of X72 is split 

into mode 1 by taking all datapoints with inner oxide measurements below 75 nm and mode 2 is 

the remaining data. Mode 1 mean inner oxide thickness is 20.67 nm, the mean “maximum” inner 

oxide thickness is 25.85 nm, so the measured error is 5.35 nm, and the reported value is 20.7 nm 

± 5.4 nm as in Table 5.2. Mode 1 mean total oxidation is 32.13 nm, the mean “maximum” total 

oxidation is 37.19 nm, so the measured error is 5.24 nm and propagated to 

√(11.3986)2 + (5.24)2 = 12.54 nm, and the reported value is 32 nm ± 13 nm as in Table 5.2. 

Mode 2 mean inner oxide thickness is 213.3 nm, the mean “maximum” inner oxide thickness is 

230.44 nm, so the measured error is 17.2 nm, and the reported value is 213 nm ± 17 nm as in 

Table 5.2. Mode 2 mean total oxidation is 215.76 nm, the mean “maximum” total oxidation is 

232.52 nm, so the measured error is 16.82 nm and propagated to √(11.3986)2 + (16.82)2 =

20.32 nm, and the reported value is 216 nm ± 20 nm as in Table 5.2. 

STEM-EDS composition profile  

Calculation of metal content and associated error are calculated point-by-point for each 

line scan. The first EDS line scan of X72 in Figure 5.7 is used here as an example for the 

calculation of both the values and error. Error comes from the counts used in the calculation of 

the K-factor from the ROI, and from the subsequent calculation of the elemental content at each 

point. 
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The scan is self-calibrated by identifying the ROI where the metal is relatively consistent 

in intensity across the metal elements (Fe, Cr, and Ni). The ROI for this case is 388 nm to the 

end of the scan, and the net counts of each element from the Kα peaks are summed in the ROI. 

Because iron is the primary element, it is used as the basis for the Cliff-Lorimer method in 

calculating the K-factors. The relative concentrations of these elements in the alloy are known, 

so the K-factors are calculated as 𝐾𝐴𝐵 = 𝐶𝐴 × 𝐼𝐵/𝐼𝐴. Because the intensity values are 

measurements, they have an associated error √𝐼. For convenience, the relative variance is used 

because error propagation with multiplication and division is simply the sum of relative 

variances which is 1/𝐼 for intensities. Therefore, the relative variance of each K-factor is 1/𝐼𝐴 +

1/𝐼𝐵. For Fe, the relative variance for the K-factor is 2/𝐼Fe. 

Calculation of concentrations of each element is given by 𝐶𝐴𝐵 = 𝐾𝐴𝐵 × 𝐼𝐴/𝐼𝐵. Similar to 

the K-factor relative variance, here it is also 1/𝐼𝐴 + 1/𝐼𝐵 but for the particular datapoint 

intensities rather than the ROI. The final error calculation becomes:  

σ = 𝐶𝐴√[1/𝐼𝐴 + 1/𝐼𝐵]ROI + [1/𝐼𝐴 + 1/𝐼𝐵]point 

Table B.1. STEM-EDS concentration and error calculation from the datapoint at 100 nm in the first EDS 

line scan of X72 in Figure 5.7. 

 ROI Intensity 

(counts) 

Point Intensity 

(counts) 

Concentration 

(%) 

Error (%) 

Fe 255425 881 26.9 1.3 

Cr 71487 2003 62.7 2.5 

Ni 49366 380 10.37 0.64 

 

For an example calculation of these error, the intensities and errors from the datapoint at 

100 nm in the first EDS line scan of X72 in Figure 5.7 are provided in Table B.1. For Fe, the 

error is calculated to be 26.9 × √2/255425 + 2/881 = 1.28%. For Cr, the error is calculated 
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to be 62.7 × √1/255425 + 1/71487 + 1/881 + 1/2003 = 2.55%. For Ni, the error is 

calculated to be 26.9 × √1/255425 + 1/49366 + 1/881 + 1/380 = 0.638%. 



 

285 

 

Appendix C  

Thermocalc Results and Derived Values 

 

Table C.1. Thermo-Calc results for FCC phase composition and fractions at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

FCC volume 

fraction 

Number density 

(mol/cm3) 
Fe mole fraction Cr mole fraction Ni mole fraction 

7.18E-66 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

3.92E-64 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

6.79E-64 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

1.18E-63 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

2.04E-63 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

3.54E-63 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

6.13E-63 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

1.06E-62 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

1.84E-62 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

3.19E-62 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

5.53E-62 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

9.59E-62 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

1.66E-61 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

2.88E-61 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

4.99E-61 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

8.65E-61 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

1.50E-60 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

2.60E-60 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

4.51E-60 1.00E+00 1.44E-01 6.85E-01 1.98E-01 1.19E-01 

5.50E-60 8.55E-01 1.43E-01 8.08E-01 5.02E-02 1.41E-01 

5.61E-60 8.54E-01 1.43E-01 8.11E-01 4.92E-02 1.41E-01 

6.27E-60 8.50E-01 1.42E-01 8.17E-01 4.35E-02 1.42E-01 

6.99E-60 8.45E-01 1.43E-01 8.19E-01 3.88E-02 1.43E-01 

7.81E-60 8.42E-01 1.43E-01 8.21E-01 3.45E-02 1.43E-01 

8.72E-60 8.39E-01 1.42E-01 8.27E-01 3.10E-02 1.44E-01 

9.73E-60 8.37E-01 1.42E-01 8.30E-01 2.79E-02 1.45E-01 

1.09E-59 8.34E-01 1.43E-01 8.29E-01 2.51E-02 1.45E-01 

1.21E-59 8.33E-01 1.42E-01 8.32E-01 2.27E-02 1.45E-01 

1.35E-59 8.31E-01 1.42E-01 8.35E-01 2.06E-02 1.46E-01 

2.35E-59 8.25E-01 1.42E-01 8.41E-01 1.28E-02 1.46E-01 

4.07E-59 8.21E-01 1.43E-01 8.43E-01 8.24E-03 1.47E-01 

7.05E-59 8.19E-01 1.42E-01 8.46E-01 5.36E-03 1.47E-01 

1.22E-58 8.18E-01 1.42E-01 8.49E-01 3.53E-03 1.48E-01 
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2.12E-58 8.17E-01 1.42E-01 8.49E-01 2.33E-03 1.48E-01 

3.67E-58 8.16E-01 1.42E-01 8.52E-01 1.55E-03 1.49E-01 

6.36E-58 8.16E-01 1.42E-01 8.52E-01 1.03E-03 1.49E-01 

1.10E-57 8.16E-01 1.42E-01 8.52E-01 6.85E-04 1.48E-01 

1.91E-57 8.16E-01 1.42E-01 8.52E-01 4.55E-04 1.48E-01 

3.31E-57 8.16E-01 1.42E-01 8.52E-01 3.05E-04 1.48E-01 

5.74E-57 8.16E-01 1.42E-01 8.52E-01 2.05E-04 1.48E-01 

9.95E-57 8.16E-01 1.42E-01 8.52E-01 1.34E-04 1.48E-01 

1.72E-56 8.15E-01 1.42E-01 8.52E-01 9.19E-05 1.48E-01 

2.99E-56 8.15E-01 1.42E-01 8.52E-01 5.85E-05 1.48E-01 

5.18E-56 8.15E-01 1.42E-01 8.52E-01 4.18E-05 1.48E-01 

8.98E-56 8.15E-01 1.42E-01 8.52E-01 2.51E-05 1.48E-01 

1.56E-55 8.15E-01 1.42E-01 8.52E-01 1.67E-05 1.48E-01 

2.70E-55 8.15E-01 1.42E-01 8.52E-01 1.25E-05 1.48E-01 

4.68E-55 8.15E-01 1.42E-01 8.52E-01 8.35E-06 1.48E-01 

8.10E-55 8.15E-01 1.42E-01 8.52E-01 4.19E-06 1.48E-01 

1.40E-54 8.15E-01 1.42E-01 8.52E-01 3.56E-06 1.48E-01 

2.43E-54 8.15E-01 1.42E-01 8.52E-01 2.38E-06 1.48E-01 

4.22E-54 8.15E-01 1.42E-01 8.52E-01 1.58E-06 1.48E-01 

7.31E-54 8.15E-01 1.42E-01 8.52E-01 1.06E-06 1.48E-01 

1.27E-53 8.15E-01 1.42E-01 8.52E-01 7.06E-07 1.48E-01 

2.20E-53 8.15E-01 1.42E-01 8.52E-01 4.68E-07 1.48E-01 

3.81E-53 8.15E-01 1.42E-01 8.52E-01 3.13E-07 1.48E-01 

6.60E-53 8.15E-01 1.42E-01 8.52E-01 2.08E-07 1.48E-01 

1.14E-52 8.15E-01 1.42E-01 8.52E-01 1.39E-07 1.48E-01 

1.98E-52 8.15E-01 1.42E-01 8.52E-01 9.27E-08 1.48E-01 

3.44E-52 8.15E-01 1.42E-01 8.52E-01 6.18E-08 1.48E-01 

5.96E-52 8.15E-01 1.42E-01 8.52E-01 4.11E-08 1.48E-01 

1.03E-51 8.15E-01 1.42E-01 8.52E-01 2.74E-08 1.48E-01 

1.79E-51 8.15E-01 1.42E-01 8.52E-01 1.82E-08 1.48E-01 

3.10E-51 8.15E-01 1.42E-01 8.52E-01 1.21E-08 1.48E-01 

5.38E-51 8.15E-01 1.42E-01 8.52E-01 8.06E-09 1.48E-01 

9.32E-51 8.15E-01 1.42E-01 8.52E-01 5.39E-09 1.48E-01 

1.35E-50 5.05E-01 1.43E-01 8.27E-01 3.87E-09 1.69E-01 

1.62E-50 5.05E-01 1.43E-01 8.27E-01 3.23E-09 1.69E-01 

2.80E-50 5.05E-01 1.43E-01 8.27E-01 1.86E-09 1.69E-01 

4.85E-50 5.05E-01 1.43E-01 8.27E-01 1.08E-09 1.69E-01 

8.41E-50 5.05E-01 1.43E-01 8.27E-01 6.20E-10 1.69E-01 

1.46E-49 5.05E-01 1.43E-01 8.27E-01 3.58E-10 1.69E-01 

2.53E-49 5.05E-01 1.43E-01 8.27E-01 2.07E-10 1.69E-01 

4.38E-49 5.05E-01 1.43E-01 8.27E-01 1.19E-10 1.69E-01 

7.59E-49 5.05E-01 1.43E-01 8.27E-01 6.86E-11 1.69E-01 

1.32E-48 5.05E-01 1.43E-01 8.27E-01 3.97E-11 1.69E-01 
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2.28E-48 5.05E-01 1.43E-01 8.27E-01 2.29E-11 1.69E-01 

3.95E-48 5.05E-01 1.43E-01 8.27E-01 1.32E-11 1.69E-01 

6.85E-48 5.05E-01 1.43E-01 8.27E-01 7.62E-12 1.69E-01 

1.19E-47 5.05E-01 1.43E-01 8.27E-01 4.40E-12 1.69E-01 

2.06E-47 5.05E-01 1.43E-01 8.27E-01 2.54E-12 1.69E-01 

3.57E-47 5.05E-01 1.43E-01 8.27E-01 1.46E-12 1.69E-01 

6.18E-47 5.05E-01 1.43E-01 8.27E-01 8.43E-13 1.69E-01 

1.07E-46 5.05E-01 1.43E-01 8.27E-01 4.86E-13 1.69E-01 

1.86E-46 5.05E-01 1.43E-01 8.27E-01 2.81E-13 1.69E-01 

3.22E-46 5.05E-01 1.43E-01 8.27E-01 1.62E-13 1.69E-01 

5.58E-46 5.05E-01 1.43E-01 8.27E-01 9.34E-14 1.69E-01 

9.67E-46 5.05E-01 1.43E-01 8.27E-01 5.39E-14 1.69E-01 

1.68E-45 5.05E-01 1.43E-01 8.27E-01 3.12E-14 1.69E-01 

2.91E-45 5.05E-01 1.43E-01 8.27E-01 1.81E-14 1.69E-01 

5.04E-45 5.04E-01 1.43E-01 8.27E-01 1.05E-14 1.69E-01 

8.73E-45 5.03E-01 1.42E-01 8.31E-01 6.22E-15 1.70E-01 

1.51E-44 5.03E-01 1.42E-01 8.31E-01 3.69E-15 1.70E-01 

2.62E-44 5.02E-01 1.42E-01 8.31E-01 2.24E-15 1.70E-01 

4.54E-44 4.99E-01 1.42E-01 8.31E-01 1.40E-15 1.70E-01 

7.88E-44 4.97E-01 1.43E-01 8.26E-01 1.00E-15 1.70E-01 

1.37E-43 4.90E-01 1.42E-01 8.29E-01 1.00E-15 1.72E-01 

2.37E-43 4.80E-01 1.42E-01 8.27E-01 1.00E-15 1.74E-01 

4.10E-43 4.64E-01 1.42E-01 8.23E-01 1.00E-15 1.77E-01 

4.67E-43 4.58E-01 1.42E-01 8.21E-01 1.00E-15 1.79E-01 

7.11E-43 1.91E-01 1.39E-01 4.28E-01 1.00E-15 5.72E-01 

1.23E-42 1.79E-01 1.39E-01 3.92E-01 1.00E-15 6.08E-01 

2.14E-42 1.69E-01 1.39E-01 3.59E-01 1.00E-15 6.39E-01 

3.70E-42 1.61E-01 1.39E-01 3.31E-01 1.00E-15 6.69E-01 

6.42E-42 1.54E-01 1.38E-01 3.07E-01 1.00E-15 6.95E-01 

1.11E-41 1.48E-01 1.38E-01 2.82E-01 1.00E-15 7.18E-01 

1.93E-41 1.42E-01 1.38E-01 2.59E-01 1.00E-15 7.41E-01 

3.34E-41 1.36E-01 1.38E-01 2.36E-01 1.00E-15 7.64E-01 

5.79E-41 1.31E-01 1.38E-01 2.14E-01 1.00E-15 7.85E-01 

1.00E-40 1.25E-01 1.38E-01 1.93E-01 1.00E-15 8.05E-01 

1.74E-40 1.19E-01 1.37E-01 1.73E-01 1.00E-15 8.30E-01 

3.01E-40 1.15E-01 1.37E-01 1.52E-01 1.00E-15 8.48E-01 

5.23E-40 1.09E-01 1.37E-01 1.31E-01 1.00E-15 8.69E-01 

9.06E-40 1.03E-01 1.37E-01 1.11E-01 1.00E-15 8.91E-01 

1.57E-39 9.64E-02 1.37E-01 9.24E-02 1.00E-15 9.09E-01 

2.72E-39 8.94E-02 1.37E-01 7.45E-02 1.00E-15 9.25E-01 

4.72E-39 8.12E-02 1.37E-01 5.92E-02 1.00E-15 9.40E-01 

8.17E-39 7.13E-02 1.36E-01 4.55E-02 1.00E-15 9.57E-01 

1.42E-38 5.98E-02 1.36E-01 3.45E-02 1.00E-15 9.70E-01 
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2.46E-38 4.55E-02 1.37E-01 2.53E-02 1.00E-15 9.74E-01 

4.26E-38 2.84E-02 1.36E-01 1.82E-02 1.00E-15 9.82E-01 

7.38E-38 7.96E-03 1.37E-01 1.28E-02 1.00E-15 9.85E-01 

 
Table C.2. Thermo-Calc results for Corundum phase composition and fractions at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

Corundum 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

5.50E-60 1.45E-01 6.90E-02 6.57E-15 4.08E-01 2.69E-15 5.96E-01 

5.61E-60 1.46E-01 6.93E-02 6.62E-15 4.06E-01 2.70E-15 5.93E-01 

6.27E-60 1.50E-01 6.95E-02 7.14E-15 4.05E-01 2.83E-15 5.92E-01 

6.99E-60 1.55E-01 6.94E-02 7.74E-15 4.06E-01 2.99E-15 5.93E-01 

7.81E-60 1.58E-01 6.90E-02 8.39E-15 4.08E-01 3.17E-15 5.96E-01 

8.72E-60 1.61E-01 6.94E-02 9.06E-15 4.06E-01 3.32E-15 5.92E-01 

9.73E-60 1.63E-01 6.94E-02 9.77E-15 4.05E-01 3.51E-15 5.92E-01 

1.09E-59 1.66E-01 6.91E-02 1.06E-14 4.08E-01 3.72E-15 5.95E-01 

1.21E-59 1.68E-01 6.93E-02 1.14E-14 4.06E-01 3.92E-15 5.93E-01 

1.35E-59 1.69E-01 6.92E-02 1.24E-14 4.07E-01 4.14E-15 5.95E-01 

2.35E-59 1.75E-01 6.94E-02 1.83E-14 4.06E-01 5.45E-15 5.94E-01 

4.07E-59 1.79E-01 6.94E-02 2.69E-14 4.06E-01 7.16E-15 5.93E-01 

7.05E-59 1.81E-01 6.95E-02 3.95E-14 4.05E-01 9.44E-15 5.92E-01 

1.22E-58 1.82E-01 6.95E-02 5.83E-14 4.05E-01 1.26E-14 5.93E-01 

2.12E-58 1.83E-01 6.91E-02 8.68E-14 4.07E-01 1.67E-14 5.96E-01 

3.67E-58 1.84E-01 6.94E-02 1.28E-13 4.06E-01 2.20E-14 5.94E-01 

6.36E-58 1.84E-01 6.92E-02 1.89E-13 4.06E-01 2.92E-14 5.95E-01 

1.10E-57 1.84E-01 6.96E-02 2.79E-13 4.04E-01 3.85E-14 5.93E-01 

1.91E-57 1.85E-01 6.95E-02 4.14E-13 4.05E-01 5.11E-14 5.93E-01 

3.31E-57 1.85E-01 6.95E-02 6.15E-13 4.05E-01 6.77E-14 5.94E-01 

5.74E-57 1.85E-01 6.94E-02 9.18E-13 4.05E-01 8.97E-14 5.95E-01 

9.95E-57 1.85E-01 6.94E-02 1.36E-12 4.05E-01 1.19E-13 5.95E-01 

1.72E-56 1.85E-01 6.93E-02 2.03E-12 4.06E-01 1.58E-13 5.95E-01 

2.99E-56 1.85E-01 6.93E-02 3.04E-12 4.06E-01 2.09E-13 5.95E-01 

5.18E-56 1.85E-01 6.93E-02 4.56E-12 4.06E-01 2.77E-13 5.95E-01 

8.98E-56 1.85E-01 6.93E-02 6.83E-12 4.06E-01 3.66E-13 5.96E-01 

1.56E-55 1.85E-01 6.93E-02 1.03E-11 4.06E-01 4.85E-13 5.96E-01 

2.70E-55 1.85E-01 6.93E-02 1.54E-11 4.06E-01 6.42E-13 5.96E-01 

4.68E-55 1.85E-01 6.93E-02 2.32E-11 4.06E-01 8.49E-13 5.97E-01 

8.10E-55 1.85E-01 6.93E-02 3.49E-11 4.06E-01 1.12E-12 5.97E-01 

1.40E-54 1.85E-01 6.93E-02 5.27E-11 4.06E-01 1.49E-12 5.97E-01 

2.43E-54 1.85E-01 6.93E-02 7.95E-11 4.06E-01 1.97E-12 5.97E-01 

4.22E-54 1.85E-01 6.93E-02 1.21E-10 4.06E-01 2.60E-12 5.97E-01 

7.31E-54 1.85E-01 6.93E-02 1.82E-10 4.06E-01 3.45E-12 5.97E-01 

1.27E-53 1.85E-01 6.92E-02 2.76E-10 4.06E-01 4.56E-12 5.98E-01 
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2.20E-53 1.85E-01 6.92E-02 4.19E-10 4.06E-01 6.02E-12 5.98E-01 

3.81E-53 1.85E-01 6.97E-02 6.32E-10 4.03E-01 7.89E-12 5.94E-01 

6.60E-53 1.85E-01 6.97E-02 9.59E-10 4.03E-01 1.04E-11 5.94E-01 

1.14E-52 1.85E-01 6.97E-02 1.46E-09 4.03E-01 1.38E-11 5.95E-01 

1.98E-52 1.85E-01 6.97E-02 2.22E-09 4.03E-01 1.82E-11 5.95E-01 

3.44E-52 1.85E-01 6.97E-02 3.40E-09 4.03E-01 2.40E-11 5.95E-01 

5.96E-52 1.85E-01 6.97E-02 5.18E-09 4.03E-01 3.18E-11 5.95E-01 

1.03E-51 1.85E-01 6.97E-02 7.89E-09 4.03E-01 4.19E-11 5.95E-01 

1.79E-51 1.85E-01 6.97E-02 1.21E-08 4.03E-01 5.52E-11 5.95E-01 

3.10E-51 1.85E-01 6.96E-02 1.85E-08 4.03E-01 7.28E-11 5.96E-01 

5.38E-51 1.85E-01 6.96E-02 2.84E-08 4.03E-01 9.59E-11 5.96E-01 

9.32E-51 1.85E-01 6.96E-02 4.34E-08 4.03E-01 1.27E-10 5.96E-01 

1.08E-30 2.76E-03 6.67E-02 3.67E-01 3.27E-02 2.01E-16 6.00E-01 

1.87E-30 3.92E-02 6.67E-02 3.66E-01 3.34E-02 2.00E-16 6.00E-01 

3.25E-30 6.93E-02 6.66E-02 3.66E-01 3.46E-02 2.00E-16 6.01E-01 

5.63E-30 9.42E-02 6.66E-02 3.65E-01 3.59E-02 2.01E-16 5.99E-01 

9.75E-30 1.17E-01 6.66E-02 3.63E-01 3.72E-02 2.00E-16 6.01E-01 

1.69E-29 1.36E-01 6.67E-02 3.61E-01 3.87E-02 2.00E-16 6.01E-01 

2.93E-29 1.55E-01 6.67E-02 3.60E-01 4.03E-02 2.00E-16 6.01E-01 

5.08E-29 1.73E-01 6.68E-02 3.57E-01 4.21E-02 2.00E-16 6.00E-01 

8.80E-29 1.91E-01 6.70E-02 3.55E-01 4.39E-02 2.00E-16 5.98E-01 

1.53E-28 2.10E-01 6.65E-02 3.56E-01 4.60E-02 2.00E-16 6.02E-01 

2.64E-28 2.27E-01 6.69E-02 3.51E-01 4.81E-02 2.00E-16 5.99E-01 

4.58E-28 2.48E-01 6.68E-02 3.50E-01 5.03E-02 2.00E-16 5.99E-01 

7.94E-28 2.67E-01 6.68E-02 3.48E-01 5.25E-02 2.00E-16 6.00E-01 

1.38E-27 2.87E-01 6.67E-02 3.47E-01 5.49E-02 2.00E-16 6.00E-01 

2.39E-27 3.08E-01 6.70E-02 3.42E-01 5.74E-02 2.00E-16 5.98E-01 

4.14E-27 3.31E-01 6.69E-02 3.40E-01 5.98E-02 2.00E-16 5.98E-01 

7.17E-27 3.54E-01 6.69E-02 3.38E-01 6.26E-02 2.00E-16 6.00E-01 

1.24E-26 3.78E-01 6.70E-02 3.34E-01 6.51E-02 2.00E-16 6.00E-01 

2.15E-26 4.03E-01 6.70E-02 3.32E-01 6.78E-02 2.00E-16 5.99E-01 

3.73E-26 4.28E-01 6.69E-02 3.29E-01 7.07E-02 2.00E-16 6.01E-01 

6.47E-26 4.54E-01 6.69E-02 3.27E-01 7.35E-02 2.00E-16 6.00E-01 

1.12E-25 4.79E-01 6.71E-02 3.23E-01 7.63E-02 2.00E-16 6.00E-01 

1.94E-25 5.04E-01 6.69E-02 3.22E-01 7.92E-02 2.00E-16 6.01E-01 

3.37E-25 5.28E-01 6.71E-02 3.18E-01 8.18E-02 2.00E-16 5.99E-01 

5.84E-25 5.52E-01 6.70E-02 3.16E-01 8.46E-02 2.00E-16 6.00E-01 

1.01E-24 5.74E-01 6.70E-02 3.14E-01 8.72E-02 2.00E-16 5.99E-01 

1.75E-24 5.94E-01 6.71E-02 3.10E-01 8.99E-02 2.00E-16 6.01E-01 

3.04E-24 6.12E-01 6.73E-02 3.07E-01 9.21E-02 2.00E-16 5.99E-01 

5.27E-24 6.29E-01 6.70E-02 3.07E-01 9.43E-02 2.00E-16 6.00E-01 

9.13E-24 6.43E-01 6.70E-02 3.05E-01 9.64E-02 2.00E-16 6.01E-01 

1.42E-23 6.53E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 
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1.58E-23 6.53E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

2.74E-23 6.54E-01 6.71E-02 3.03E-01 9.81E-02 2.00E-16 5.99E-01 

4.76E-23 6.54E-01 6.71E-02 3.03E-01 9.81E-02 2.00E-16 5.99E-01 

8.24E-23 6.55E-01 6.70E-02 3.03E-01 9.83E-02 2.00E-16 6.01E-01 

1.43E-22 6.56E-01 6.72E-02 3.02E-01 9.81E-02 2.00E-16 6.00E-01 

2.48E-22 6.56E-01 6.72E-02 3.02E-01 9.81E-02 2.00E-16 6.00E-01 

4.29E-22 6.56E-01 6.71E-02 3.02E-01 9.83E-02 2.00E-16 6.00E-01 

7.52E-22 6.56E-01 6.71E-02 3.02E-01 9.83E-02 2.00E-16 6.00E-01 

1.30E-21 6.57E-01 6.73E-02 3.02E-01 9.81E-02 2.00E-16 5.99E-01 

2.26E-21 6.57E-01 6.72E-02 3.02E-01 9.81E-02 2.00E-16 6.01E-01 

3.91E-21 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

6.78E-21 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

1.18E-20 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

2.04E-20 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

3.53E-20 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

6.12E-20 6.57E-01 6.72E-02 3.02E-01 9.83E-02 2.00E-16 6.01E-01 

1.06E-19 6.58E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

1.84E-19 6.58E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

3.19E-19 6.58E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

5.52E-19 6.59E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

9.58E-19 6.59E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

1.66E-18 6.59E-01 6.73E-02 3.01E-01 9.81E-02 2.00E-16 6.00E-01 

2.88E-18 6.59E-01 6.73E-02 3.01E-01 9.83E-02 2.00E-16 6.00E-01 

4.25E-18 6.59E-01 6.73E-02 3.01E-01 9.83E-02 2.00E-16 6.00E-01 

 
Table C.3. Thermo-Calc results for Cr-rich spinel phase composition and fractions at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

Cr-rich spinel 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

1.35E-50 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.23E-07 5.70E-01 

1.62E-50 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.42E-07 5.70E-01 

2.80E-50 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.09E-07 5.70E-01 

4.85E-50 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.97E-07 5.70E-01 

8.41E-50 4.95E-01 6.97E-02 1.43E-01 2.86E-01 5.12E-07 5.70E-01 

1.46E-49 4.95E-01 6.97E-02 1.43E-01 2.86E-01 6.67E-07 5.70E-01 

2.53E-49 4.95E-01 6.97E-02 1.43E-01 2.86E-01 8.65E-07 5.70E-01 

4.38E-49 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.13E-06 5.70E-01 

7.59E-49 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.47E-06 5.70E-01 

1.32E-48 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.93E-06 5.70E-01 

2.28E-48 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.53E-06 5.70E-01 

3.95E-48 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.32E-06 5.70E-01 

6.85E-48 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.37E-06 5.70E-01 

1.19E-47 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.83E-06 5.70E-01 
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2.06E-47 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

3.57E-47 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

6.18E-47 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.45E-05 5.70E-01 

1.07E-46 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.93E-05 5.70E-01 

1.86E-46 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.42E-05 5.70E-01 

3.22E-46 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.90E-05 5.70E-01 

5.58E-46 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.87E-05 5.70E-01 

9.67E-46 4.95E-01 6.97E-02 1.43E-01 2.86E-01 5.31E-05 5.70E-01 

1.68E-45 4.95E-01 6.97E-02 1.43E-01 2.86E-01 6.76E-05 5.70E-01 

2.91E-45 4.95E-01 6.95E-02 1.44E-01 2.86E-01 8.70E-05 5.75E-01 

5.04E-45 4.96E-01 6.98E-02 1.43E-01 2.85E-01 1.15E-04 5.72E-01 

8.73E-45 4.97E-01 6.98E-02 1.43E-01 2.85E-01 1.54E-04 5.72E-01 

1.51E-44 4.97E-01 6.96E-02 1.44E-01 2.85E-01 1.97E-04 5.72E-01 

2.62E-44 4.98E-01 6.98E-02 1.45E-01 2.83E-01 2.58E-04 5.69E-01 

4.54E-44 5.01E-01 6.97E-02 1.47E-01 2.82E-01 3.33E-04 5.71E-01 

7.88E-44 5.03E-01 6.96E-02 1.50E-01 2.79E-01 4.29E-04 5.71E-01 

1.37E-43 5.10E-01 6.98E-02 1.53E-01 2.74E-01 5.32E-04 5.69E-01 

2.37E-43 5.20E-01 6.96E-02 1.61E-01 2.67E-01 6.44E-04 5.72E-01 

4.10E-43 5.36E-01 6.94E-02 1.73E-01 2.55E-01 7.33E-04 5.73E-01 

4.67E-43 5.42E-01 6.92E-02 1.77E-01 2.52E-01 7.40E-04 5.75E-01 

7.11E-43 7.20E-01 6.94E-02 1.77E-01 2.51E-01 1.06E-03 5.73E-01 

1.23E-42 7.19E-01 6.94E-02 1.76E-01 2.51E-01 1.56E-03 5.73E-01 

2.14E-42 7.19E-01 6.96E-02 1.75E-01 2.50E-01 2.15E-03 5.70E-01 

3.70E-42 7.21E-01 6.94E-02 1.76E-01 2.50E-01 2.86E-03 5.70E-01 

6.42E-42 7.23E-01 6.95E-02 1.75E-01 2.49E-01 3.69E-03 5.72E-01 

1.11E-41 7.23E-01 6.92E-02 1.76E-01 2.49E-01 4.66E-03 5.72E-01 

1.93E-41 7.25E-01 6.92E-02 1.76E-01 2.48E-01 5.74E-03 5.74E-01 

3.34E-41 7.28E-01 6.95E-02 1.75E-01 2.46E-01 6.99E-03 5.69E-01 

5.79E-41 7.32E-01 6.93E-02 1.75E-01 2.45E-01 8.38E-03 5.71E-01 

1.00E-40 7.37E-01 6.94E-02 1.75E-01 2.43E-01 9.88E-03 5.70E-01 

1.74E-40 7.42E-01 6.95E-02 1.75E-01 2.41E-01 1.16E-02 5.70E-01 

3.01E-40 7.49E-01 6.94E-02 1.76E-01 2.39E-01 1.34E-02 5.69E-01 

5.23E-40 7.55E-01 6.92E-02 1.76E-01 2.37E-01 1.54E-02 5.73E-01 

9.06E-40 7.63E-01 6.93E-02 1.76E-01 2.34E-01 1.75E-02 5.70E-01 

1.57E-39 7.72E-01 6.93E-02 1.76E-01 2.32E-01 1.98E-02 5.71E-01 

2.72E-39 7.82E-01 6.91E-02 1.77E-01 2.29E-01 2.23E-02 5.72E-01 

4.72E-39 7.91E-01 6.89E-02 1.78E-01 2.26E-01 2.50E-02 5.73E-01 

8.17E-39 8.01E-01 6.89E-02 1.79E-01 2.23E-01 2.78E-02 5.72E-01 

1.42E-38 8.13E-01 6.89E-02 1.80E-01 2.19E-01 3.08E-02 5.71E-01 

2.46E-38 8.23E-01 6.90E-02 1.80E-01 2.15E-01 3.39E-02 5.71E-01 

4.26E-38 8.34E-01 6.90E-02 1.80E-01 2.11E-01 3.72E-02 5.70E-01 

7.38E-38 8.41E-01 6.90E-02 1.80E-01 2.08E-01 4.09E-02 5.69E-01 

8.92E-38 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 
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1.28E-37 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.22E-37 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

3.84E-37 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

6.66E-37 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.15E-36 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.00E-36 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

3.47E-36 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

6.01E-36 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.04E-35 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.81E-35 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

3.13E-35 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

5.42E-35 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

9.40E-35 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.63E-34 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.82E-34 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

4.89E-34 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

8.48E-34 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.47E-33 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.55E-33 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

4.42E-33 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

7.66E-33 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.33E-32 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.30E-32 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

3.99E-32 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

6.91E-32 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.20E-31 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

2.08E-31 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

3.60E-31 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

6.24E-31 8.46E-01 6.89E-02 1.80E-01 2.06E-01 4.22E-02 5.71E-01 

1.08E-30 8.43E-01 6.87E-02 1.80E-01 2.06E-01 4.27E-02 5.73E-01 

1.87E-30 8.13E-01 6.88E-02 1.79E-01 2.04E-01 4.54E-02 5.72E-01 

3.25E-30 7.89E-01 6.88E-02 1.79E-01 2.02E-01 4.79E-02 5.70E-01 

5.63E-30 7.70E-01 6.85E-02 1.78E-01 2.01E-01 5.04E-02 5.74E-01 

9.75E-30 7.52E-01 6.86E-02 1.77E-01 1.99E-01 5.28E-02 5.72E-01 

1.69E-29 7.35E-01 6.87E-02 1.76E-01 1.98E-01 5.47E-02 5.71E-01 

2.93E-29 7.19E-01 6.86E-02 1.75E-01 1.97E-01 5.65E-02 5.73E-01 

5.08E-29 7.00E-01 6.87E-02 1.73E-01 1.96E-01 5.84E-02 5.71E-01 

8.80E-29 6.81E-01 6.88E-02 1.72E-01 1.96E-01 6.04E-02 5.68E-01 

1.53E-28 6.61E-01 6.86E-02 1.71E-01 1.96E-01 6.18E-02 5.73E-01 

2.64E-28 6.41E-01 6.86E-02 1.70E-01 1.95E-01 6.39E-02 5.73E-01 

4.58E-28 6.16E-01 6.85E-02 1.68E-01 1.95E-01 6.59E-02 5.71E-01 

7.94E-28 5.93E-01 6.84E-02 1.67E-01 1.95E-01 6.75E-02 5.74E-01 

1.38E-27 5.67E-01 6.87E-02 1.65E-01 1.94E-01 6.88E-02 5.71E-01 
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2.39E-27 5.41E-01 6.83E-02 1.64E-01 1.95E-01 7.10E-02 5.75E-01 

4.14E-27 5.10E-01 6.87E-02 1.61E-01 1.95E-01 7.24E-02 5.70E-01 

7.17E-27 4.79E-01 6.84E-02 1.59E-01 1.96E-01 7.48E-02 5.72E-01 

1.24E-26 4.46E-01 6.84E-02 1.57E-01 1.96E-01 7.64E-02 5.72E-01 

2.15E-26 4.12E-01 6.86E-02 1.54E-01 1.96E-01 7.81E-02 5.70E-01 

3.73E-26 3.75E-01 6.87E-02 1.51E-01 1.96E-01 8.00E-02 5.70E-01 

6.47E-26 3.38E-01 6.84E-02 1.48E-01 1.98E-01 8.29E-02 5.73E-01 

1.12E-25 3.00E-01 6.85E-02 1.45E-01 1.99E-01 8.49E-02 5.71E-01 

1.94E-25 2.61E-01 6.84E-02 1.42E-01 2.00E-01 8.75E-02 5.72E-01 

3.37E-25 2.23E-01 6.83E-02 1.38E-01 2.02E-01 9.01E-02 5.72E-01 

5.84E-25 1.85E-01 6.85E-02 1.33E-01 2.02E-01 9.28E-02 5.72E-01 

1.01E-24 1.48E-01 6.85E-02 1.29E-01 2.03E-01 9.57E-02 5.71E-01 

1.75E-24 1.13E-01 6.84E-02 1.25E-01 2.05E-01 9.89E-02 5.72E-01 

3.04E-24 8.04E-02 6.84E-02 1.21E-01 2.06E-01 1.02E-01 5.71E-01 

5.27E-24 4.95E-02 6.83E-02 1.17E-01 2.08E-01 1.06E-01 5.73E-01 

9.13E-24 2.11E-02 6.84E-02 1.12E-01 2.09E-01 1.08E-01 5.71E-01 

 
Table C.4. Thermo-Calc results for Fe-rich spinel phase composition and fractions at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

Fe-rich spinel 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

7.11E-43 8.89E-02 6.75E-02 4.27E-01 1.13E-03 6.23E-06 5.70E-01 

1.23E-42 1.02E-01 6.74E-02 4.27E-01 1.13E-03 9.09E-06 5.73E-01 

2.14E-42 1.12E-01 6.74E-02 4.27E-01 1.12E-03 1.78E-05 5.73E-01 

3.70E-42 1.19E-01 6.76E-02 4.26E-01 1.11E-03 3.21E-05 5.71E-01 

6.42E-42 1.23E-01 6.75E-02 4.27E-01 1.11E-03 5.48E-05 5.71E-01 

1.11E-41 1.29E-01 6.74E-02 4.27E-01 1.10E-03 9.12E-05 5.73E-01 

1.93E-41 1.34E-01 6.73E-02 4.28E-01 1.09E-03 1.52E-04 5.72E-01 

3.34E-41 1.36E-01 6.74E-02 4.27E-01 1.08E-03 2.46E-04 5.70E-01 

5.79E-41 1.37E-01 6.73E-02 4.28E-01 1.07E-03 3.94E-04 5.72E-01 

1.00E-40 1.38E-01 6.74E-02 4.27E-01 1.05E-03 6.23E-04 5.70E-01 

1.74E-40 1.39E-01 6.73E-02 4.27E-01 1.04E-03 9.73E-04 5.70E-01 

3.01E-40 1.37E-01 6.75E-02 4.25E-01 1.03E-03 1.50E-03 5.72E-01 

5.23E-40 1.36E-01 6.73E-02 4.26E-01 1.02E-03 2.29E-03 5.72E-01 

9.06E-40 1.34E-01 6.73E-02 4.24E-01 1.01E-03 3.46E-03 5.73E-01 

1.57E-39 1.31E-01 6.74E-02 4.22E-01 1.02E-03 5.13E-03 5.73E-01 

2.72E-39 1.29E-01 6.75E-02 4.19E-01 1.03E-03 7.55E-03 5.71E-01 

4.72E-39 1.28E-01 6.73E-02 4.16E-01 1.06E-03 1.10E-02 5.73E-01 

8.17E-39 1.28E-01 6.72E-02 4.12E-01 1.12E-03 1.56E-02 5.72E-01 

1.42E-38 1.28E-01 6.75E-02 4.04E-01 1.22E-03 2.19E-02 5.70E-01 

2.46E-38 1.32E-01 6.71E-02 3.98E-01 1.39E-03 3.01E-02 5.71E-01 

4.26E-38 1.38E-01 6.72E-02 3.87E-01 1.65E-03 4.02E-02 5.71E-01 

7.38E-38 1.51E-01 6.70E-02 3.75E-01 2.06E-03 5.23E-02 5.71E-01 
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8.92E-38 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.28E-37 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.22E-37 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

3.84E-37 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

6.66E-37 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.15E-36 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.00E-36 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

3.47E-36 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

6.01E-36 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.04E-35 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.81E-35 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

3.13E-35 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

5.42E-35 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

9.40E-35 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.63E-34 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.82E-34 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

4.89E-34 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

8.48E-34 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.47E-33 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.55E-33 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

4.42E-33 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

7.66E-33 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.33E-32 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.30E-32 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

3.99E-32 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

6.91E-32 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.20E-31 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

2.08E-31 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

3.60E-31 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

6.24E-31 1.54E-01 6.72E-02 3.68E-01 2.25E-03 5.69E-02 5.72E-01 

1.08E-30 1.54E-01 6.71E-02 3.69E-01 2.29E-03 5.78E-02 5.70E-01 

1.87E-30 1.48E-01 6.70E-02 3.58E-01 2.83E-03 6.80E-02 5.73E-01 

3.25E-30 1.41E-01 6.72E-02 3.47E-01 3.47E-03 7.70E-02 5.70E-01 

5.63E-30 1.36E-01 6.71E-02 3.39E-01 4.16E-03 8.48E-02 5.69E-01 

9.75E-30 1.32E-01 6.70E-02 3.32E-01 4.96E-03 9.19E-02 5.69E-01 

1.69E-29 1.28E-01 6.69E-02 3.25E-01 5.85E-03 9.78E-02 5.72E-01 

2.93E-29 1.27E-01 6.70E-02 3.18E-01 6.81E-03 1.03E-01 5.69E-01 

5.08E-29 1.27E-01 6.68E-02 3.14E-01 7.90E-03 1.08E-01 5.71E-01 

8.80E-29 1.28E-01 6.69E-02 3.07E-01 9.04E-03 1.12E-01 5.71E-01 

1.53E-28 1.30E-01 6.68E-02 3.03E-01 1.04E-02 1.16E-01 5.71E-01 

2.64E-28 1.32E-01 6.68E-02 2.98E-01 1.17E-02 1.19E-01 5.72E-01 

4.58E-28 1.36E-01 6.66E-02 2.95E-01 1.32E-02 1.22E-01 5.74E-01 

7.94E-28 1.40E-01 6.69E-02 2.90E-01 1.48E-02 1.24E-01 5.69E-01 
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1.38E-27 1.46E-01 6.68E-02 2.86E-01 1.65E-02 1.26E-01 5.72E-01 

2.39E-27 1.51E-01 6.66E-02 2.83E-01 1.84E-02 1.29E-01 5.75E-01 

4.14E-27 1.59E-01 6.68E-02 2.78E-01 2.02E-02 1.30E-01 5.72E-01 

7.17E-27 1.67E-01 6.66E-02 2.75E-01 2.23E-02 1.32E-01 5.75E-01 

1.24E-26 1.75E-01 6.67E-02 2.72E-01 2.44E-02 1.33E-01 5.74E-01 

2.15E-26 1.85E-01 6.68E-02 2.68E-01 2.65E-02 1.34E-01 5.70E-01 

3.73E-26 1.97E-01 6.70E-02 2.64E-01 2.86E-02 1.35E-01 5.68E-01 

6.47E-26 2.09E-01 6.68E-02 2.61E-01 3.08E-02 1.37E-01 5.72E-01 

1.12E-25 2.21E-01 6.68E-02 2.58E-01 3.29E-02 1.37E-01 5.73E-01 

1.94E-25 2.35E-01 6.67E-02 2.56E-01 3.51E-02 1.38E-01 5.74E-01 

3.37E-25 2.49E-01 6.69E-02 2.53E-01 3.71E-02 1.39E-01 5.71E-01 

5.84E-25 2.63E-01 6.68E-02 2.51E-01 3.92E-02 1.39E-01 5.74E-01 

1.01E-24 2.79E-01 6.71E-02 2.48E-01 4.09E-02 1.39E-01 5.70E-01 

1.75E-24 2.93E-01 6.69E-02 2.46E-01 4.28E-02 1.40E-01 5.72E-01 

3.04E-24 3.08E-01 6.70E-02 2.44E-01 4.45E-02 1.40E-01 5.72E-01 

5.27E-24 3.22E-01 6.70E-02 2.42E-01 4.59E-02 1.41E-01 5.70E-01 

9.13E-24 3.36E-01 6.70E-02 2.40E-01 4.74E-02 1.41E-01 5.70E-01 

1.42E-23 3.47E-01 6.70E-02 2.39E-01 4.84E-02 1.41E-01 5.71E-01 

1.58E-23 3.47E-01 6.70E-02 2.39E-01 4.84E-02 1.41E-01 5.71E-01 

2.74E-23 3.46E-01 6.69E-02 2.39E-01 4.82E-02 1.41E-01 5.73E-01 

4.76E-23 3.46E-01 6.71E-02 2.39E-01 4.82E-02 1.41E-01 5.69E-01 

8.24E-23 3.45E-01 6.69E-02 2.40E-01 4.80E-02 1.42E-01 5.71E-01 

1.43E-22 3.44E-01 6.69E-02 2.39E-01 4.80E-02 1.42E-01 5.71E-01 

2.48E-22 3.44E-01 6.70E-02 2.39E-01 4.76E-02 1.42E-01 5.71E-01 

4.29E-22 3.44E-01 6.70E-02 2.39E-01 4.76E-02 1.42E-01 5.71E-01 

7.52E-22 3.44E-01 6.70E-02 2.39E-01 4.76E-02 1.42E-01 5.71E-01 

1.30E-21 3.43E-01 6.68E-02 2.39E-01 4.78E-02 1.42E-01 5.74E-01 

2.26E-21 3.43E-01 6.69E-02 2.39E-01 4.74E-02 1.42E-01 5.74E-01 

3.91E-21 3.43E-01 6.70E-02 2.39E-01 4.74E-02 1.42E-01 5.70E-01 

6.78E-21 3.43E-01 6.70E-02 2.39E-01 4.74E-02 1.42E-01 5.70E-01 

1.18E-20 3.43E-01 6.70E-02 2.39E-01 4.74E-02 1.42E-01 5.70E-01 

2.04E-20 3.43E-01 6.70E-02 2.39E-01 4.74E-02 1.42E-01 5.70E-01 

3.53E-20 3.43E-01 6.71E-02 2.38E-01 4.74E-02 1.42E-01 5.70E-01 

6.12E-20 3.43E-01 6.71E-02 2.38E-01 4.74E-02 1.42E-01 5.70E-01 

1.06E-19 3.42E-01 6.71E-02 2.38E-01 4.74E-02 1.42E-01 5.70E-01 

1.84E-19 3.42E-01 6.71E-02 2.38E-01 4.74E-02 1.42E-01 5.70E-01 

3.19E-19 3.42E-01 6.71E-02 2.38E-01 4.70E-02 1.42E-01 5.70E-01 

5.52E-19 3.42E-01 6.68E-02 2.39E-01 4.72E-02 1.43E-01 5.72E-01 

9.58E-19 3.42E-01 6.69E-02 2.39E-01 4.72E-02 1.43E-01 5.72E-01 

1.66E-18 3.42E-01 6.69E-02 2.39E-01 4.72E-02 1.43E-01 5.72E-01 

2.88E-18 3.42E-01 6.69E-02 2.39E-01 4.72E-02 1.43E-01 5.72E-01 

4.25E-18 3.42E-01 6.69E-02 2.39E-01 4.72E-02 1.43E-01 5.72E-01 
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Table C.5. Thermo-Calc results for Cr-rich spinel diffusion coefficients at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

Fe 

diffusion 

coefficient 

(nm2/s) 

Cr 

diffusion 

coefficient 

(nm2/s) 

Ni 

diffusion 

coefficient 

(nm2/s) 

O diffusion 

coefficient 

(nm2/s) 

Fe 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Cr 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Ni 

diffusion 

coefficient 

irradiated 

(nm2/s) 

1.35E-50 2.32E-01 5.91E-11 6.70E-03 8.57E-05 3.98E-01 1.02E-10 1.15E-02 

1.62E-50 2.12E-01 5.41E-11 6.14E-03 7.83E-05 3.85E-01 9.81E-11 1.11E-02 

2.80E-50 1.63E-01 4.15E-11 4.71E-03 5.95E-05 3.52E-01 8.97E-11 1.02E-02 

4.85E-50 1.24E-01 3.17E-11 3.60E-03 4.52E-05 3.27E-01 8.35E-11 9.47E-03 

8.41E-50 9.50E-02 2.42E-11 2.75E-03 3.43E-05 3.10E-01 7.90E-11 8.96E-03 

1.46E-49 7.23E-02 1.84E-11 2.09E-03 2.61E-05 2.97E-01 7.56E-11 8.58E-03 

2.53E-49 5.50E-02 1.40E-11 1.59E-03 1.98E-05 2.87E-01 7.31E-11 8.30E-03 

4.38E-49 4.17E-02 1.06E-11 1.21E-03 1.50E-05 2.80E-01 7.13E-11 8.09E-03 

7.59E-49 3.17E-02 8.08E-12 9.17E-04 1.14E-05 2.74E-01 6.99E-11 7.93E-03 

1.32E-48 2.41E-02 6.14E-12 6.97E-04 8.68E-06 2.70E-01 6.89E-11 7.82E-03 

2.28E-48 1.83E-02 4.66E-12 5.29E-04 6.59E-06 2.67E-01 6.81E-11 7.73E-03 

3.95E-48 1.39E-02 3.54E-12 4.02E-04 5.01E-06 2.65E-01 6.75E-11 7.66E-03 

6.85E-48 1.06E-02 2.69E-12 3.06E-04 3.80E-06 2.63E-01 6.71E-11 7.62E-03 

1.19E-47 8.03E-03 2.05E-12 2.32E-04 2.89E-06 2.62E-01 6.68E-11 7.58E-03 

2.06E-47 6.08E-03 1.55E-12 1.76E-04 2.19E-06 2.61E-01 6.65E-11 7.55E-03 

3.57E-47 4.62E-03 1.18E-12 1.34E-04 1.67E-06 2.60E-01 6.63E-11 7.53E-03 

6.18E-47 3.52E-03 8.97E-13 1.02E-04 1.27E-06 2.60E-01 6.62E-11 7.51E-03 

1.07E-46 2.68E-03 6.82E-13 7.74E-05 9.62E-07 2.59E-01 6.61E-11 7.50E-03 

1.86E-46 2.03E-03 5.18E-13 5.88E-05 7.30E-07 2.59E-01 6.60E-11 7.49E-03 

3.22E-46 1.55E-03 3.95E-13 4.48E-05 5.55E-07 2.59E-01 6.59E-11 7.48E-03 

5.58E-46 1.18E-03 3.01E-13 3.42E-05 4.21E-07 2.58E-01 6.59E-11 7.48E-03 

9.67E-46 9.01E-04 2.30E-13 2.61E-05 3.20E-07 2.58E-01 6.59E-11 7.47E-03 

1.68E-45 6.88E-04 1.75E-13 1.99E-05 2.43E-07 2.58E-01 6.58E-11 7.47E-03 

2.91E-45 5.28E-04 1.35E-13 1.53E-05 1.85E-07 2.58E-01 6.58E-11 7.47E-03 

5.04E-45 4.08E-04 1.04E-13 1.18E-05 1.40E-07 2.58E-01 6.58E-11 7.47E-03 

8.73E-45 3.20E-04 8.15E-14 9.25E-06 1.07E-07 2.58E-01 6.58E-11 7.47E-03 

1.51E-44 2.55E-04 6.51E-14 7.38E-06 8.09E-08 2.58E-01 6.58E-11 7.46E-03 

2.62E-44 2.11E-04 5.37E-14 6.10E-06 6.15E-08 2.58E-01 6.58E-11 7.46E-03 

4.54E-44 1.84E-04 4.70E-14 5.33E-06 4.67E-08 2.58E-01 6.58E-11 7.46E-03 

7.88E-44 1.76E-04 4.49E-14 5.10E-06 3.55E-08 2.58E-01 6.58E-11 7.46E-03 

1.37E-43 1.93E-04 4.92E-14 5.59E-06 2.69E-08 2.58E-01 6.58E-11 7.46E-03 

2.37E-43 2.58E-04 6.59E-14 7.47E-06 2.05E-08 2.58E-01 6.58E-11 7.46E-03 

4.10E-43 4.38E-04 1.12E-13 1.27E-05 1.55E-08 2.58E-01 6.58E-11 7.47E-03 

4.67E-43 5.10E-04 1.30E-13 1.48E-05 1.46E-08 2.58E-01 6.58E-11 7.47E-03 

7.11E-43 4.48E-04 1.14E-13 1.30E-05 1.18E-08 2.58E-01 6.58E-11 7.46E-03 
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1.23E-42 3.45E-04 8.80E-14 9.99E-06 8.97E-09 2.58E-01 6.58E-11 7.46E-03 

2.14E-42 2.53E-04 6.45E-14 7.32E-06 6.81E-09 2.58E-01 6.58E-11 7.46E-03 

3.70E-42 1.82E-04 4.64E-14 5.26E-06 5.17E-09 2.58E-01 6.57E-11 7.46E-03 

6.42E-42 1.32E-04 3.36E-14 3.81E-06 3.93E-09 2.58E-01 6.57E-11 7.46E-03 

1.11E-41 9.67E-05 2.47E-14 2.80E-06 2.99E-09 2.58E-01 6.57E-11 7.46E-03 

1.93E-41 7.32E-05 1.87E-14 2.12E-06 2.27E-09 2.58E-01 6.57E-11 7.46E-03 

3.34E-41 5.68E-05 1.45E-14 1.64E-06 1.72E-09 2.58E-01 6.57E-11 7.46E-03 

5.79E-41 4.53E-05 1.15E-14 1.31E-06 1.31E-09 2.58E-01 6.57E-11 7.46E-03 

1.00E-40 3.74E-05 9.54E-15 1.08E-06 9.94E-10 2.58E-01 6.57E-11 7.45E-03 

1.74E-40 3.19E-05 8.12E-15 9.22E-07 7.55E-10 2.58E-01 6.57E-11 7.45E-03 

3.01E-40 2.79E-05 7.12E-15 8.08E-07 5.73E-10 2.58E-01 6.57E-11 7.45E-03 

5.23E-40 2.52E-05 6.43E-15 7.29E-07 4.35E-10 2.58E-01 6.57E-11 7.45E-03 

9.06E-40 2.34E-05 5.97E-15 6.78E-07 3.31E-10 2.58E-01 6.57E-11 7.45E-03 

1.57E-39 2.23E-05 5.69E-15 6.46E-07 2.51E-10 2.57E-01 6.56E-11 7.45E-03 

2.72E-39 2.18E-05 5.57E-15 6.32E-07 1.91E-10 2.57E-01 6.56E-11 7.45E-03 

4.72E-39 2.18E-05 5.56E-15 6.30E-07 1.45E-10 2.57E-01 6.56E-11 7.45E-03 

8.17E-39 2.21E-05 5.65E-15 6.41E-07 1.10E-10 2.57E-01 6.56E-11 7.44E-03 

1.42E-38 2.28E-05 5.82E-15 6.60E-07 8.36E-11 2.57E-01 6.56E-11 7.44E-03 

2.46E-38 2.36E-05 6.02E-15 6.83E-07 6.35E-11 2.57E-01 6.56E-11 7.44E-03 

4.26E-38 2.44E-05 6.21E-15 7.05E-07 4.82E-11 2.57E-01 6.55E-11 7.44E-03 

7.38E-38 2.49E-05 6.34E-15 7.19E-07 3.66E-11 2.57E-01 6.55E-11 7.44E-03 

8.92E-38 2.49E-05 6.35E-15 7.20E-07 3.33E-11 2.57E-01 6.55E-11 7.44E-03 

1.28E-37 3.16E-05 8.05E-15 9.13E-07 2.78E-11 2.57E-01 6.56E-11 7.44E-03 

2.22E-37 4.57E-05 1.17E-14 1.32E-06 2.11E-11 2.57E-01 6.56E-11 7.45E-03 

3.84E-37 6.57E-05 1.68E-14 1.90E-06 1.61E-11 2.58E-01 6.57E-11 7.45E-03 

6.66E-37 9.50E-05 2.42E-14 2.75E-06 1.22E-11 2.58E-01 6.57E-11 7.46E-03 

1.15E-36 1.37E-04 3.49E-14 3.96E-06 9.27E-12 2.58E-01 6.57E-11 7.46E-03 

2.00E-36 1.98E-04 5.04E-14 5.71E-06 7.04E-12 2.58E-01 6.57E-11 7.46E-03 

3.47E-36 2.84E-04 7.25E-14 8.23E-06 5.35E-12 2.58E-01 6.58E-11 7.46E-03 

6.01E-36 4.11E-04 1.05E-13 1.19E-05 4.06E-12 2.58E-01 6.58E-11 7.47E-03 

1.04E-35 5.95E-04 1.52E-13 1.72E-05 3.08E-12 2.58E-01 6.58E-11 7.47E-03 

1.81E-35 8.56E-04 2.18E-13 2.48E-05 2.34E-12 2.58E-01 6.58E-11 7.47E-03 

3.13E-35 1.23E-03 3.15E-13 3.57E-05 1.78E-12 2.58E-01 6.59E-11 7.48E-03 

5.42E-35 1.78E-03 4.54E-13 5.15E-05 1.35E-12 2.59E-01 6.60E-11 7.49E-03 

9.40E-35 2.57E-03 6.55E-13 7.43E-05 1.03E-12 2.59E-01 6.61E-11 7.50E-03 

1.63E-34 3.71E-03 9.45E-13 1.07E-04 7.80E-13 2.60E-01 6.62E-11 7.51E-03 

2.82E-34 5.37E-03 1.37E-12 1.55E-04 5.93E-13 2.61E-01 6.64E-11 7.54E-03 

4.89E-34 7.72E-03 1.97E-12 2.23E-04 4.50E-13 2.62E-01 6.67E-11 7.57E-03 

8.48E-34 1.11E-02 2.84E-12 3.22E-04 3.42E-13 2.63E-01 6.72E-11 7.62E-03 

1.47E-33 1.61E-02 4.10E-12 4.65E-04 2.60E-13 2.66E-01 6.78E-11 7.70E-03 

2.55E-33 2.32E-02 5.91E-12 6.70E-04 1.98E-13 2.70E-01 6.88E-11 7.80E-03 

4.42E-33 3.35E-02 8.53E-12 9.68E-04 1.50E-13 2.75E-01 7.01E-11 7.96E-03 

7.66E-33 4.84E-02 1.23E-11 1.40E-03 1.14E-13 2.83E-01 7.22E-11 8.19E-03 
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1.33E-32 6.97E-02 1.78E-11 2.02E-03 8.68E-14 2.95E-01 7.52E-11 8.54E-03 

2.30E-32 1.00E-01 2.56E-11 2.90E-03 6.61E-14 3.13E-01 7.98E-11 9.05E-03 

3.99E-32 1.45E-01 3.70E-11 4.20E-03 5.03E-14 3.40E-01 8.68E-11 9.85E-03 

6.91E-32 2.09E-01 5.34E-11 6.06E-03 3.84E-14 3.83E-01 9.77E-11 1.11E-02 

1.20E-31 3.02E-01 7.69E-11 8.73E-03 2.93E-14 4.50E-01 1.15E-10 1.30E-02 

2.08E-31 4.36E-01 1.11E-10 1.26E-02 2.25E-14 5.55E-01 1.42E-10 1.61E-02 

3.60E-31 6.30E-01 1.61E-10 1.82E-02 1.73E-14 7.22E-01 1.84E-10 2.09E-02 

6.24E-31 9.05E-01 2.31E-10 2.62E-02 1.34E-14 9.74E-01 2.48E-10 2.82E-02 

1.08E-30 1.28E+00 3.27E-10 3.71E-02 1.04E-14 1.33E+00 3.40E-10 3.86E-02 

1.87E-30 1.39E+00 3.54E-10 4.02E-02 8.19E-15 1.44E+00 3.66E-10 4.15E-02 

3.25E-30 1.55E+00 3.95E-10 4.48E-02 6.53E-15 1.59E+00 4.06E-10 4.60E-02 

5.63E-30 1.76E+00 4.48E-10 5.09E-02 5.30E-15 1.79E+00 4.58E-10 5.19E-02 

9.75E-30 2.02E+00 5.14E-10 5.83E-02 4.40E-15 2.05E+00 5.22E-10 5.92E-02 

1.69E-29 2.34E+00 5.96E-10 6.77E-02 3.75E-15 2.37E+00 6.03E-10 6.85E-02 

2.93E-29 2.73E+00 6.97E-10 7.91E-02 3.29E-15 2.76E+00 7.03E-10 7.98E-02 

5.08E-29 3.21E+00 8.19E-10 9.30E-02 2.99E-15 3.23E+00 8.24E-10 9.36E-02 

8.80E-29 3.80E+00 9.70E-10 1.10E-01 2.81E-15 3.82E+00 9.74E-10 1.11E-01 

1.53E-28 4.53E+00 1.15E-09 1.31E-01 2.72E-15 4.54E+00 1.16E-09 1.31E-01 

2.64E-28 5.41E+00 1.38E-09 1.57E-01 2.71E-15 5.43E+00 1.38E-09 1.57E-01 

4.58E-28 6.48E+00 1.65E-09 1.88E-01 2.76E-15 6.49E+00 1.66E-09 1.88E-01 

7.94E-28 7.85E+00 2.00E-09 2.27E-01 2.87E-15 7.86E+00 2.01E-09 2.28E-01 

1.38E-27 9.50E+00 2.42E-09 2.75E-01 3.03E-15 9.50E+00 2.42E-09 2.75E-01 

2.39E-27 1.15E+01 2.94E-09 3.34E-01 3.23E-15 1.15E+01 2.94E-09 3.34E-01 

4.14E-27 1.41E+01 3.60E-09 4.08E-01 3.47E-15 1.41E+01 3.60E-09 4.08E-01 

7.17E-27 1.74E+01 4.42E-09 5.02E-01 3.75E-15 1.74E+01 4.43E-09 5.02E-01 

1.24E-26 2.14E+01 5.47E-09 6.20E-01 4.08E-15 2.14E+01 5.47E-09 6.20E-01 

2.15E-26 2.67E+01 6.81E-09 7.73E-01 4.44E-15 2.67E+01 6.81E-09 7.73E-01 

3.73E-26 3.35E+01 8.54E-09 9.69E-01 4.84E-15 3.35E+01 8.54E-09 9.70E-01 

6.47E-26 4.25E+01 1.08E-08 1.23E+00 5.29E-15 4.25E+01 1.08E-08 1.23E+00 

1.12E-25 5.46E+01 1.39E-08 1.58E+00 5.78E-15 5.46E+01 1.39E-08 1.58E+00 

1.94E-25 7.14E+01 1.82E-08 2.07E+00 6.33E-15 7.14E+01 1.82E-08 2.07E+00 

3.37E-25 9.45E+01 2.41E-08 2.74E+00 6.93E-15 9.45E+01 2.41E-08 2.74E+00 

5.84E-25 1.28E+02 3.27E-08 3.71E+00 7.58E-15 1.28E+02 3.27E-08 3.71E+00 

1.01E-24 1.77E+02 4.50E-08 5.11E+00 8.31E-15 1.77E+02 4.50E-08 5.11E+00 

1.75E-24 2.47E+02 6.30E-08 7.15E+00 9.10E-15 2.47E+02 6.30E-08 7.15E+00 

3.04E-24 3.50E+02 8.92E-08 1.01E+01 9.97E-15 3.50E+02 8.92E-08 1.01E+01 

5.27E-24 4.44E+02 1.13E-07 1.28E+01 1.09E-14 4.44E+02 1.13E-07 1.28E+01 

9.13E-24 8.88E+02 2.26E-07 2.57E+01 1.20E-14 8.88E+02 2.26E-07 2.57E+01 

 
Table C.6. Thermo-Calc results for Fe-rich spinel diffusion coefficients at 320 °C and 13.1 MPa. 
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coefficient 

(nm2/s) 

coefficient 

(nm2/s) 

coefficient 

(nm2/s) 

irradiated 

(nm2/s) 

irradiated 

(nm2/s) 

irradiated 

(nm2/s) 

7.11E-43 2.45E-07 6.23E-17 8.66E-08 1.18E-08 1.69E-04 4.31E-14 4.97E-06 

1.23E-42 3.52E-07 8.96E-17 6.53E-08 8.97E-09 2.44E-04 6.22E-14 7.12E-06 

2.14E-42 5.06E-07 1.29E-16 5.29E-08 6.81E-09 3.52E-04 8.97E-14 1.02E-05 

3.70E-42 7.32E-07 1.87E-16 4.77E-08 5.17E-09 5.08E-04 1.30E-13 1.47E-05 

6.42E-42 1.05E-06 2.68E-16 4.88E-08 3.93E-09 7.31E-04 1.86E-13 2.12E-05 

1.11E-41 1.52E-06 3.87E-16 5.67E-08 2.99E-09 1.06E-03 2.69E-13 3.05E-05 

1.93E-41 2.18E-06 5.57E-16 7.20E-08 2.27E-09 1.52E-03 3.87E-13 4.39E-05 

3.34E-41 3.14E-06 8.00E-16 9.69E-08 1.72E-09 2.19E-03 5.58E-13 6.33E-05 

5.79E-41 4.53E-06 1.15E-15 1.35E-07 1.31E-09 3.15E-03 8.02E-13 9.11E-05 

1.00E-40 6.48E-06 1.65E-15 1.90E-07 9.94E-10 4.52E-03 1.15E-12 1.31E-04 

1.74E-40 9.23E-06 2.35E-15 2.69E-07 7.55E-10 6.48E-03 1.65E-12 1.88E-04 

3.01E-40 1.32E-05 3.36E-15 3.83E-07 5.73E-10 9.29E-03 2.37E-12 2.69E-04 

5.23E-40 1.87E-05 4.76E-15 5.42E-07 4.35E-10 1.32E-02 3.37E-12 3.83E-04 

9.06E-40 2.63E-05 6.71E-15 7.62E-07 3.31E-10 1.87E-02 4.77E-12 5.42E-04 

1.57E-39 3.67E-05 9.37E-15 1.06E-06 2.51E-10 2.63E-02 6.70E-12 7.61E-04 

2.72E-39 5.06E-05 1.29E-14 1.46E-06 1.91E-10 3.63E-02 9.27E-12 1.05E-03 

4.72E-39 6.79E-05 1.73E-14 1.97E-06 1.45E-10 4.93E-02 1.26E-11 1.43E-03 

8.17E-39 8.92E-05 2.27E-14 2.58E-06 1.10E-10 6.50E-02 1.66E-11 1.88E-03 

1.42E-38 1.13E-04 2.89E-14 3.27E-06 8.36E-11 8.21E-02 2.09E-11 2.38E-03 

2.46E-38 1.37E-04 3.49E-14 3.96E-06 6.35E-11 9.96E-02 2.54E-11 2.88E-03 

4.26E-38 1.55E-04 3.96E-14 4.49E-06 4.82E-11 1.15E-01 2.92E-11 3.31E-03 

7.38E-38 1.65E-04 4.20E-14 4.76E-06 3.66E-11 1.27E-01 3.23E-11 3.67E-03 

8.92E-38 1.65E-04 4.20E-14 4.76E-06 3.33E-11 1.30E-01 3.31E-11 3.76E-03 

1.28E-37 2.09E-04 5.33E-14 6.05E-06 2.78E-11 1.48E-01 3.77E-11 4.28E-03 

2.22E-37 3.01E-04 7.68E-14 8.72E-06 2.11E-11 1.74E-01 4.43E-11 5.03E-03 

3.84E-37 4.35E-04 1.11E-13 1.26E-05 1.61E-11 1.96E-01 4.99E-11 5.66E-03 

6.66E-37 6.26E-04 1.60E-13 1.81E-05 1.22E-11 2.13E-01 5.43E-11 6.16E-03 

1.15E-36 9.05E-04 2.31E-13 2.62E-05 9.27E-12 2.26E-01 5.76E-11 6.53E-03 

2.00E-36 1.31E-03 3.33E-13 3.78E-05 7.04E-12 2.35E-01 6.00E-11 6.81E-03 

3.47E-36 1.89E-03 4.81E-13 5.46E-05 5.35E-12 2.43E-01 6.18E-11 7.02E-03 

6.01E-36 2.72E-03 6.94E-13 7.87E-05 4.06E-12 2.48E-01 6.32E-11 7.17E-03 

1.04E-35 3.92E-03 1.00E-12 1.14E-04 3.08E-12 2.52E-01 6.42E-11 7.29E-03 

1.81E-35 5.68E-03 1.45E-12 1.64E-04 2.34E-12 2.55E-01 6.51E-11 7.38E-03 

3.13E-35 8.17E-03 2.08E-12 2.36E-04 1.78E-12 2.58E-01 6.58E-11 7.47E-03 

5.42E-35 1.18E-02 3.01E-12 3.42E-04 1.35E-12 2.61E-01 6.66E-11 7.56E-03 

9.40E-35 1.70E-02 4.33E-12 4.92E-04 1.03E-12 2.65E-01 6.75E-11 7.66E-03 

1.63E-34 2.45E-02 6.26E-12 7.10E-04 7.80E-13 2.69E-01 6.86E-11 7.79E-03 

2.82E-34 3.54E-02 9.03E-12 1.03E-03 5.93E-13 2.75E-01 7.02E-11 7.96E-03 

4.89E-34 5.10E-02 1.30E-11 1.48E-03 4.50E-13 2.84E-01 7.24E-11 8.22E-03 

8.48E-34 7.37E-02 1.88E-11 2.13E-03 3.42E-13 2.97E-01 7.57E-11 8.59E-03 

1.47E-33 1.07E-01 2.72E-11 3.08E-03 2.60E-13 3.16E-01 8.06E-11 9.15E-03 
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2.55E-33 1.54E-01 3.92E-11 4.44E-03 1.98E-13 3.46E-01 8.81E-11 1.00E-02 

4.42E-33 2.21E-01 5.65E-11 6.41E-03 1.50E-13 3.91E-01 9.97E-11 1.13E-02 

7.66E-33 3.20E-01 8.15E-11 9.25E-03 1.14E-13 4.63E-01 1.18E-10 1.34E-02 

1.33E-32 4.62E-01 1.18E-10 1.34E-02 8.68E-14 5.77E-01 1.47E-10 1.67E-02 

2.30E-32 6.66E-01 1.70E-10 1.93E-02 6.61E-14 7.54E-01 1.92E-10 2.18E-02 

3.99E-32 9.59E-01 2.44E-10 2.77E-02 5.03E-14 1.02E+00 2.61E-10 2.96E-02 

6.91E-32 1.38E+00 3.53E-10 4.01E-02 3.84E-14 1.43E+00 3.65E-10 4.14E-02 

1.20E-31 2.00E+00 5.09E-10 5.78E-02 2.93E-14 2.03E+00 5.18E-10 5.87E-02 

2.08E-31 2.88E+00 7.35E-10 8.35E-02 2.25E-14 2.91E+00 7.41E-10 8.41E-02 

3.60E-31 4.16E+00 1.06E-09 1.20E-01 1.73E-14 4.18E+00 1.07E-09 1.21E-01 

6.24E-31 5.99E+00 1.53E-09 1.73E-01 1.34E-14 6.00E+00 1.53E-09 1.74E-01 

1.08E-30 8.48E+00 2.16E-09 2.45E-01 1.04E-14 8.48E+00 2.16E-09 2.46E-01 

1.87E-30 8.96E+00 2.29E-09 2.59E-01 8.19E-15 8.97E+00 2.29E-09 2.60E-01 

3.25E-30 9.63E+00 2.46E-09 2.79E-01 6.53E-15 9.64E+00 2.46E-09 2.79E-01 

5.63E-30 1.04E+01 2.66E-09 3.02E-01 5.30E-15 1.04E+01 2.66E-09 3.02E-01 

9.75E-30 1.15E+01 2.92E-09 3.31E-01 4.40E-15 1.15E+01 2.92E-09 3.31E-01 

1.69E-29 1.27E+01 3.24E-09 3.67E-01 3.75E-15 1.27E+01 3.24E-09 3.67E-01 

2.93E-29 1.42E+01 3.62E-09 4.11E-01 3.29E-15 1.42E+01 3.62E-09 4.11E-01 

5.08E-29 1.61E+01 4.10E-09 4.65E-01 2.99E-15 1.61E+01 4.10E-09 4.65E-01 

8.80E-29 1.83E+01 4.67E-09 5.30E-01 2.81E-15 1.83E+01 4.67E-09 5.30E-01 

1.53E-28 2.11E+01 5.39E-09 6.11E-01 2.72E-15 2.11E+01 5.39E-09 6.11E-01 

2.64E-28 2.45E+01 6.26E-09 7.10E-01 2.71E-15 2.45E+01 6.26E-09 7.10E-01 

4.58E-28 2.87E+01 7.31E-09 8.30E-01 2.76E-15 2.87E+01 7.31E-09 8.30E-01 

7.94E-28 3.36E+01 8.58E-09 9.73E-01 2.87E-15 3.36E+01 8.58E-09 9.73E-01 

1.38E-27 3.97E+01 1.01E-08 1.15E+00 3.03E-15 3.97E+01 1.01E-08 1.15E+00 

2.39E-27 4.70E+01 1.20E-08 1.36E+00 3.23E-15 4.70E+01 1.20E-08 1.36E+00 

4.14E-27 5.55E+01 1.41E-08 1.61E+00 3.47E-15 5.55E+01 1.41E-08 1.61E+00 

7.17E-27 6.57E+01 1.68E-08 1.90E+00 3.75E-15 6.57E+01 1.68E-08 1.90E+00 

1.24E-26 7.72E+01 1.97E-08 2.23E+00 4.08E-15 7.72E+01 1.97E-08 2.23E+00 

2.15E-26 9.01E+01 2.30E-08 2.61E+00 4.44E-15 9.01E+01 2.30E-08 2.61E+00 

3.73E-26 1.05E+02 2.68E-08 3.04E+00 4.84E-15 1.05E+02 2.68E-08 3.04E+00 

6.47E-26 1.21E+02 3.09E-08 3.51E+00 5.29E-15 1.21E+02 3.09E-08 3.51E+00 

1.12E-25 1.38E+02 3.53E-08 4.01E+00 5.78E-15 1.38E+02 3.53E-08 4.01E+00 

1.94E-25 1.57E+02 3.99E-08 4.53E+00 6.33E-15 1.57E+02 3.99E-08 4.53E+00 

3.37E-25 1.75E+02 4.47E-08 5.07E+00 6.93E-15 1.75E+02 4.47E-08 5.07E+00 

5.84E-25 1.94E+02 4.96E-08 5.62E+00 7.58E-15 1.94E+02 4.96E-08 5.62E+00 

1.01E-24 2.13E+02 5.44E-08 6.18E+00 8.31E-15 2.13E+02 5.44E-08 6.18E+00 

1.75E-24 2.33E+02 5.93E-08 6.73E+00 9.10E-15 2.33E+02 5.93E-08 6.73E+00 

3.04E-24 2.51E+02 6.39E-08 7.26E+00 9.97E-15 2.51E+02 6.39E-08 7.26E+00 

5.27E-24 2.68E+02 6.83E-08 7.76E+00 1.09E-14 2.68E+02 6.83E-08 7.76E+00 

9.13E-24 2.84E+02 7.25E-08 8.23E+00 1.20E-14 2.84E+02 7.25E-08 8.23E+00 

1.42E-23 2.97E+02 7.58E-08 8.60E+00 1.29E-14 2.97E+02 7.58E-08 8.60E+00 

1.58E-23 2.98E+02 7.60E-08 8.63E+00 1.31E-14 2.98E+02 7.60E-08 8.63E+00 
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2.74E-23 3.04E+02 7.74E-08 8.78E+00 1.44E-14 3.04E+02 7.74E-08 8.78E+00 

4.76E-23 3.08E+02 7.86E-08 8.92E+00 1.58E-14 3.08E+02 7.86E-08 8.92E+00 

8.24E-23 3.13E+02 7.98E-08 9.05E+00 1.73E-14 3.13E+02 7.98E-08 9.05E+00 

1.43E-22 3.17E+02 8.08E-08 9.17E+00 1.89E-14 3.17E+02 8.08E-08 9.17E+00 

2.48E-22 3.20E+02 8.17E-08 9.27E+00 2.08E-14 3.20E+02 8.17E-08 9.27E+00 

4.29E-22 3.24E+02 8.26E-08 9.37E+00 2.28E-14 3.24E+02 8.26E-08 9.37E+00 

7.52E-22 3.27E+02 8.34E-08 9.46E+00 2.50E-14 3.27E+02 8.34E-08 9.46E+00 

1.30E-21 3.30E+02 8.41E-08 9.54E+00 2.74E-14 3.30E+02 8.41E-08 9.54E+00 

2.26E-21 3.32E+02 8.48E-08 9.62E+00 3.00E-14 3.32E+02 8.48E-08 9.62E+00 

3.91E-21 3.35E+02 8.53E-08 9.68E+00 3.29E-14 3.35E+02 8.53E-08 9.68E+00 

6.78E-21 3.37E+02 8.59E-08 9.75E+00 3.60E-14 3.37E+02 8.59E-08 9.75E+00 

1.18E-20 3.39E+02 8.63E-08 9.80E+00 3.95E-14 3.39E+02 8.63E-08 9.80E+00 

2.04E-20 3.40E+02 8.67E-08 9.84E+00 4.33E-14 3.40E+02 8.67E-08 9.84E+00 

3.53E-20 3.41E+02 8.70E-08 9.87E+00 4.74E-14 3.41E+02 8.70E-08 9.87E+00 

6.12E-20 3.43E+02 8.74E-08 9.91E+00 5.20E-14 3.43E+02 8.74E-08 9.91E+00 

1.06E-19 3.44E+02 8.77E-08 9.95E+00 5.70E-14 3.44E+02 8.77E-08 9.95E+00 

1.84E-19 3.45E+02 8.79E-08 9.98E+00 6.25E-14 3.45E+02 8.79E-08 9.98E+00 

3.19E-19 3.46E+02 8.81E-08 1.00E+01 6.84E-14 3.46E+02 8.81E-08 1.00E+01 

5.52E-19 3.46E+02 8.83E-08 1.00E+01 7.50E-14 3.46E+02 8.83E-08 1.00E+01 

9.58E-19 3.47E+02 8.85E-08 1.00E+01 8.22E-14 3.47E+02 8.85E-08 1.00E+01 

1.66E-18 3.47E+02 8.86E-08 1.01E+01 9.01E-14 3.47E+02 8.86E-08 1.01E+01 

2.88E-18 3.48E+02 8.87E-08 1.01E+01 9.88E-14 3.48E+02 8.87E-08 1.01E+01 

4.25E-18 3.48E+02 8.88E-08 1.01E+01 1.05E-13 3.48E+02 8.88E-08 1.01E+01 

 
Table C.7. Thermo-Calc results for element chemical potentials and the Pilling-Bedworth ratio at 320 °C 

and 13.1 MPa. 

O2 Activity 

(atm) 

Fe chemical 

potential (J/mol) 

Cr chemical 

potential (J/mol) 

Ni chemical 

potential (J/mol) 

O chemical 

potential (J/mol) 

Pilling-

Bedworth ratio 

7.18E-66 -1.95E+04 -1.68E+04 -3.09E+04 -4.20E+05 1.00E+00 

3.92E-64 -1.95E+04 -1.68E+04 -3.09E+04 -4.10E+05 1.00E+00 

6.79E-64 -1.95E+04 -1.68E+04 -3.09E+04 -4.09E+05 1.00E+00 

1.18E-63 -1.95E+04 -1.68E+04 -3.09E+04 -4.08E+05 1.00E+00 

2.04E-63 -1.95E+04 -1.68E+04 -3.09E+04 -4.06E+05 1.00E+00 

3.54E-63 -1.95E+04 -1.68E+04 -3.09E+04 -4.05E+05 1.00E+00 

6.13E-63 -1.95E+04 -1.68E+04 -3.09E+04 -4.04E+05 1.00E+00 

1.06E-62 -1.95E+04 -1.68E+04 -3.09E+04 -4.02E+05 1.00E+00 

1.84E-62 -1.95E+04 -1.68E+04 -3.09E+04 -4.01E+05 1.00E+00 

3.19E-62 -1.95E+04 -1.68E+04 -3.09E+04 -4.00E+05 1.00E+00 

5.53E-62 -1.95E+04 -1.68E+04 -3.09E+04 -3.98E+05 1.00E+00 

9.59E-62 -1.95E+04 -1.68E+04 -3.09E+04 -3.97E+05 1.00E+00 

1.66E-61 -1.95E+04 -1.68E+04 -3.09E+04 -3.95E+05 1.00E+00 

2.88E-61 -1.95E+04 -1.68E+04 -3.09E+04 -3.94E+05 1.00E+00 

4.99E-61 -1.95E+04 -1.68E+04 -3.09E+04 -3.93E+05 1.00E+00 
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8.65E-61 -1.95E+04 -1.68E+04 -3.09E+04 -3.91E+05 1.00E+00 

1.50E-60 -1.95E+04 -1.68E+04 -3.09E+04 -3.90E+05 1.00E+00 

2.60E-60 -1.95E+04 -1.68E+04 -3.09E+04 -3.89E+05 1.00E+00 

4.51E-60 -1.95E+04 -1.68E+04 -3.09E+04 -3.87E+05 1.00E+00 

5.50E-60 -1.95E+04 -1.68E+04 -3.09E+04 -3.87E+05 1.17E+00 

5.61E-60 -1.95E+04 -1.68E+04 -3.09E+04 -3.87E+05 1.17E+00 

6.27E-60 -1.95E+04 -1.72E+04 -3.10E+04 -3.87E+05 1.18E+00 

6.99E-60 -1.95E+04 -1.76E+04 -3.10E+04 -3.86E+05 1.18E+00 

7.81E-60 -1.95E+04 -1.80E+04 -3.10E+04 -3.86E+05 1.19E+00 

8.72E-60 -1.94E+04 -1.84E+04 -3.10E+04 -3.86E+05 1.19E+00 

9.73E-60 -1.94E+04 -1.88E+04 -3.10E+04 -3.85E+05 1.19E+00 

1.09E-59 -1.94E+04 -1.92E+04 -3.10E+04 -3.85E+05 1.20E+00 

1.21E-59 -1.94E+04 -1.96E+04 -3.11E+04 -3.85E+05 1.20E+00 

1.35E-59 -1.94E+04 -2.00E+04 -3.11E+04 -3.85E+05 1.20E+00 

2.35E-59 -1.93E+04 -2.20E+04 -3.11E+04 -3.83E+05 1.21E+00 

4.07E-59 -1.93E+04 -2.40E+04 -3.11E+04 -3.82E+05 1.21E+00 

7.05E-59 -1.93E+04 -2.60E+04 -3.11E+04 -3.81E+05 1.22E+00 

1.22E-58 -1.93E+04 -2.79E+04 -3.11E+04 -3.79E+05 1.22E+00 

2.12E-58 -1.93E+04 -2.99E+04 -3.12E+04 -3.78E+05 1.22E+00 

3.67E-58 -1.93E+04 -3.19E+04 -3.12E+04 -3.77E+05 1.22E+00 

6.36E-58 -1.93E+04 -3.39E+04 -3.12E+04 -3.75E+05 1.22E+00 

1.10E-57 -1.93E+04 -3.59E+04 -3.12E+04 -3.74E+05 1.22E+00 

1.91E-57 -1.93E+04 -3.79E+04 -3.12E+04 -3.72E+05 1.22E+00 

3.31E-57 -1.93E+04 -3.99E+04 -3.12E+04 -3.71E+05 1.22E+00 

5.74E-57 -1.92E+04 -4.19E+04 -3.12E+04 -3.70E+05 1.22E+00 

9.95E-57 -1.92E+04 -4.38E+04 -3.12E+04 -3.68E+05 1.22E+00 

1.72E-56 -1.92E+04 -4.58E+04 -3.12E+04 -3.67E+05 1.22E+00 

2.99E-56 -1.92E+04 -4.78E+04 -3.12E+04 -3.66E+05 1.22E+00 

5.18E-56 -1.92E+04 -4.98E+04 -3.12E+04 -3.64E+05 1.22E+00 

8.98E-56 -1.92E+04 -5.18E+04 -3.12E+04 -3.63E+05 1.22E+00 

1.56E-55 -1.92E+04 -5.38E+04 -3.12E+04 -3.62E+05 1.22E+00 

2.70E-55 -1.92E+04 -5.58E+04 -3.12E+04 -3.60E+05 1.22E+00 

4.68E-55 -1.92E+04 -5.78E+04 -3.12E+04 -3.59E+05 1.22E+00 

8.10E-55 -1.92E+04 -5.98E+04 -3.12E+04 -3.58E+05 1.22E+00 

1.40E-54 -1.92E+04 -6.18E+04 -3.12E+04 -3.56E+05 1.22E+00 

2.43E-54 -1.92E+04 -6.38E+04 -3.12E+04 -3.55E+05 1.22E+00 

4.22E-54 -1.92E+04 -6.58E+04 -3.12E+04 -3.53E+05 1.22E+00 

7.31E-54 -1.92E+04 -6.78E+04 -3.12E+04 -3.52E+05 1.22E+00 

1.27E-53 -1.92E+04 -6.98E+04 -3.12E+04 -3.51E+05 1.22E+00 

2.20E-53 -1.92E+04 -7.18E+04 -3.12E+04 -3.49E+05 1.22E+00 

3.81E-53 -1.92E+04 -7.38E+04 -3.12E+04 -3.48E+05 1.22E+00 

6.60E-53 -1.92E+04 -7.58E+04 -3.12E+04 -3.47E+05 1.22E+00 

1.14E-52 -1.92E+04 -7.78E+04 -3.12E+04 -3.45E+05 1.22E+00 
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1.98E-52 -1.92E+04 -7.98E+04 -3.12E+04 -3.44E+05 1.22E+00 

3.44E-52 -1.92E+04 -8.18E+04 -3.12E+04 -3.43E+05 1.22E+00 

5.96E-52 -1.92E+04 -8.38E+04 -3.12E+04 -3.41E+05 1.22E+00 

1.03E-51 -1.92E+04 -8.58E+04 -3.12E+04 -3.40E+05 1.22E+00 

1.79E-51 -1.92E+04 -8.78E+04 -3.12E+04 -3.39E+05 1.22E+00 

3.10E-51 -1.92E+04 -8.98E+04 -3.12E+04 -3.37E+05 1.22E+00 

5.38E-51 -1.92E+04 -9.18E+04 -3.12E+04 -3.36E+05 1.22E+00 

9.32E-51 -1.92E+04 -9.38E+04 -3.12E+04 -3.34E+05 1.22E+00 

1.35E-50 -1.92E+04 -9.52E+04 -3.12E+04 -3.34E+05 1.33E+00 

1.62E-50 -1.92E+04 -9.61E+04 -3.12E+04 -3.33E+05 1.33E+00 

2.80E-50 -1.92E+04 -9.88E+04 -3.12E+04 -3.32E+05 1.33E+00 

4.85E-50 -1.92E+04 -1.01E+05 -3.12E+04 -3.30E+05 1.33E+00 

8.41E-50 -1.92E+04 -1.04E+05 -3.12E+04 -3.29E+05 1.33E+00 

1.46E-49 -1.92E+04 -1.07E+05 -3.12E+04 -3.28E+05 1.33E+00 

2.53E-49 -1.92E+04 -1.10E+05 -3.12E+04 -3.26E+05 1.33E+00 

4.38E-49 -1.92E+04 -1.12E+05 -3.12E+04 -3.25E+05 1.33E+00 

7.59E-49 -1.92E+04 -1.15E+05 -3.12E+04 -3.24E+05 1.33E+00 

1.32E-48 -1.92E+04 -1.18E+05 -3.12E+04 -3.22E+05 1.33E+00 

2.28E-48 -1.92E+04 -1.20E+05 -3.12E+04 -3.21E+05 1.33E+00 

3.95E-48 -1.92E+04 -1.23E+05 -3.12E+04 -3.20E+05 1.33E+00 

6.85E-48 -1.92E+04 -1.26E+05 -3.12E+04 -3.18E+05 1.33E+00 

1.19E-47 -1.92E+04 -1.29E+05 -3.12E+04 -3.17E+05 1.33E+00 

2.06E-47 -1.92E+04 -1.31E+05 -3.12E+04 -3.15E+05 1.33E+00 

3.57E-47 -1.92E+04 -1.34E+05 -3.12E+04 -3.14E+05 1.33E+00 

6.18E-47 -1.92E+04 -1.37E+05 -3.12E+04 -3.13E+05 1.33E+00 

1.07E-46 -1.92E+04 -1.39E+05 -3.12E+04 -3.11E+05 1.33E+00 

1.86E-46 -1.92E+04 -1.42E+05 -3.12E+04 -3.10E+05 1.33E+00 

3.22E-46 -1.92E+04 -1.45E+05 -3.12E+04 -3.09E+05 1.33E+00 

5.58E-46 -1.92E+04 -1.48E+05 -3.12E+04 -3.07E+05 1.33E+00 

9.67E-46 -1.92E+04 -1.50E+05 -3.12E+04 -3.06E+05 1.33E+00 

1.68E-45 -1.92E+04 -1.53E+05 -3.12E+04 -3.05E+05 1.33E+00 

2.91E-45 -1.92E+04 -1.56E+05 -3.12E+04 -3.03E+05 1.33E+00 

5.04E-45 -1.92E+04 -1.58E+05 -3.12E+04 -3.02E+05 1.33E+00 

8.73E-45 -1.92E+04 -1.61E+05 -3.12E+04 -3.01E+05 1.33E+00 

1.51E-44 -1.92E+04 -1.64E+05 -3.12E+04 -2.99E+05 1.33E+00 

2.62E-44 -1.92E+04 -1.67E+05 -3.12E+04 -2.98E+05 1.33E+00 

4.54E-44 -1.92E+04 -1.69E+05 -3.12E+04 -2.97E+05 1.33E+00 

7.88E-44 -1.92E+04 -1.72E+05 -3.12E+04 -2.95E+05 1.34E+00 

1.37E-43 -1.92E+04 -1.75E+05 -3.12E+04 -2.94E+05 1.34E+00 

2.37E-43 -1.92E+04 -1.78E+05 -3.12E+04 -2.92E+05 1.35E+00 

4.10E-43 -1.92E+04 -1.81E+05 -3.12E+04 -2.91E+05 1.37E+00 

4.67E-43 -1.92E+04 -1.81E+05 -3.12E+04 -2.91E+05 1.38E+00 

7.11E-43 -2.06E+04 -1.83E+05 -3.01E+04 -2.90E+05 1.89E+00 
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1.23E-42 -2.24E+04 -1.85E+05 -2.88E+04 -2.88E+05 1.91E+00 

2.14E-42 -2.43E+04 -1.87E+05 -2.77E+04 -2.87E+05 1.92E+00 

3.70E-42 -2.61E+04 -1.88E+05 -2.68E+04 -2.86E+05 1.93E+00 

6.42E-42 -2.79E+04 -1.90E+05 -2.59E+04 -2.84E+05 1.94E+00 

1.11E-41 -2.97E+04 -1.92E+05 -2.52E+04 -2.83E+05 1.95E+00 

1.93E-41 -3.15E+04 -1.94E+05 -2.45E+04 -2.82E+05 1.95E+00 

3.34E-41 -3.33E+04 -1.96E+05 -2.39E+04 -2.80E+05 1.96E+00 

5.79E-41 -3.51E+04 -1.98E+05 -2.34E+04 -2.79E+05 1.97E+00 

1.00E-40 -3.69E+04 -2.00E+05 -2.29E+04 -2.78E+05 1.97E+00 

1.74E-40 -3.87E+04 -2.01E+05 -2.25E+04 -2.76E+05 1.98E+00 

3.01E-40 -4.05E+04 -2.03E+05 -2.21E+04 -2.75E+05 1.99E+00 

5.23E-40 -4.24E+04 -2.05E+05 -2.18E+04 -2.73E+05 1.99E+00 

9.06E-40 -4.42E+04 -2.07E+05 -2.16E+04 -2.72E+05 2.00E+00 

1.57E-39 -4.60E+04 -2.09E+05 -2.14E+04 -2.71E+05 2.01E+00 

2.72E-39 -4.78E+04 -2.11E+05 -2.12E+04 -2.69E+05 2.02E+00 

4.72E-39 -4.97E+04 -2.13E+05 -2.11E+04 -2.68E+05 2.03E+00 

8.17E-39 -5.16E+04 -2.15E+05 -2.10E+04 -2.67E+05 2.04E+00 

1.42E-38 -5.35E+04 -2.17E+05 -2.09E+04 -2.65E+05 2.05E+00 

2.46E-38 -5.54E+04 -2.19E+05 -2.09E+04 -2.64E+05 2.07E+00 

4.26E-38 -5.74E+04 -2.21E+05 -2.08E+04 -2.63E+05 2.09E+00 

7.38E-38 -5.94E+04 -2.23E+05 -2.08E+04 -2.61E+05 2.12E+00 

8.92E-38 -6.01E+04 -2.24E+05 -2.08E+04 -2.61E+05 2.13E+00 

1.28E-37 -6.13E+04 -2.25E+05 -2.19E+04 -2.60E+05 2.13E+00 

2.22E-37 -6.31E+04 -2.27E+05 -2.37E+04 -2.59E+05 2.13E+00 

3.84E-37 -6.49E+04 -2.28E+05 -2.56E+04 -2.57E+05 2.13E+00 

6.66E-37 -6.67E+04 -2.30E+05 -2.74E+04 -2.56E+05 2.13E+00 

1.15E-36 -6.85E+04 -2.32E+05 -2.92E+04 -2.54E+05 2.13E+00 

2.00E-36 -7.03E+04 -2.34E+05 -3.10E+04 -2.53E+05 2.13E+00 

3.47E-36 -7.21E+04 -2.36E+05 -3.28E+04 -2.52E+05 2.13E+00 

6.01E-36 -7.39E+04 -2.38E+05 -3.46E+04 -2.50E+05 2.13E+00 

1.04E-35 -7.57E+04 -2.39E+05 -3.64E+04 -2.49E+05 2.13E+00 

1.81E-35 -7.76E+04 -2.41E+05 -3.82E+04 -2.48E+05 2.13E+00 

3.13E-35 -7.94E+04 -2.43E+05 -4.00E+04 -2.46E+05 2.13E+00 

5.42E-35 -8.12E+04 -2.45E+05 -4.18E+04 -2.45E+05 2.13E+00 

9.40E-35 -8.30E+04 -2.47E+05 -4.36E+04 -2.44E+05 2.13E+00 

1.63E-34 -8.48E+04 -2.48E+05 -4.54E+04 -2.42E+05 2.13E+00 

2.82E-34 -8.66E+04 -2.50E+05 -4.72E+04 -2.41E+05 2.13E+00 

4.89E-34 -8.84E+04 -2.52E+05 -4.91E+04 -2.40E+05 2.13E+00 

8.48E-34 -9.02E+04 -2.54E+05 -5.09E+04 -2.38E+05 2.13E+00 

1.47E-33 -9.20E+04 -2.56E+05 -5.27E+04 -2.37E+05 2.13E+00 

2.55E-33 -9.38E+04 -2.57E+05 -5.45E+04 -2.35E+05 2.13E+00 

4.42E-33 -9.56E+04 -2.59E+05 -5.63E+04 -2.34E+05 2.13E+00 

7.66E-33 -9.74E+04 -2.61E+05 -5.81E+04 -2.33E+05 2.13E+00 
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1.33E-32 -9.92E+04 -2.63E+05 -5.99E+04 -2.31E+05 2.13E+00 

2.30E-32 -1.01E+05 -2.65E+05 -6.17E+04 -2.30E+05 2.13E+00 

3.99E-32 -1.03E+05 -2.66E+05 -6.35E+04 -2.29E+05 2.13E+00 

6.91E-32 -1.05E+05 -2.68E+05 -6.53E+04 -2.27E+05 2.13E+00 

1.20E-31 -1.06E+05 -2.70E+05 -6.71E+04 -2.26E+05 2.13E+00 

2.08E-31 -1.08E+05 -2.72E+05 -6.89E+04 -2.25E+05 2.13E+00 

3.60E-31 -1.10E+05 -2.74E+05 -7.07E+04 -2.23E+05 2.13E+00 

6.24E-31 -1.12E+05 -2.75E+05 -7.26E+04 -2.22E+05 2.13E+00 

1.08E-30 -1.14E+05 -2.77E+05 -7.43E+04 -2.21E+05 2.13E+00 

1.87E-30 -1.16E+05 -2.79E+05 -7.47E+04 -2.19E+05 2.14E+00 

3.25E-30 -1.18E+05 -2.81E+05 -7.53E+04 -2.18E+05 2.14E+00 

5.63E-30 -1.20E+05 -2.83E+05 -7.61E+04 -2.17E+05 2.14E+00 

9.75E-30 -1.22E+05 -2.85E+05 -7.70E+04 -2.15E+05 2.14E+00 

1.69E-29 -1.24E+05 -2.87E+05 -7.79E+04 -2.14E+05 2.14E+00 

2.93E-29 -1.26E+05 -2.88E+05 -7.89E+04 -2.12E+05 2.14E+00 

5.08E-29 -1.28E+05 -2.90E+05 -8.00E+04 -2.11E+05 2.14E+00 

8.80E-29 -1.30E+05 -2.92E+05 -8.11E+04 -2.10E+05 2.14E+00 

1.53E-28 -1.32E+05 -2.94E+05 -8.22E+04 -2.08E+05 2.14E+00 

2.64E-28 -1.34E+05 -2.96E+05 -8.33E+04 -2.07E+05 2.15E+00 

4.58E-28 -1.36E+05 -2.97E+05 -8.45E+04 -2.06E+05 2.14E+00 

7.94E-28 -1.38E+05 -2.99E+05 -8.57E+04 -2.04E+05 2.15E+00 

1.38E-27 -1.41E+05 -3.01E+05 -8.69E+04 -2.03E+05 2.15E+00 

2.39E-27 -1.43E+05 -3.03E+05 -8.81E+04 -2.02E+05 2.15E+00 

4.14E-27 -1.45E+05 -3.05E+05 -8.93E+04 -2.00E+05 2.15E+00 

7.17E-27 -1.47E+05 -3.06E+05 -9.06E+04 -1.99E+05 2.15E+00 

1.24E-26 -1.49E+05 -3.08E+05 -9.18E+04 -1.98E+05 2.15E+00 

2.15E-26 -1.51E+05 -3.10E+05 -9.31E+04 -1.96E+05 2.15E+00 

3.73E-26 -1.53E+05 -3.12E+05 -9.44E+04 -1.95E+05 2.15E+00 

6.47E-26 -1.55E+05 -3.14E+05 -9.56E+04 -1.93E+05 2.15E+00 

1.12E-25 -1.57E+05 -3.15E+05 -9.69E+04 -1.92E+05 2.15E+00 

1.94E-25 -1.59E+05 -3.17E+05 -9.82E+04 -1.91E+05 2.15E+00 

3.37E-25 -1.61E+05 -3.19E+05 -9.95E+04 -1.89E+05 2.15E+00 

5.84E-25 -1.63E+05 -3.21E+05 -1.01E+05 -1.88E+05 2.15E+00 

1.01E-24 -1.65E+05 -3.23E+05 -1.02E+05 -1.87E+05 2.15E+00 

1.75E-24 -1.68E+05 -3.25E+05 -1.03E+05 -1.85E+05 2.15E+00 

3.04E-24 -1.70E+05 -3.27E+05 -1.05E+05 -1.84E+05 2.15E+00 

5.27E-24 -1.72E+05 -3.28E+05 -1.06E+05 -1.83E+05 2.15E+00 

9.13E-24 -1.74E+05 -3.30E+05 -1.07E+05 -1.81E+05 2.15E+00 

1.42E-23 -1.75E+05 -3.32E+05 -1.08E+05 -1.80E+05 2.15E+00 

1.58E-23 -1.76E+05 -3.32E+05 -1.09E+05 -1.80E+05 2.15E+00 

2.74E-23 -1.78E+05 -3.34E+05 -1.10E+05 -1.79E+05 2.15E+00 

4.76E-23 -1.80E+05 -3.36E+05 -1.11E+05 -1.77E+05 2.15E+00 

8.24E-23 -1.82E+05 -3.38E+05 -1.13E+05 -1.76E+05 2.15E+00 
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1.43E-22 -1.84E+05 -3.40E+05 -1.14E+05 -1.74E+05 2.15E+00 

2.48E-22 -1.86E+05 -3.43E+05 -1.15E+05 -1.73E+05 2.15E+00 

4.29E-22 -1.88E+05 -3.45E+05 -1.17E+05 -1.72E+05 2.15E+00 

7.52E-22 -1.90E+05 -3.47E+05 -1.18E+05 -1.70E+05 2.15E+00 

1.30E-21 -1.92E+05 -3.49E+05 -1.20E+05 -1.69E+05 2.15E+00 

2.26E-21 -1.94E+05 -3.51E+05 -1.21E+05 -1.68E+05 2.15E+00 

3.91E-21 -1.96E+05 -3.53E+05 -1.22E+05 -1.66E+05 2.15E+00 

6.78E-21 -1.98E+05 -3.55E+05 -1.24E+05 -1.65E+05 2.15E+00 

1.18E-20 -2.00E+05 -3.57E+05 -1.25E+05 -1.64E+05 2.15E+00 

2.04E-20 -2.02E+05 -3.59E+05 -1.26E+05 -1.62E+05 2.15E+00 

3.53E-20 -2.04E+05 -3.61E+05 -1.28E+05 -1.61E+05 2.15E+00 

6.12E-20 -2.06E+05 -3.63E+05 -1.29E+05 -1.60E+05 2.15E+00 

1.06E-19 -2.08E+05 -3.65E+05 -1.30E+05 -1.58E+05 2.15E+00 

1.84E-19 -2.10E+05 -3.67E+05 -1.32E+05 -1.57E+05 2.15E+00 

3.19E-19 -2.12E+05 -3.69E+05 -1.33E+05 -1.55E+05 2.15E+00 

5.52E-19 -2.15E+05 -3.71E+05 -1.34E+05 -1.54E+05 2.15E+00 

9.58E-19 -2.17E+05 -3.73E+05 -1.36E+05 -1.53E+05 2.15E+00 

1.66E-18 -2.19E+05 -3.75E+05 -1.37E+05 -1.51E+05 2.15E+00 

2.88E-18 -2.21E+05 -3.77E+05 -1.38E+05 -1.50E+05 2.15E+00 

4.25E-18 -2.22E+05 -3.79E+05 -1.39E+05 -1.49E+05 2.15E+00 

 
Table C.8. Thermo-Calc derived calculation of parabolic rate constant at 320 °C and 13.1 MPa. 

O2 Activity 

(atm) 

Parabolic rate 

constant in 

Cr-rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Cr-rich spinel 

with O 

(nm2/s) 

Parabolic rate 

constant in 

irradiated Cr-

rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Fe-rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Fe-rich spinel 

with O 

(nm2/s) 

Parabolic rate 

constant in 

irradiated Fe-

rich spinel 

with Fe 

(nm2/s) 

7.11E-43 3.79E-01 9.60E-06 1.99E+02 3.87E-04 9.79E-06 2.97E-01 

1.23E-42 6.10E-01 2.48E-05 3.49E+02 8.19E-04 2.53E-05 5.96E-01 

2.14E-42 7.90E-01 3.05E-05 5.04E+02 1.47E-03 3.13E-05 1.05E+00 

3.70E-42 9.16E-01 3.48E-05 6.52E+02 2.35E-03 3.58E-05 1.66E+00 

6.42E-42 1.00E+00 4.15E-05 7.96E+02 3.59E-03 4.26E-05 2.52E+00 

1.11E-41 1.06E+00 4.40E-05 9.37E+02 5.37E-03 4.52E-05 3.75E+00 

1.93E-41 1.11E+00 4.59E-05 1.08E+03 7.92E-03 4.71E-05 5.53E+00 

3.34E-41 1.15E+00 4.88E-05 1.22E+03 1.16E-02 5.01E-05 8.08E+00 

5.79E-41 1.17E+00 4.99E-05 1.36E+03 1.68E-02 5.13E-05 1.17E+01 

1.00E-40 1.20E+00 5.08E-05 1.50E+03 2.43E-02 5.21E-05 1.69E+01 

1.74E-40 1.22E+00 5.20E-05 1.64E+03 3.48E-02 5.34E-05 2.43E+01 

3.01E-40 1.23E+00 5.25E-05 1.78E+03 4.98E-02 5.39E-05 3.48E+01 

5.23E-40 1.25E+00 5.32E-05 1.92E+03 7.18E-02 5.47E-05 5.04E+01 

9.06E-40 1.26E+00 5.35E-05 2.05E+03 1.01E-01 5.50E-05 7.12E+01 

1.57E-39 1.27E+00 5.37E-05 2.19E+03 1.42E-01 5.52E-05 1.00E+02 

2.72E-39 1.29E+00 5.40E-05 2.33E+03 1.98E-01 5.55E-05 1.40E+02 
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4.72E-39 1.29E+00 5.42E-05 2.46E+03 2.75E-01 5.56E-05 1.96E+02 

8.17E-39 1.30E+00 5.43E-05 2.60E+03 3.77E-01 5.57E-05 2.70E+02 

1.42E-38 1.32E+00 5.44E-05 2.75E+03 5.05E-01 5.59E-05 3.64E+02 

2.46E-38 1.33E+00 5.45E-05 2.87E+03 6.55E-01 5.59E-05 4.72E+02 

4.26E-38 1.34E+00 5.45E-05 3.01E+03 8.36E-01 5.60E-05 6.05E+02 

7.38E-38 1.35E+00 5.46E-05 3.14E+03 1.02E+00 5.60E-05 7.44E+02 

8.92E-38 1.36E+00 5.46E-05 3.20E+03 1.09E+00 5.60E-05 7.97E+02 

1.28E-37 1.37E+00 5.46E-05 3.28E+03 1.21E+00 5.61E-05 8.89E+02 

2.22E-37 1.39E+00 5.46E-05 3.40E+03 1.47E+00 5.61E-05 1.05E+03 

3.84E-37 1.41E+00 5.46E-05 3.52E+03 1.83E+00 5.61E-05 1.23E+03 

6.66E-37 1.45E+00 5.46E-05 3.65E+03 2.36E+00 5.61E-05 1.44E+03 

1.15E-36 1.51E+00 5.47E-05 3.77E+03 3.13E+00 5.61E-05 1.66E+03 

2.00E-36 1.58E+00 5.47E-05 3.89E+03 4.23E+00 5.62E-05 1.89E+03 

3.47E-36 1.70E+00 5.47E-05 4.01E+03 5.82E+00 5.62E-05 2.13E+03 

6.01E-36 1.86E+00 5.47E-05 4.14E+03 8.12E+00 5.62E-05 2.37E+03 

1.04E-35 2.10E+00 5.47E-05 4.26E+03 1.14E+01 5.62E-05 2.62E+03 

1.81E-35 2.47E+00 5.47E-05 4.39E+03 1.65E+01 5.62E-05 2.89E+03 

3.13E-35 2.96E+00 5.47E-05 4.51E+03 2.34E+01 5.62E-05 3.14E+03 

5.42E-35 3.68E+00 5.47E-05 4.63E+03 3.34E+01 5.62E-05 3.40E+03 

9.40E-35 4.71E+00 5.47E-05 4.76E+03 4.77E+01 5.62E-05 3.66E+03 

1.63E-34 6.20E+00 5.47E-05 4.88E+03 6.85E+01 5.62E-05 3.93E+03 

2.82E-34 8.36E+00 5.47E-05 5.00E+03 9.84E+01 5.62E-05 4.20E+03 

4.89E-34 1.15E+01 5.47E-05 5.13E+03 1.42E+02 5.62E-05 4.48E+03 

8.48E-34 1.60E+01 5.47E-05 5.25E+03 2.04E+02 5.62E-05 4.77E+03 

1.47E-33 2.24E+01 5.47E-05 5.38E+03 2.94E+02 5.62E-05 5.08E+03 

2.55E-33 3.17E+01 5.47E-05 5.51E+03 4.24E+02 5.62E-05 5.41E+03 

4.42E-33 4.52E+01 5.47E-05 5.64E+03 6.11E+02 5.62E-05 5.77E+03 

7.66E-33 6.46E+01 5.47E-05 5.77E+03 8.81E+02 5.62E-05 6.20E+03 

1.33E-32 9.27E+01 5.47E-05 5.91E+03 1.27E+03 5.62E-05 6.72E+03 

2.30E-32 1.33E+02 5.47E-05 6.05E+03 1.83E+03 5.62E-05 7.38E+03 

3.99E-32 1.98E+02 5.47E-05 6.22E+03 2.73E+03 5.62E-05 8.37E+03 

6.91E-32 2.91E+02 5.47E-05 6.41E+03 4.03E+03 5.62E-05 9.73E+03 

1.20E-31 3.59E+02 5.47E-05 6.52E+03 4.97E+03 5.62E-05 1.07E+04 

2.08E-31 5.54E+02 5.47E-05 6.79E+03 7.68E+03 5.62E-05 1.34E+04 

3.60E-31 8.35E+02 5.47E-05 7.13E+03 1.16E+04 5.62E-05 1.74E+04 

6.24E-31 1.24E+03 5.47E-05 7.57E+03 1.72E+04 5.62E-05 2.30E+04 

1.08E-30 1.82E+03 5.47E-05 8.17E+03 2.52E+04 5.62E-05 3.10E+04 

1.87E-30 2.52E+03 5.47E-05 8.89E+03 3.47E+04 5.62E-05 4.05E+04 

3.25E-30 3.29E+03 5.47E-05 9.71E+03 4.46E+04 5.62E-05 5.04E+04 

5.63E-30 4.15E+03 5.47E-05 1.06E+04 5.48E+04 5.62E-05 6.07E+04 

9.75E-30 5.12E+03 5.47E-05 1.16E+04 6.57E+04 5.62E-05 7.15E+04 

1.69E-29 6.24E+03 5.47E-05 1.27E+04 7.75E+04 5.62E-05 8.33E+04 

2.93E-29 7.54E+03 5.47E-05 1.40E+04 9.05E+04 5.62E-05 9.63E+04 
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5.08E-29 9.01E+03 5.47E-05 1.55E+04 1.04E+05 5.62E-05 1.10E+05 

8.80E-29 1.08E+04 5.47E-05 1.73E+04 1.21E+05 5.62E-05 1.26E+05 

1.53E-28 1.28E+04 5.47E-05 1.93E+04 1.38E+05 5.62E-05 1.44E+05 

2.64E-28 1.53E+04 5.47E-05 2.18E+04 1.59E+05 5.62E-05 1.64E+05 

4.58E-28 1.82E+04 5.47E-05 2.46E+04 1.82E+05 5.62E-05 1.87E+05 

7.94E-28 2.17E+04 5.47E-05 2.82E+04 2.09E+05 5.62E-05 2.15E+05 

1.38E-27 2.79E+04 5.47E-05 3.44E+04 2.56E+05 5.62E-05 2.62E+05 

2.39E-27 3.28E+04 5.47E-05 3.93E+04 2.92E+05 5.62E-05 2.98E+05 

4.14E-27 3.90E+04 5.47E-05 4.55E+04 3.36E+05 5.62E-05 3.41E+05 

7.17E-27 4.61E+04 5.47E-05 5.26E+04 3.84E+05 5.62E-05 3.90E+05 

1.24E-26 5.50E+04 5.47E-05 6.15E+04 4.42E+05 5.62E-05 4.48E+05 

2.15E-26 6.59E+04 5.47E-05 7.24E+04 5.10E+05 5.62E-05 5.16E+05 

3.73E-26 7.94E+04 5.47E-05 8.59E+04 5.89E+05 5.62E-05 5.95E+05 

6.47E-26 9.56E+04 5.47E-05 1.02E+05 6.75E+05 5.62E-05 6.81E+05 

1.12E-25 1.16E+05 5.47E-05 1.23E+05 7.76E+05 5.62E-05 7.81E+05 

1.94E-25 1.42E+05 5.47E-05 1.49E+05 8.87E+05 5.62E-05 8.92E+05 

3.37E-25 1.76E+05 5.47E-05 1.82E+05 1.01E+06 5.62E-05 1.02E+06 

5.84E-25 2.19E+05 5.47E-05 2.26E+05 1.15E+06 5.62E-05 1.16E+06 

1.01E-24 2.78E+05 5.47E-05 2.85E+05 1.31E+06 5.62E-05 1.31E+06 

1.75E-24 3.94E+05 5.47E-05 4.00E+05 1.55E+06 5.62E-05 1.55E+06 

3.04E-24 5.00E+05 5.47E-05 5.06E+05 1.72E+06 5.62E-05 1.73E+06 

5.27E-24 6.36E+05 5.47E-05 6.43E+05 1.91E+06 5.62E-05 1.92E+06 

9.13E-24 8.56E+05 5.47E-05 8.63E+05 2.11E+06 5.62E-05 2.11E+06 

1.42E-23 - - - 2.21E+06 5.62E-05 2.22E+06 

1.58E-23 - - - 2.32E+06 5.62E-05 2.32E+06 

2.74E-23 - - - 2.52E+06 5.62E-05 2.53E+06 

4.76E-23 - - - 2.75E+06 5.62E-05 2.75E+06 

8.24E-23 - - - 2.96E+06 5.62E-05 2.96E+06 

1.43E-22 - - - 3.18E+06 5.62E-05 3.19E+06 

2.48E-22 - - - 3.41E+06 5.62E-05 3.42E+06 

4.29E-22 - - - 3.64E+06 5.62E-05 3.65E+06 

7.52E-22 - - - 3.87E+06 5.62E-05 3.88E+06 

1.30E-21 - - - 4.09E+06 5.62E-05 4.10E+06 

2.26E-21 - - - 4.33E+06 5.62E-05 4.33E+06 

3.91E-21 - - - 4.58E+06 5.62E-05 4.58E+06 

6.78E-21 - - - 4.81E+06 5.62E-05 4.82E+06 

1.18E-20 - - - 5.05E+06 5.62E-05 5.06E+06 

2.04E-20 - - - 5.29E+06 5.62E-05 5.30E+06 

3.53E-20 - - - 5.53E+06 5.62E-05 5.54E+06 

6.12E-20 - - - 5.77E+06 5.62E-05 5.78E+06 

1.06E-19 - - - 6.02E+06 5.62E-05 6.02E+06 

1.84E-19 - - - 6.26E+06 5.62E-05 6.26E+06 

3.19E-19 - - - 6.51E+06 5.62E-05 6.51E+06 
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5.52E-19 - - - 6.85E+06 5.62E-05 6.85E+06 

9.58E-19 - - - 7.09E+06 5.62E-05 7.10E+06 

1.66E-18 - - - 7.34E+06 5.62E-05 7.35E+06 

2.88E-18 - - - 7.59E+06 5.62E-05 7.59E+06 

4.25E-18 - - - 7.71E+06 5.62E-05 7.71E+06 

 
Table C.9. Thermo-Calc results for FCC phase composition and fractions at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

FCC volume 

fraction 

Number density 

(mol/cm3) 
Fe mole fraction Cr mole fraction Ni mole fraction 

1.69E-48 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

1.69E-48 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

4.59E-48 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

3.39E-47 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

9.22E-47 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

2.51E-46 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

6.81E-46 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

1.85E-45 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

5.04E-45 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

5.04E-45 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

5.04E-45 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

5.04E-45 1.00E+00 1.45E-01 6.82E-01 1.97E-01 1.19E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

1.37E-44 8.61E-01 1.43E-01 8.03E-01 5.73E-02 1.40E-01 

3.72E-44 8.53E-01 1.43E-01 8.12E-01 4.82E-02 1.41E-01 

3.72E-44 8.53E-01 1.43E-01 8.12E-01 4.82E-02 1.41E-01 

1.01E-43 8.28E-01 1.42E-01 8.38E-01 1.76E-02 1.46E-01 

3.04E-43 8.21E-01 1.42E-01 8.45E-01 7.74E-03 1.47E-01 

9.13E-43 8.18E-01 1.42E-01 8.50E-01 3.44E-03 1.48E-01 

2.48E-42 8.16E-01 1.42E-01 8.51E-01 1.54E-03 1.48E-01 

7.45E-42 8.15E-01 1.42E-01 8.50E-01 6.90E-04 1.49E-01 

2.24E-41 8.16E-01 1.42E-01 8.55E-01 3.12E-04 1.49E-01 

6.73E-41 8.16E-01 1.42E-01 8.55E-01 1.37E-04 1.49E-01 

2.02E-40 8.15E-01 1.42E-01 8.55E-01 6.24E-05 1.49E-01 

5.49E-40 8.15E-01 1.42E-01 8.55E-01 2.91E-05 1.49E-01 

1.65E-39 8.15E-01 1.42E-01 8.55E-01 1.25E-05 1.49E-01 

4.96E-39 8.15E-01 1.42E-01 8.55E-01 5.72E-06 1.49E-01 

1.49E-38 8.15E-01 1.42E-01 8.55E-01 2.57E-06 1.49E-01 

4.47E-38 8.15E-01 1.42E-01 8.55E-01 1.15E-06 1.49E-01 

5.46E-38 5.05E-01 1.42E-01 8.33E-01 1.01E-06 1.69E-01 
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5.46E-38 5.05E-01 1.42E-01 8.33E-01 1.01E-06 1.69E-01 

6.67E-38 5.05E-01 1.42E-01 8.33E-01 8.10E-07 1.69E-01 

8.15E-38 5.05E-01 1.42E-01 8.33E-01 6.52E-07 1.69E-01 

9.96E-38 5.05E-01 1.42E-01 8.33E-01 5.26E-07 1.69E-01 

1.22E-37 5.05E-01 1.42E-01 8.33E-01 4.24E-07 1.69E-01 

1.49E-37 5.05E-01 1.42E-01 8.33E-01 3.41E-07 1.69E-01 

2.01E-37 5.05E-01 1.42E-01 8.33E-01 2.75E-07 1.69E-01 

2.45E-37 5.05E-01 1.42E-01 8.33E-01 2.22E-07 1.69E-01 

2.99E-37 5.05E-01 1.42E-01 8.33E-01 1.78E-07 1.69E-01 

3.65E-37 5.05E-01 1.42E-01 8.33E-01 1.44E-07 1.69E-01 

4.46E-37 5.05E-01 1.42E-01 8.33E-01 1.16E-07 1.69E-01 

5.45E-37 5.05E-01 1.42E-01 8.33E-01 9.35E-08 1.69E-01 

7.36E-37 5.05E-01 1.42E-01 8.33E-01 7.52E-08 1.69E-01 

8.99E-37 5.05E-01 1.42E-01 8.33E-01 6.06E-08 1.69E-01 

1.10E-36 5.05E-01 1.42E-01 8.33E-01 4.88E-08 1.69E-01 

1.34E-36 5.05E-01 1.42E-01 8.33E-01 3.93E-08 1.69E-01 

1.64E-36 5.05E-01 1.42E-01 8.33E-01 3.17E-08 1.69E-01 

2.00E-36 5.05E-01 1.42E-01 8.33E-01 2.56E-08 1.69E-01 

2.70E-36 5.05E-01 1.42E-01 8.33E-01 2.06E-08 1.69E-01 

3.30E-36 5.05E-01 1.42E-01 8.33E-01 1.66E-08 1.69E-01 

4.03E-36 5.05E-01 1.42E-01 8.33E-01 1.34E-08 1.69E-01 

4.92E-36 5.05E-01 1.42E-01 8.33E-01 1.08E-08 1.69E-01 

6.01E-36 5.05E-01 1.42E-01 8.33E-01 8.67E-09 1.69E-01 

7.34E-36 5.05E-01 1.42E-01 8.33E-01 6.99E-09 1.69E-01 

9.91E-36 5.05E-01 1.42E-01 8.33E-01 5.63E-09 1.69E-01 

1.21E-35 5.05E-01 1.42E-01 8.32E-01 4.53E-09 1.69E-01 

1.48E-35 5.05E-01 1.42E-01 8.32E-01 3.66E-09 1.69E-01 

1.81E-35 5.05E-01 1.42E-01 8.32E-01 2.94E-09 1.69E-01 

1.81E-35 5.05E-01 1.42E-01 8.32E-01 2.94E-09 1.69E-01 

5.42E-35 5.05E-01 1.42E-01 8.32E-01 9.99E-10 1.69E-01 

1.63E-34 5.05E-01 1.42E-01 8.32E-01 3.39E-10 1.69E-01 

4.43E-34 5.04E-01 1.42E-01 8.32E-01 1.15E-10 1.69E-01 

1.33E-33 5.04E-01 1.43E-01 8.28E-01 3.89E-11 1.69E-01 

4.00E-33 5.00E-01 1.42E-01 8.31E-01 1.31E-11 1.70E-01 

1.20E-32 4.94E-01 1.42E-01 8.30E-01 4.37E-12 1.71E-01 

3.61E-32 4.71E-01 1.41E-01 8.28E-01 1.40E-12 1.76E-01 

4.41E-32 4.63E-01 1.42E-01 8.21E-01 1.11E-12 1.78E-01 

4.41E-32 4.63E-01 1.42E-01 8.21E-01 1.11E-12 1.78E-01 

5.38E-32 4.51E-01 1.42E-01 8.19E-01 8.68E-13 1.80E-01 

6.57E-32 4.34E-01 1.42E-01 8.15E-01 6.76E-13 1.85E-01 

8.03E-32 4.10E-01 1.42E-01 8.09E-01 5.21E-13 1.92E-01 

8.03E-32 4.10E-01 1.42E-01 8.09E-01 5.21E-13 1.92E-01 

8.03E-32 4.10E-01 1.42E-01 8.09E-01 5.21E-13 1.92E-01 
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8.03E-32 4.10E-01 1.42E-01 8.09E-01 5.21E-13 1.92E-01 

8.03E-32 4.10E-01 1.42E-01 8.09E-01 5.21E-13 1.92E-01 

9.80E-32 2.48E-01 1.40E-01 5.81E-01 3.91E-13 4.19E-01 

1.32E-31 2.21E-01 1.40E-01 5.14E-01 2.24E-13 4.86E-01 

1.62E-31 2.00E-01 1.40E-01 4.56E-01 7.73E-14 5.43E-01 

1.97E-31 1.89E-01 1.39E-01 4.27E-01 4.81E-14 5.75E-01 

2.41E-31 1.82E-01 1.39E-01 4.03E-01 3.56E-14 5.98E-01 

2.95E-31 1.75E-01 1.39E-01 3.83E-01 2.86E-14 6.18E-01 

3.60E-31 1.69E-01 1.39E-01 3.64E-01 2.41E-14 6.34E-01 

4.86E-31 1.64E-01 1.39E-01 3.48E-01 2.11E-14 6.52E-01 

5.93E-31 1.60E-01 1.39E-01 3.32E-01 1.89E-14 6.68E-01 

7.24E-31 1.56E-01 1.38E-01 3.18E-01 1.73E-14 6.82E-01 

8.85E-31 1.51E-01 1.39E-01 3.03E-01 1.62E-14 6.95E-01 

1.08E-30 1.48E-01 1.38E-01 2.91E-01 1.54E-14 7.10E-01 

1.32E-30 1.44E-01 1.38E-01 2.78E-01 1.48E-14 7.22E-01 

1.61E-30 1.40E-01 1.38E-01 2.65E-01 1.44E-14 7.35E-01 

2.18E-30 1.37E-01 1.38E-01 2.54E-01 1.43E-14 7.46E-01 

2.66E-30 1.34E-01 1.38E-01 2.42E-01 1.42E-14 7.59E-01 

3.25E-30 1.31E-01 1.38E-01 2.30E-01 1.44E-14 7.69E-01 

3.97E-30 1.28E-01 1.38E-01 2.18E-01 1.47E-14 7.80E-01 

4.84E-30 1.25E-01 1.38E-01 2.07E-01 1.51E-14 7.92E-01 

5.92E-30 1.22E-01 1.38E-01 1.96E-01 1.58E-14 8.05E-01 

7.99E-30 1.19E-01 1.38E-01 1.85E-01 1.66E-14 8.15E-01 

9.75E-30 1.16E-01 1.37E-01 1.74E-01 1.76E-14 8.26E-01 

1.19E-29 1.13E-01 1.38E-01 1.64E-01 1.88E-14 8.35E-01 

1.46E-29 1.10E-01 1.37E-01 1.53E-01 2.03E-14 8.47E-01 

1.78E-29 1.07E-01 1.37E-01 1.43E-01 2.20E-14 8.57E-01 

2.17E-29 1.03E-01 1.37E-01 1.33E-01 2.41E-14 8.67E-01 

2.93E-29 1.00E-01 1.37E-01 1.23E-01 2.64E-14 8.78E-01 

3.58E-29 9.68E-02 1.37E-01 1.13E-01 2.92E-14 8.87E-01 

4.37E-29 9.38E-02 1.37E-01 1.04E-01 3.24E-14 8.96E-01 

5.34E-29 9.01E-02 1.37E-01 9.43E-02 3.58E-14 9.05E-01 

6.52E-29 8.63E-02 1.37E-01 8.56E-02 4.01E-14 9.16E-01 

7.96E-29 8.25E-02 1.36E-01 7.71E-02 4.50E-14 9.26E-01 

1.08E-28 7.85E-02 1.36E-01 6.90E-02 4.88E-14 9.34E-01 

1.31E-28 7.45E-02 1.37E-01 6.25E-02 4.82E-14 9.39E-01 

1.60E-28 7.01E-02 1.37E-01 5.63E-02 4.63E-14 9.44E-01 

1.96E-28 6.52E-02 1.37E-01 5.07E-02 4.45E-14 9.49E-01 

2.39E-28 6.05E-02 1.37E-01 4.54E-02 4.20E-14 9.55E-01 

2.92E-28 5.49E-02 1.36E-01 4.06E-02 3.92E-14 9.61E-01 

3.57E-28 4.91E-02 1.37E-01 3.62E-02 3.62E-14 9.63E-01 

4.82E-28 4.28E-02 1.37E-01 3.21E-02 3.33E-14 9.65E-01 

5.89E-28 3.57E-02 1.36E-01 2.86E-02 3.03E-14 9.75E-01 
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7.19E-28 2.81E-02 1.37E-01 2.51E-02 2.73E-14 9.74E-01 

8.78E-28 2.00E-02 1.37E-01 2.20E-02 2.46E-14 9.78E-01 

1.07E-27 1.13E-02 1.37E-01 1.92E-02 2.18E-14 9.79E-01 

1.31E-27 2.15E-03 1.36E-01 1.63E-02 1.94E-14 9.84E-01 

 
Table C.10. Thermo-Calc results for Corundum phase composition and fractions at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Corundum 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

1.37E-44 1.39E-01 6.95E-02 1.32E-11 4.05E-01 1.36E-11 5.95E-01 

3.72E-44 1.47E-01 6.93E-02 1.56E-11 4.05E-01 1.54E-11 5.96E-01 

3.72E-44 1.47E-01 6.93E-02 1.56E-11 4.05E-01 1.54E-11 5.96E-01 

1.01E-43 1.72E-01 6.96E-02 4.20E-11 4.04E-01 3.16E-11 5.93E-01 

3.04E-43 1.79E-01 6.96E-02 9.51E-11 4.04E-01 5.60E-11 5.94E-01 

9.13E-43 1.82E-01 6.92E-02 2.17E-10 4.06E-01 9.86E-11 5.97E-01 

2.48E-42 1.84E-01 6.97E-02 4.88E-10 4.03E-01 1.70E-10 5.94E-01 

7.45E-42 1.85E-01 6.94E-02 1.12E-09 4.04E-01 2.95E-10 5.97E-01 

2.24E-41 1.84E-01 6.93E-02 2.56E-09 4.05E-01 5.11E-10 5.98E-01 

6.73E-41 1.84E-01 6.98E-02 5.81E-09 4.02E-01 8.78E-10 5.95E-01 

2.02E-40 1.85E-01 6.97E-02 1.33E-08 4.03E-01 1.50E-09 5.95E-01 

5.49E-40 1.85E-01 6.96E-02 3.07E-08 4.03E-01 2.59E-09 5.96E-01 

1.65E-39 1.85E-01 6.96E-02 7.08E-08 4.03E-01 4.43E-09 5.97E-01 

4.96E-39 1.85E-01 6.96E-02 1.63E-07 4.03E-01 7.55E-09 5.97E-01 

1.49E-38 1.85E-01 6.96E-02 3.78E-07 4.03E-01 1.29E-08 5.97E-01 

4.47E-38 1.85E-01 6.96E-02 8.71E-07 4.03E-01 2.20E-08 5.98E-01 

1.56E-17 3.07E-02 6.72E-02 3.29E-01 7.01E-02 2.00E-16 5.99E-01 

4.24E-17 8.58E-02 6.70E-02 3.23E-01 7.67E-02 2.00E-16 6.00E-01 

1.27E-16 1.31E-01 6.70E-02 3.18E-01 8.18E-02 2.00E-16 6.01E-01 

3.82E-16 1.60E-01 6.69E-02 3.16E-01 8.53E-02 2.09E-16 6.01E-01 

1.40E-15 1.82E-01 6.72E-02 3.12E-01 8.75E-02 2.52E-16 6.00E-01 

1.71E-15 1.84E-01 6.73E-02 3.11E-01 8.80E-02 2.55E-16 5.99E-01 

2.09E-15 1.87E-01 6.73E-02 3.11E-01 8.82E-02 2.57E-16 6.00E-01 

2.56E-15 1.91E-01 6.70E-02 3.13E-01 8.87E-02 2.61E-16 6.00E-01 

3.45E-15 1.93E-01 6.70E-02 3.12E-01 8.87E-02 2.63E-16 6.00E-01 

4.22E-15 1.94E-01 6.71E-02 3.11E-01 8.89E-02 2.62E-16 5.99E-01 

5.15E-15 1.96E-01 6.71E-02 3.11E-01 8.92E-02 2.62E-16 6.00E-01 

6.29E-15 1.98E-01 6.71E-02 3.11E-01 8.94E-02 2.64E-16 6.00E-01 

7.68E-15 1.99E-01 6.72E-02 3.10E-01 8.94E-02 2.61E-16 6.01E-01 
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9.38E-15 2.00E-01 6.73E-02 3.09E-01 8.96E-02 2.61E-16 6.00E-01 

1.27E-14 2.05E-01 6.70E-02 3.11E-01 8.98E-02 2.59E-16 6.00E-01 

1.55E-14 2.05E-01 6.70E-02 3.11E-01 8.99E-02 2.58E-16 6.00E-01 

1.89E-14 2.06E-01 6.70E-02 3.11E-01 9.01E-02 2.56E-16 6.00E-01 

2.31E-14 2.08E-01 6.71E-02 3.10E-01 9.01E-02 2.51E-16 5.99E-01 

2.82E-14 2.09E-01 6.71E-02 3.10E-01 9.03E-02 2.49E-16 5.99E-01 

3.44E-14 2.10E-01 6.72E-02 3.10E-01 9.01E-02 2.46E-16 6.00E-01 

4.21E-14 2.10E-01 6.72E-02 3.10E-01 9.03E-02 2.42E-16 6.00E-01 

5.68E-14 2.11E-01 6.71E-02 3.10E-01 9.05E-02 2.40E-16 6.00E-01 

6.93E-14 2.13E-01 6.72E-02 3.09E-01 9.06E-02 2.35E-16 5.99E-01 

8.47E-14 2.13E-01 6.72E-02 3.09E-01 9.06E-02 2.33E-16 6.01E-01 

1.03E-13 2.14E-01 6.72E-02 3.09E-01 9.08E-02 2.29E-16 6.01E-01 

1.26E-13 2.14E-01 6.73E-02 3.08E-01 9.08E-02 2.24E-16 6.00E-01 

1.54E-13 2.14E-01 6.73E-02 3.08E-01 9.08E-02 2.20E-16 6.00E-01 

2.08E-13 2.15E-01 6.72E-02 3.08E-01 9.10E-02 2.16E-16 6.00E-01 

2.54E-13 2.19E-01 6.70E-02 3.10E-01 9.10E-02 2.14E-16 6.00E-01 

3.11E-13 2.20E-01 6.71E-02 3.10E-01 9.08E-02 2.08E-16 6.00E-01 

3.80E-13 2.20E-01 6.70E-02 3.10E-01 9.10E-02 2.04E-16 6.00E-01 

4.64E-13 2.20E-01 6.70E-02 3.10E-01 9.10E-02 2.00E-16 6.00E-01 

5.66E-13 2.21E-01 6.70E-02 3.10E-01 9.12E-02 2.00E-16 6.00E-01 

7.64E-13 2.21E-01 6.70E-02 3.10E-01 9.12E-02 2.00E-16 6.00E-01 

9.33E-13 2.21E-01 6.70E-02 3.10E-01 9.12E-02 2.00E-16 6.00E-01 

1.14E-12 2.21E-01 6.71E-02 3.09E-01 9.12E-02 2.00E-16 5.99E-01 

1.39E-12 2.21E-01 6.71E-02 3.09E-01 9.12E-02 2.00E-16 5.99E-01 

1.70E-12 2.22E-01 6.71E-02 3.09E-01 9.12E-02 2.00E-16 5.99E-01 

2.08E-12 2.22E-01 6.71E-02 3.09E-01 9.14E-02 2.00E-16 5.99E-01 

2.80E-12 2.24E-01 6.70E-02 3.09E-01 9.14E-02 2.00E-16 6.01E-01 

3.43E-12 2.24E-01 6.70E-02 3.09E-01 9.14E-02 2.00E-16 6.01E-01 

4.18E-12 2.24E-01 6.70E-02 3.09E-01 9.14E-02 2.00E-16 6.01E-01 

5.11E-12 2.24E-01 6.72E-02 3.08E-01 9.13E-02 2.00E-16 6.00E-01 

6.24E-12 2.24E-01 6.72E-02 3.08E-01 9.15E-02 2.00E-16 6.00E-01 

7.62E-12 2.24E-01 6.72E-02 3.08E-01 9.15E-02 2.00E-16 6.00E-01 

9.31E-12 2.25E-01 6.72E-02 3.08E-01 9.15E-02 2.00E-16 6.00E-01 

1.26E-11 2.25E-01 6.72E-02 3.08E-01 9.15E-02 2.00E-16 6.00E-01 

1.54E-11 2.25E-01 6.72E-02 3.08E-01 9.15E-02 2.00E-16 6.00E-01 

1.88E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

2.29E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

2.80E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

3.42E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

4.61E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

5.63E-11 2.25E-01 6.71E-02 3.08E-01 9.17E-02 2.00E-16 6.00E-01 

6.88E-11 2.25E-01 6.73E-02 3.08E-01 9.15E-02 2.00E-16 5.99E-01 

8.40E-11 2.26E-01 6.73E-02 3.08E-01 9.15E-02 2.00E-16 5.99E-01 
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1.03E-10 2.26E-01 6.73E-02 3.08E-01 9.15E-02 2.00E-16 5.99E-01 

1.25E-10 2.26E-01 6.73E-02 3.08E-01 9.17E-02 2.00E-16 5.99E-01 

1.69E-10 2.26E-01 6.73E-02 3.08E-01 9.17E-02 2.00E-16 5.99E-01 

2.07E-10 2.26E-01 6.73E-02 3.08E-01 9.17E-02 2.00E-16 5.99E-01 

2.52E-10 2.26E-01 6.73E-02 3.08E-01 9.17E-02 2.00E-16 5.99E-01 

3.08E-10 2.26E-01 6.73E-02 3.08E-01 9.17E-02 2.00E-16 5.99E-01 

3.77E-10 2.26E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

6.21E-10 2.26E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

7.58E-10 2.26E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

9.26E-10 2.26E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

1.13E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

1.38E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

1.69E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

2.06E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

2.78E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

3.40E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

4.15E-09 2.28E-01 6.72E-02 3.08E-01 9.17E-02 2.00E-16 6.01E-01 

5.07E-09 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

6.19E-09 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

7.56E-09 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.02E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.25E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.52E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.86E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.27E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.78E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.75E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

4.58E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

5.59E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

6.83E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

8.34E-08 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.02E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.38E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.68E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.05E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.51E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.06E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.74E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

4.56E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

6.16E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

7.52E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

9.19E-07 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.12E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 



 

315 

 

1.37E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.67E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.26E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.76E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.37E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

4.12E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

5.03E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

6.14E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

8.29E-06 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.01E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.24E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.51E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.85E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.25E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.04E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

3.72E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

4.54E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

5.55E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

6.91E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

8.52E-05 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.06E-04 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.31E-04 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

1.63E-04 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.04E-04 2.28E-01 6.72E-02 3.08E-01 9.19E-02 2.00E-16 6.01E-01 

2.51E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

3.13E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

3.86E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

4.81E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

5.99E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

7.39E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

9.21E-04 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.14E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.42E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.76E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

2.18E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

2.71E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

3.35E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

4.17E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

5.20E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

6.41E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

7.99E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

9.85E-03 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.23E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 
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1.53E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.89E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

2.35E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

2.90E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

3.62E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

4.51E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

5.56E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

6.93E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

8.54E-02 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.07E-01 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.33E-01 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

1.35E-01 2.28E-01 6.73E-02 3.07E-01 9.17E-02 2.00E-16 6.00E-01 

 
Table C.11. Thermo-Calc results for Cr-rich spinel phase composition and fractions at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Cr-rich spinel 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

5.46E-38 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.44E-06 5.70E-01 

5.46E-38 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.44E-06 5.70E-01 

6.67E-38 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.55E-06 5.70E-01 

8.15E-38 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.68E-06 5.70E-01 

9.96E-38 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.82E-06 5.70E-01 

1.22E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.98E-06 5.70E-01 

1.49E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.16E-06 5.70E-01 

2.01E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.35E-06 5.70E-01 

2.45E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.57E-06 5.70E-01 

2.99E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 2.81E-06 5.70E-01 

3.65E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.08E-06 5.70E-01 

4.46E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.37E-06 5.70E-01 

5.45E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.71E-06 5.70E-01 

7.36E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.08E-06 5.70E-01 

8.99E-37 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.49E-06 5.70E-01 

1.10E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.83E-06 5.70E-01 

1.34E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.83E-06 5.70E-01 

1.64E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.83E-06 5.70E-01 

2.00E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 4.83E-06 5.70E-01 

2.70E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

3.30E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

4.03E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

4.92E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

6.01E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 9.66E-06 5.70E-01 

7.34E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.45E-05 5.70E-01 

9.91E-36 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.45E-05 5.70E-01 



 

317 

 

1.21E-35 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.45E-05 5.70E-01 

1.48E-35 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.45E-05 5.70E-01 

1.81E-35 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.93E-05 5.70E-01 

1.81E-35 4.95E-01 6.97E-02 1.43E-01 2.86E-01 1.93E-05 5.70E-01 

5.42E-35 4.95E-01 6.97E-02 1.43E-01 2.86E-01 3.38E-05 5.70E-01 

1.63E-34 4.95E-01 6.97E-02 1.44E-01 2.86E-01 5.31E-05 5.70E-01 

4.43E-34 4.96E-01 6.98E-02 1.43E-01 2.85E-01 9.14E-05 5.72E-01 

1.33E-33 4.96E-01 6.97E-02 1.44E-01 2.85E-01 1.54E-04 5.72E-01 

4.00E-33 5.00E-01 6.98E-02 1.46E-01 2.82E-01 2.57E-04 5.71E-01 

1.20E-32 5.07E-01 6.97E-02 1.51E-01 2.77E-01 4.07E-04 5.70E-01 

3.61E-32 5.29E-01 6.95E-02 1.67E-01 2.61E-01 5.51E-04 5.73E-01 

4.41E-32 5.37E-01 6.96E-02 1.73E-01 2.54E-01 5.58E-04 5.71E-01 

4.41E-32 5.37E-01 6.96E-02 1.73E-01 2.54E-01 5.58E-04 5.71E-01 

5.38E-32 5.49E-01 6.94E-02 1.81E-01 2.47E-01 5.54E-04 5.71E-01 

6.57E-32 5.66E-01 6.94E-02 1.92E-01 2.36E-01 5.22E-04 5.70E-01 

8.03E-32 5.90E-01 6.93E-02 2.06E-01 2.22E-01 4.61E-04 5.69E-01 

8.03E-32 5.90E-01 6.93E-02 2.06E-01 2.22E-01 4.61E-04 5.69E-01 

8.03E-32 5.90E-01 6.93E-02 2.06E-01 2.22E-01 4.61E-04 5.69E-01 

8.03E-32 5.90E-01 6.93E-02 2.06E-01 2.22E-01 4.61E-04 5.69E-01 

8.03E-32 5.90E-01 6.93E-02 2.06E-01 2.22E-01 4.61E-04 5.69E-01 

9.80E-32 7.52E-01 6.93E-02 2.06E-01 2.22E-01 6.67E-04 5.70E-01 

1.32E-31 7.79E-01 6.92E-02 2.05E-01 2.22E-01 8.99E-04 5.72E-01 

1.62E-31 7.87E-01 6.92E-02 2.06E-01 2.22E-01 1.16E-03 5.70E-01 

1.97E-31 7.87E-01 6.93E-02 2.05E-01 2.22E-01 1.45E-03 5.70E-01 

2.41E-31 7.84E-01 6.91E-02 2.05E-01 2.22E-01 1.80E-03 5.73E-01 

2.95E-31 7.84E-01 6.91E-02 2.04E-01 2.22E-01 2.20E-03 5.73E-01 

3.60E-31 7.83E-01 6.92E-02 2.04E-01 2.22E-01 2.64E-03 5.73E-01 

4.86E-31 7.81E-01 6.92E-02 2.03E-01 2.22E-01 3.14E-03 5.73E-01 

5.93E-31 7.82E-01 6.92E-02 2.02E-01 2.22E-01 3.69E-03 5.73E-01 

7.24E-31 7.82E-01 6.92E-02 2.02E-01 2.22E-01 4.28E-03 5.73E-01 

8.85E-31 7.80E-01 6.92E-02 2.01E-01 2.22E-01 4.94E-03 5.73E-01 

1.08E-30 7.81E-01 6.91E-02 2.01E-01 2.22E-01 5.61E-03 5.73E-01 

1.32E-30 7.81E-01 6.91E-02 2.01E-01 2.22E-01 6.35E-03 5.73E-01 

1.61E-30 7.82E-01 6.92E-02 2.00E-01 2.21E-01 7.11E-03 5.70E-01 

2.18E-30 7.82E-01 6.91E-02 2.00E-01 2.21E-01 7.93E-03 5.70E-01 

2.66E-30 7.86E-01 6.92E-02 1.99E-01 2.20E-01 8.76E-03 5.72E-01 

3.25E-30 7.87E-01 6.93E-02 1.99E-01 2.19E-01 9.61E-03 5.70E-01 

3.97E-30 7.88E-01 6.90E-02 1.99E-01 2.19E-01 1.05E-02 5.74E-01 

4.84E-30 7.92E-01 6.90E-02 1.99E-01 2.19E-01 1.15E-02 5.71E-01 

5.92E-30 7.97E-01 6.92E-02 1.99E-01 2.17E-01 1.24E-02 5.71E-01 

7.99E-30 7.99E-01 6.91E-02 1.99E-01 2.16E-01 1.34E-02 5.73E-01 

9.75E-30 8.03E-01 6.91E-02 1.99E-01 2.15E-01 1.45E-02 5.70E-01 

1.19E-29 8.08E-01 6.91E-02 1.99E-01 2.14E-01 1.55E-02 5.70E-01 
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1.46E-29 8.11E-01 6.90E-02 1.99E-01 2.13E-01 1.66E-02 5.71E-01 

1.78E-29 8.16E-01 6.90E-02 1.99E-01 2.12E-01 1.77E-02 5.71E-01 

2.17E-29 8.22E-01 6.90E-02 2.00E-01 2.10E-01 1.89E-02 5.70E-01 

2.93E-29 8.27E-01 6.91E-02 2.00E-01 2.09E-01 2.01E-02 5.70E-01 

3.58E-29 8.34E-01 6.89E-02 2.00E-01 2.07E-01 2.14E-02 5.73E-01 

4.37E-29 8.43E-01 6.88E-02 2.01E-01 2.05E-01 2.27E-02 5.73E-01 

5.34E-29 8.49E-01 6.90E-02 2.01E-01 2.03E-01 2.40E-02 5.70E-01 

6.52E-29 8.57E-01 6.89E-02 2.01E-01 2.01E-01 2.54E-02 5.71E-01 

7.96E-29 8.64E-01 6.87E-02 2.03E-01 2.00E-01 2.69E-02 5.74E-01 

1.08E-28 8.73E-01 6.88E-02 2.03E-01 1.98E-01 2.84E-02 5.71E-01 

1.31E-28 8.84E-01 6.89E-02 2.03E-01 1.95E-01 2.99E-02 5.70E-01 

1.60E-28 8.92E-01 6.88E-02 2.04E-01 1.93E-01 3.15E-02 5.71E-01 

1.96E-28 9.04E-01 6.88E-02 2.05E-01 1.90E-01 3.32E-02 5.71E-01 

2.39E-28 9.15E-01 6.86E-02 2.06E-01 1.88E-01 3.49E-02 5.71E-01 

2.92E-28 9.28E-01 6.87E-02 2.06E-01 1.85E-01 3.66E-02 5.72E-01 

3.57E-28 9.40E-01 6.87E-02 2.07E-01 1.82E-01 3.87E-02 5.71E-01 

4.82E-28 9.53E-01 6.85E-02 2.09E-01 1.80E-01 4.08E-02 5.73E-01 

5.89E-28 9.64E-01 6.86E-02 2.09E-01 1.77E-01 4.30E-02 5.71E-01 

7.19E-28 9.72E-01 6.85E-02 2.11E-01 1.74E-01 4.51E-02 5.71E-01 

8.78E-28 9.80E-01 6.84E-02 2.11E-01 1.70E-01 4.73E-02 5.73E-01 

1.07E-27 9.89E-01 6.85E-02 2.12E-01 1.66E-01 4.97E-02 5.71E-01 

1.31E-27 9.98E-01 6.85E-02 2.13E-01 1.63E-01 5.21E-02 5.70E-01 

1.45E-27 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.45E-27 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

2.16E-27 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

6.49E-27 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.76E-26 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

5.30E-26 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.59E-25 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

4.78E-25 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.44E-24 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

3.90E-24 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.17E-23 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

3.52E-23 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

1.06E-22 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

3.18E-22 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

8.64E-22 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

2.60E-21 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

5.23E-21 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

5.23E-21 1.00E+00 6.84E-02 2.14E-01 1.62E-01 5.28E-02 5.71E-01 

7.80E-21 1.00E+00 6.83E-02 2.16E-01 1.55E-01 5.77E-02 5.71E-01 

2.34E-20 1.00E+00 6.82E-02 2.19E-01 1.41E-01 6.81E-02 5.71E-01 

7.04E-20 1.00E+00 6.81E-02 2.22E-01 1.29E-01 7.78E-02 5.70E-01 
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1.91E-19 1.00E+00 6.78E-02 2.26E-01 1.16E-01 8.74E-02 5.71E-01 

3.16E-19 1.00E+00 6.78E-02 2.27E-01 1.11E-01 9.11E-02 5.71E-01 

3.16E-19 1.00E+00 6.78E-02 2.27E-01 1.11E-01 9.11E-02 5.71E-01 

5.75E-19 1.00E+00 6.78E-02 2.24E-01 1.10E-01 9.42E-02 5.70E-01 

1.73E-18 1.00E+00 6.78E-02 2.21E-01 1.07E-01 9.97E-02 5.70E-01 

5.19E-18 1.00E+00 6.76E-02 2.20E-01 1.03E-01 1.06E-01 5.73E-01 

1.56E-17 9.69E-01 6.76E-02 2.20E-01 9.59E-02 1.13E-01 5.71E-01 

4.24E-17 9.14E-01 6.73E-02 2.21E-01 8.79E-02 1.20E-01 5.74E-01 

1.27E-16 8.69E-01 6.73E-02 2.23E-01 7.99E-02 1.26E-01 5.70E-01 

3.82E-16 8.40E-01 6.72E-02 2.24E-01 7.41E-02 1.30E-01 5.73E-01 

1.40E-15 8.18E-01 6.71E-02 2.26E-01 6.92E-02 1.34E-01 5.71E-01 

1.71E-15 8.16E-01 6.73E-02 2.25E-01 6.84E-02 1.34E-01 5.71E-01 

2.09E-15 8.13E-01 6.73E-02 2.25E-01 6.79E-02 1.35E-01 5.70E-01 

2.56E-15 8.10E-01 6.72E-02 2.25E-01 6.74E-02 1.35E-01 5.72E-01 

3.45E-15 8.07E-01 6.72E-02 2.26E-01 6.69E-02 1.36E-01 5.70E-01 

4.22E-15 8.06E-01 6.70E-02 2.26E-01 6.68E-02 1.36E-01 5.73E-01 

5.15E-15 8.04E-01 6.72E-02 2.25E-01 6.60E-02 1.36E-01 5.73E-01 

6.29E-15 8.02E-01 6.72E-02 2.26E-01 6.59E-02 1.37E-01 5.71E-01 

7.68E-15 8.01E-01 6.70E-02 2.26E-01 6.58E-02 1.37E-01 5.73E-01 

9.38E-15 8.00E-01 6.71E-02 2.26E-01 6.50E-02 1.37E-01 5.73E-01 

1.27E-14 7.95E-01 6.71E-02 2.26E-01 6.49E-02 1.38E-01 5.71E-01 

1.55E-14 7.95E-01 6.71E-02 2.26E-01 6.45E-02 1.38E-01 5.71E-01 

1.89E-14 7.94E-01 6.70E-02 2.26E-01 6.43E-02 1.38E-01 5.74E-01 

2.31E-14 7.92E-01 6.72E-02 2.26E-01 6.40E-02 1.38E-01 5.70E-01 

2.82E-14 7.91E-01 6.73E-02 2.26E-01 6.36E-02 1.38E-01 5.70E-01 

3.44E-14 7.90E-01 6.71E-02 2.26E-01 6.34E-02 1.39E-01 5.72E-01 

4.21E-14 7.90E-01 6.71E-02 2.26E-01 6.34E-02 1.39E-01 5.72E-01 

5.68E-14 7.89E-01 6.69E-02 2.27E-01 6.33E-02 1.40E-01 5.74E-01 

6.93E-14 7.87E-01 6.71E-02 2.26E-01 6.29E-02 1.40E-01 5.70E-01 

8.47E-14 7.87E-01 6.72E-02 2.26E-01 6.25E-02 1.40E-01 5.70E-01 

1.03E-13 7.87E-01 6.72E-02 2.26E-01 6.25E-02 1.40E-01 5.70E-01 

1.26E-13 7.86E-01 6.70E-02 2.26E-01 6.24E-02 1.40E-01 5.73E-01 

1.54E-13 7.86E-01 6.70E-02 2.26E-01 6.24E-02 1.40E-01 5.73E-01 

2.08E-13 7.85E-01 6.71E-02 2.26E-01 6.20E-02 1.40E-01 5.73E-01 

2.54E-13 7.81E-01 6.72E-02 2.26E-01 6.20E-02 1.40E-01 5.69E-01 

3.11E-13 7.81E-01 6.71E-02 2.26E-01 6.18E-02 1.41E-01 5.71E-01 

3.80E-13 7.80E-01 6.71E-02 2.26E-01 6.18E-02 1.41E-01 5.71E-01 

4.64E-13 7.80E-01 6.71E-02 2.26E-01 6.18E-02 1.41E-01 5.71E-01 

5.66E-13 7.80E-01 6.71E-02 2.26E-01 6.14E-02 1.41E-01 5.71E-01 

7.64E-13 7.80E-01 6.71E-02 2.26E-01 6.14E-02 1.41E-01 5.71E-01 

9.33E-13 7.79E-01 6.70E-02 2.27E-01 6.13E-02 1.41E-01 5.73E-01 

1.14E-12 7.79E-01 6.70E-02 2.27E-01 6.13E-02 1.41E-01 5.73E-01 

1.39E-12 7.79E-01 6.70E-02 2.27E-01 6.13E-02 1.41E-01 5.73E-01 
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1.70E-12 7.79E-01 6.70E-02 2.26E-01 6.13E-02 1.41E-01 5.73E-01 

2.08E-12 7.78E-01 6.71E-02 2.26E-01 6.09E-02 1.41E-01 5.73E-01 

2.80E-12 7.77E-01 6.72E-02 2.26E-01 6.09E-02 1.41E-01 5.69E-01 

3.43E-12 7.76E-01 6.72E-02 2.26E-01 6.09E-02 1.41E-01 5.69E-01 

4.18E-12 7.76E-01 6.72E-02 2.26E-01 6.09E-02 1.41E-01 5.69E-01 

5.11E-12 7.76E-01 6.70E-02 2.27E-01 6.07E-02 1.42E-01 5.71E-01 

6.24E-12 7.76E-01 6.70E-02 2.27E-01 6.07E-02 1.42E-01 5.71E-01 

7.62E-12 7.76E-01 6.70E-02 2.27E-01 6.07E-02 1.42E-01 5.71E-01 

9.31E-12 7.76E-01 6.70E-02 2.26E-01 6.07E-02 1.42E-01 5.71E-01 

1.26E-11 7.76E-01 6.70E-02 2.26E-01 6.07E-02 1.42E-01 5.71E-01 

1.54E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

1.88E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

2.29E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

2.80E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

3.42E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

4.61E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

5.63E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

6.88E-11 7.75E-01 6.71E-02 2.26E-01 6.03E-02 1.42E-01 5.71E-01 

8.40E-11 7.75E-01 6.72E-02 2.26E-01 5.99E-02 1.42E-01 5.71E-01 

1.03E-10 7.75E-01 6.69E-02 2.27E-01 6.02E-02 1.42E-01 5.74E-01 

1.25E-10 7.74E-01 6.69E-02 2.27E-01 6.02E-02 1.42E-01 5.74E-01 

1.69E-10 7.74E-01 6.69E-02 2.27E-01 6.02E-02 1.42E-01 5.74E-01 

2.07E-10 7.74E-01 6.69E-02 2.27E-01 6.02E-02 1.42E-01 5.74E-01 

2.52E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

3.08E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

3.77E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

6.21E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

7.58E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

9.26E-10 7.74E-01 6.70E-02 2.26E-01 6.02E-02 1.42E-01 5.74E-01 

1.13E-09 7.73E-01 6.71E-02 2.26E-01 6.02E-02 1.42E-01 5.70E-01 

1.38E-09 7.73E-01 6.71E-02 2.26E-01 6.02E-02 1.42E-01 5.70E-01 

1.69E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.06E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.78E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.40E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.15E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.07E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.19E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

7.56E-09 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.02E-08 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.25E-08 7.72E-01 6.71E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.52E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.86E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 
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2.27E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.78E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.75E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.58E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.59E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.83E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

8.34E-08 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.02E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.38E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.68E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.05E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.51E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.06E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.74E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.56E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.16E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

7.52E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

9.19E-07 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.12E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.37E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.67E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.26E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.76E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.37E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.12E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.03E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.14E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

8.29E-06 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.01E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.24E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.51E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.85E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.25E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.04E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.72E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.54E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.55E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.91E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

8.52E-05 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.06E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.31E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.63E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.04E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 
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2.51E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.13E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.86E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.81E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.99E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

7.39E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

9.21E-04 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.14E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.42E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.76E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.18E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.71E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.35E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.17E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.20E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.41E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

7.99E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

9.85E-03 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.23E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.53E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.89E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.35E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

2.90E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

3.62E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

4.51E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

5.56E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

6.93E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

8.54E-02 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.07E-01 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.33E-01 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

1.35E-01 7.72E-01 6.72E-02 2.26E-01 5.98E-02 1.42E-01 5.70E-01 

 
Table C.12. Thermo-Calc results for Fe-rich spinel phase composition and fractions at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Fe-rich spinel 

volume 

fraction 

Number 

density 

(mol/cm3) 

Fe mole 

fraction 

Cr mole 

fraction 

Ni mole 

fraction 

O mole 

fraction 

1.62E-31 1.31E-02 6.73E-02 4.21E-01 8.05E-03 3.43E-05 5.72E-01 

1.97E-31 2.37E-02 6.77E-02 4.19E-01 8.01E-03 4.65E-05 5.71E-01 

2.41E-31 3.42E-02 6.75E-02 4.20E-01 8.01E-03 5.86E-05 5.70E-01 

2.95E-31 4.11E-02 6.75E-02 4.20E-01 7.98E-03 7.37E-05 5.71E-01 

3.60E-31 4.81E-02 6.74E-02 4.21E-01 7.98E-03 9.49E-05 5.73E-01 

4.86E-31 5.51E-02 6.73E-02 4.22E-01 7.97E-03 1.19E-04 5.72E-01 

5.93E-31 5.85E-02 6.75E-02 4.20E-01 7.90E-03 1.45E-04 5.71E-01 
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7.24E-31 6.20E-02 6.76E-02 4.19E-01 7.89E-03 1.80E-04 5.72E-01 

8.85E-31 6.87E-02 6.74E-02 4.21E-01 7.85E-03 2.21E-04 5.70E-01 

1.08E-30 7.18E-02 6.73E-02 4.22E-01 7.83E-03 2.71E-04 5.72E-01 

1.32E-30 7.50E-02 6.74E-02 4.21E-01 7.76E-03 3.31E-04 5.70E-01 

1.61E-30 7.81E-02 6.73E-02 4.21E-01 7.72E-03 4.04E-04 5.73E-01 

2.18E-30 8.11E-02 6.73E-02 4.22E-01 7.67E-03 4.90E-04 5.72E-01 

2.66E-30 7.95E-02 6.75E-02 4.19E-01 7.63E-03 5.92E-04 5.72E-01 

3.25E-30 8.23E-02 6.73E-02 4.21E-01 7.57E-03 7.16E-04 5.73E-01 

3.97E-30 8.36E-02 6.72E-02 4.22E-01 7.50E-03 8.61E-04 5.73E-01 

4.84E-30 8.31E-02 6.74E-02 4.20E-01 7.45E-03 1.03E-03 5.71E-01 

5.92E-30 8.11E-02 6.75E-02 4.19E-01 7.40E-03 1.23E-03 5.72E-01 

7.99E-30 8.19E-02 6.73E-02 4.21E-01 7.35E-03 1.47E-03 5.74E-01 

9.75E-30 8.14E-02 6.74E-02 4.20E-01 7.27E-03 1.75E-03 5.72E-01 

1.19E-29 7.89E-02 6.76E-02 4.18E-01 7.22E-03 2.07E-03 5.70E-01 

1.46E-29 7.98E-02 6.73E-02 4.20E-01 7.14E-03 2.45E-03 5.71E-01 

1.78E-29 7.75E-02 6.73E-02 4.20E-01 7.11E-03 2.89E-03 5.71E-01 

2.17E-29 7.51E-02 6.73E-02 4.19E-01 7.04E-03 3.42E-03 5.73E-01 

2.93E-29 7.29E-02 6.72E-02 4.19E-01 7.01E-03 4.02E-03 5.73E-01 

3.58E-29 6.89E-02 6.73E-02 4.18E-01 6.96E-03 4.69E-03 5.71E-01 

4.37E-29 6.34E-02 6.76E-02 4.15E-01 6.93E-03 5.48E-03 5.71E-01 

5.34E-29 6.10E-02 6.75E-02 4.15E-01 6.90E-03 6.42E-03 5.71E-01 

6.52E-29 5.70E-02 6.73E-02 4.15E-01 6.90E-03 7.47E-03 5.71E-01 

7.96E-29 5.33E-02 6.72E-02 4.15E-01 6.90E-03 8.67E-03 5.71E-01 

1.08E-28 4.80E-02 6.74E-02 4.12E-01 6.93E-03 1.01E-02 5.71E-01 

1.31E-28 4.13E-02 6.75E-02 4.09E-01 6.96E-03 1.16E-02 5.71E-01 

1.60E-28 3.78E-02 6.73E-02 4.09E-01 7.02E-03 1.34E-02 5.71E-01 

1.96E-28 3.11E-02 6.73E-02 4.06E-01 7.07E-03 1.54E-02 5.71E-01 

2.39E-28 2.48E-02 6.74E-02 4.03E-01 7.19E-03 1.77E-02 5.71E-01 

2.92E-28 1.72E-02 6.74E-02 4.01E-01 7.33E-03 2.03E-02 5.71E-01 

3.57E-28 1.12E-02 6.73E-02 3.98E-01 7.53E-03 2.32E-02 5.71E-01 

4.82E-28 4.02E-03 6.73E-02 3.94E-01 7.73E-03 2.64E-02 5.72E-01 

 
Table C.13. Thermo-Calc results for Cr-rich spinel diffusion coefficients at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Fe 

diffusion 

coefficient 

(nm2/s) 

Cr 

diffusion 

coefficient 

(nm2/s) 

Ni 

diffusion 

coefficient 

(nm2/s) 

O diffusion 

coefficient 

(nm2/s) 

Fe 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Cr 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Ni 

diffusion 

coefficient 

irradiated 

(nm2/s) 

5.46E-38 1.89E+02 1.45E-05 5.29E+00 7.84E-01 1.89E+02 1.45E-05 5.29E+00 

5.46E-38 1.89E+02 1.45E-05 5.29E+00 7.84E-01 1.89E+02 1.45E-05 5.29E+00 

6.67E-38 1.72E+02 1.31E-05 4.79E+00 7.09E-01 1.72E+02 1.31E-05 4.79E+00 

8.15E-38 1.55E+02 1.18E-05 4.33E+00 6.42E-01 1.55E+02 1.18E-05 4.33E+00 

9.96E-38 1.40E+02 1.07E-05 3.91E+00 5.81E-01 1.40E+02 1.07E-05 3.91E+00 
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1.22E-37 1.26E+02 9.65E-06 3.53E+00 5.25E-01 1.26E+02 9.65E-06 3.53E+00 

1.49E-37 1.14E+02 8.69E-06 3.18E+00 4.75E-01 1.14E+02 8.69E-06 3.18E+00 

2.01E-37 1.03E+02 7.82E-06 2.86E+00 4.09E-01 1.03E+02 7.83E-06 2.86E+00 

2.45E-37 9.23E+01 7.05E-06 2.58E+00 3.70E-01 9.23E+01 7.05E-06 2.58E+00 

2.99E-37 8.30E+01 6.34E-06 2.32E+00 3.35E-01 8.30E+01 6.34E-06 2.32E+00 

3.65E-37 7.46E+01 5.70E-06 2.08E+00 3.03E-01 7.47E+01 5.70E-06 2.09E+00 

4.46E-37 6.70E+01 5.11E-06 1.87E+00 2.74E-01 6.70E+01 5.12E-06 1.87E+00 

5.45E-37 6.03E+01 4.60E-06 1.68E+00 2.48E-01 6.03E+01 4.60E-06 1.68E+00 

7.36E-37 5.41E+01 4.13E-06 1.51E+00 2.14E-01 5.41E+01 4.13E-06 1.51E+00 

8.99E-37 4.86E+01 3.71E-06 1.36E+00 1.93E-01 4.87E+01 3.72E-06 1.36E+00 

1.10E-36 4.37E+01 3.34E-06 1.22E+00 1.75E-01 4.38E+01 3.34E-06 1.22E+00 

1.34E-36 3.91E+01 2.99E-06 1.09E+00 1.58E-01 3.92E+01 2.99E-06 1.10E+00 

1.64E-36 3.51E+01 2.68E-06 9.81E-01 1.43E-01 3.52E+01 2.69E-06 9.83E-01 

2.00E-36 3.17E+01 2.42E-06 8.84E-01 1.30E-01 3.18E+01 2.43E-06 8.87E-01 

2.70E-36 2.84E+01 2.17E-06 7.93E-01 1.12E-01 2.85E+01 2.18E-06 7.95E-01 

3.30E-36 2.55E+01 1.95E-06 7.12E-01 1.01E-01 2.56E+01 1.95E-06 7.14E-01 

4.03E-36 2.29E+01 1.75E-06 6.40E-01 9.13E-02 2.31E+01 1.76E-06 6.44E-01 

4.92E-36 2.06E+01 1.57E-06 5.74E-01 8.26E-02 2.07E+01 1.58E-06 5.78E-01 

6.01E-36 1.84E+01 1.40E-06 5.13E-01 7.47E-02 1.85E+01 1.42E-06 5.17E-01 

7.34E-36 1.66E+01 1.27E-06 4.62E-01 6.76E-02 1.67E+01 1.28E-06 4.67E-01 

9.91E-36 1.49E+01 1.14E-06 4.15E-01 5.82E-02 1.51E+01 1.15E-06 4.20E-01 

1.21E-35 1.34E+01 1.02E-06 3.73E-01 5.27E-02 1.36E+01 1.04E-06 3.79E-01 

1.48E-35 1.20E+01 9.16E-07 3.35E-01 4.77E-02 1.22E+01 9.33E-07 3.41E-01 

1.81E-35 1.08E+01 8.23E-07 3.01E-01 4.31E-02 1.10E+01 8.42E-07 3.08E-01 

1.81E-35 1.08E+01 8.23E-07 3.01E-01 4.31E-02 1.10E+01 8.42E-07 3.08E-01 

5.42E-35 6.30E+00 4.81E-07 1.76E-01 2.49E-02 6.70E+00 5.12E-07 1.87E-01 

1.63E-34 3.70E+00 2.82E-07 1.03E-01 1.44E-02 4.32E+00 3.30E-07 1.21E-01 

4.43E-34 2.18E+00 1.67E-07 6.10E-02 8.71E-03 3.06E+00 2.33E-07 8.53E-02 

1.33E-33 1.32E+00 1.01E-07 3.67E-02 5.02E-03 2.39E+00 1.83E-07 6.67E-02 

4.00E-33 8.45E-01 6.45E-08 2.36E-02 2.90E-03 2.00E+00 1.53E-07 5.59E-02 

1.20E-32 6.41E-01 4.89E-08 1.79E-02 1.67E-03 1.62E+00 1.24E-07 4.52E-02 

3.61E-32 7.37E-01 5.63E-08 2.06E-02 9.65E-04 8.06E-01 6.16E-08 2.25E-02 

4.41E-32 8.25E-01 6.30E-08 2.30E-02 8.73E-04 8.25E-01 6.30E-08 2.30E-02 

4.41E-32 8.25E-01 6.30E-08 2.30E-02 8.73E-04 8.25E-01 6.30E-08 2.30E-02 

5.38E-32 9.56E-01 7.30E-08 2.67E-02 7.90E-04 9.56E-01 7.30E-08 2.67E-02 

6.57E-32 1.15E+00 8.78E-08 3.21E-02 7.15E-04 1.15E+00 8.78E-08 3.21E-02 

8.03E-32 1.43E+00 1.10E-07 4.01E-02 6.47E-04 1.43E+00 1.10E-07 4.01E-02 

8.03E-32 1.43E+00 1.10E-07 4.01E-02 6.47E-04 1.43E+00 1.10E-07 4.01E-02 

8.03E-32 1.43E+00 1.10E-07 4.01E-02 6.47E-04 1.43E+00 1.10E-07 4.01E-02 

8.03E-32 1.43E+00 1.10E-07 4.01E-02 6.47E-04 1.43E+00 1.10E-07 4.01E-02 

8.03E-32 1.43E+00 1.10E-07 4.01E-02 6.47E-04 1.43E+00 1.10E-07 4.01E-02 

9.80E-32 1.58E+00 1.20E-07 4.40E-02 5.85E-04 1.58E+00 1.20E-07 4.40E-02 

1.32E-31 1.72E+00 1.31E-07 4.80E-02 5.04E-04 1.72E+00 1.31E-07 4.80E-02 
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1.62E-31 1.86E+00 1.42E-07 5.18E-02 4.56E-04 1.86E+00 1.42E-07 5.18E-02 

1.97E-31 2.00E+00 1.53E-07 5.59E-02 4.12E-04 2.00E+00 1.53E-07 5.59E-02 

2.41E-31 2.11E+00 1.61E-07 5.90E-02 3.73E-04 2.11E+00 1.61E-07 5.90E-02 

2.95E-31 2.22E+00 1.70E-07 6.20E-02 3.38E-04 2.22E+00 1.70E-07 6.20E-02 

3.60E-31 2.28E+00 1.74E-07 6.35E-02 3.05E-04 2.28E+00 1.74E-07 6.35E-02 

4.86E-31 2.33E+00 1.78E-07 6.51E-02 2.63E-04 2.33E+00 1.78E-07 6.51E-02 

5.93E-31 2.33E+00 1.78E-07 6.51E-02 2.38E-04 2.33E+00 1.78E-07 6.51E-02 

7.24E-31 2.31E+00 1.77E-07 6.45E-02 2.15E-04 2.31E+00 1.77E-07 6.45E-02 

8.85E-31 2.28E+00 1.74E-07 6.35E-02 1.95E-04 2.28E+00 1.74E-07 6.35E-02 

1.08E-30 2.20E+00 1.68E-07 6.15E-02 1.76E-04 2.20E+00 1.68E-07 6.15E-02 

1.32E-30 2.13E+00 1.63E-07 5.95E-02 1.59E-04 2.13E+00 1.63E-07 5.95E-02 

1.61E-30 2.04E+00 1.56E-07 5.69E-02 1.44E-04 2.04E+00 1.56E-07 5.69E-02 

2.18E-30 1.95E+00 1.49E-07 5.44E-02 1.24E-04 1.95E+00 1.49E-07 5.44E-02 

2.66E-30 1.86E+00 1.42E-07 5.18E-02 1.12E-04 1.86E+00 1.42E-07 5.18E-02 

3.25E-30 1.76E+00 1.35E-07 4.92E-02 1.02E-04 1.76E+00 1.35E-07 4.92E-02 

3.97E-30 1.68E+00 1.28E-07 4.69E-02 9.20E-05 1.68E+00 1.28E-07 4.69E-02 

4.84E-30 1.60E+00 1.22E-07 4.47E-02 8.32E-05 1.60E+00 1.22E-07 4.47E-02 

5.92E-30 1.53E+00 1.17E-07 4.26E-02 7.53E-05 1.53E+00 1.17E-07 4.26E-02 

7.99E-30 1.46E+00 1.12E-07 4.09E-02 6.48E-05 1.46E+00 1.12E-07 4.09E-02 

9.75E-30 1.41E+00 1.08E-07 3.93E-02 5.87E-05 1.41E+00 1.08E-07 3.93E-02 

1.19E-29 1.36E+00 1.04E-07 3.80E-02 5.31E-05 1.36E+00 1.04E-07 3.80E-02 

1.46E-29 1.32E+00 1.01E-07 3.68E-02 4.80E-05 1.32E+00 1.01E-07 3.68E-02 

1.78E-29 1.29E+00 9.81E-08 3.59E-02 4.35E-05 1.29E+00 9.81E-08 3.59E-02 

2.17E-29 1.26E+00 9.60E-08 3.51E-02 3.93E-05 1.26E+00 9.60E-08 3.51E-02 

2.93E-29 1.24E+00 9.44E-08 3.45E-02 3.38E-05 1.24E+00 9.44E-08 3.45E-02 

3.58E-29 1.22E+00 9.34E-08 3.42E-02 3.06E-05 1.22E+00 9.34E-08 3.42E-02 

4.37E-29 1.21E+00 9.27E-08 3.39E-02 2.77E-05 1.21E+00 9.27E-08 3.39E-02 

5.34E-29 1.21E+00 9.26E-08 3.39E-02 2.51E-05 1.21E+00 9.26E-08 3.39E-02 

6.52E-29 1.22E+00 9.30E-08 3.40E-02 2.27E-05 1.22E+00 9.30E-08 3.40E-02 

7.96E-29 1.23E+00 9.38E-08 3.43E-02 2.05E-05 1.23E+00 9.38E-08 3.43E-02 

1.08E-28 1.24E+00 9.49E-08 3.47E-02 1.77E-05 1.24E+00 9.49E-08 3.47E-02 

1.31E-28 1.27E+00 9.67E-08 3.54E-02 1.60E-05 1.27E+00 9.67E-08 3.54E-02 

1.60E-28 1.29E+00 9.88E-08 3.61E-02 1.45E-05 1.29E+00 9.88E-08 3.61E-02 

1.96E-28 1.33E+00 1.02E-07 3.71E-02 1.31E-05 1.33E+00 1.02E-07 3.71E-02 

2.39E-28 1.37E+00 1.05E-07 3.82E-02 1.18E-05 1.37E+00 1.05E-07 3.82E-02 

2.92E-28 1.41E+00 1.08E-07 3.95E-02 1.07E-05 1.41E+00 1.08E-07 3.95E-02 

3.57E-28 1.47E+00 1.12E-07 4.10E-02 9.70E-06 1.47E+00 1.12E-07 4.10E-02 

4.82E-28 1.53E+00 1.17E-07 4.26E-02 8.35E-06 1.53E+00 1.17E-07 4.26E-02 

5.89E-28 1.59E+00 1.22E-07 4.44E-02 7.55E-06 1.59E+00 1.22E-07 4.44E-02 

7.19E-28 1.66E+00 1.27E-07 4.64E-02 6.83E-06 1.66E+00 1.27E-07 4.64E-02 

8.78E-28 1.74E+00 1.33E-07 4.85E-02 6.18E-06 1.74E+00 1.33E-07 4.85E-02 

1.07E-27 1.82E+00 1.39E-07 5.07E-02 5.59E-06 1.82E+00 1.39E-07 5.07E-02 

1.31E-27 1.89E+00 1.45E-07 5.29E-02 5.06E-06 1.89E+00 1.45E-07 5.29E-02 
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1.45E-27 1.91E+00 1.46E-07 5.34E-02 4.82E-06 1.91E+00 1.46E-07 5.34E-02 

1.45E-27 1.91E+00 1.46E-07 5.34E-02 4.82E-06 1.91E+00 1.46E-07 5.34E-02 

2.16E-27 2.48E+00 1.89E-07 6.91E-02 3.94E-06 2.48E+00 1.89E-07 6.91E-02 

6.49E-27 5.10E+00 3.89E-07 1.42E-01 2.28E-06 5.10E+00 3.89E-07 1.42E-01 

1.76E-26 1.05E+01 7.99E-07 2.92E-01 1.38E-06 1.05E+01 7.99E-07 2.92E-01 

5.30E-26 2.15E+01 1.64E-06 6.00E-01 7.97E-07 2.15E+01 1.64E-06 6.00E-01 

1.59E-25 4.42E+01 3.38E-06 1.24E+00 4.60E-07 4.42E+01 3.38E-06 1.24E+00 

4.78E-25 9.07E+01 6.92E-06 2.53E+00 2.66E-07 9.07E+01 6.92E-06 2.53E+00 

1.44E-24 1.86E+02 1.42E-05 5.18E+00 1.54E-07 1.86E+02 1.42E-05 5.18E+00 

3.90E-24 3.82E+02 2.92E-05 1.07E+01 9.42E-08 3.82E+02 2.92E-05 1.07E+01 

1.17E-23 7.86E+02 6.00E-05 2.20E+01 5.53E-08 7.86E+02 6.00E-05 2.20E+01 

3.52E-23 1.62E+03 1.23E-04 4.51E+01 3.31E-08 1.62E+03 1.23E-04 4.51E+01 

1.06E-22 3.31E+03 2.53E-04 9.25E+01 2.05E-08 3.31E+03 2.53E-04 9.25E+01 

3.18E-22 6.83E+03 5.21E-04 1.91E+02 1.35E-08 6.83E+03 5.21E-04 1.91E+02 

8.64E-22 1.40E+04 1.07E-03 3.91E+02 9.98E-09 1.40E+04 1.07E-03 3.91E+02 

2.60E-21 3.64E+04 2.78E-03 1.02E+03 8.10E-09 3.64E+04 2.78E-03 1.02E+03 

5.23E-21 3.64E+04 2.78E-03 1.02E+03 7.59E-09 3.64E+04 2.78E-03 1.02E+03 

5.23E-21 3.64E+04 2.78E-03 1.02E+03 7.59E-09 3.64E+04 2.78E-03 1.02E+03 

7.80E-21 5.46E+04 4.17E-03 1.53E+03 7.48E-09 5.46E+04 4.17E-03 1.53E+03 

2.34E-20 7.28E+04 5.56E-03 2.03E+03 7.70E-09 7.28E+04 5.56E-03 2.03E+03 

7.04E-20 1.09E+05 8.34E-03 3.05E+03 8.50E-09 1.09E+05 8.34E-03 3.05E+03 

1.91E-19 1.64E+05 1.25E-02 4.57E+03 9.64E-09 1.64E+05 1.25E-02 4.57E+03 

3.16E-19 2.00E+05 1.53E-02 5.59E+03 1.04E-08 2.00E+05 1.53E-02 5.59E+03 

3.16E-19 2.00E+05 1.53E-02 5.59E+03 1.04E-08 2.00E+05 1.53E-02 5.59E+03 

5.75E-19 2.18E+05 1.67E-02 6.10E+03 1.13E-08 2.18E+05 1.67E-02 6.10E+03 

1.73E-18 2.91E+05 2.22E-02 8.13E+03 1.35E-08 2.91E+05 2.22E-02 8.13E+03 

5.19E-18 3.82E+05 2.92E-02 1.07E+04 1.61E-08 3.82E+05 2.92E-02 1.07E+04 

1.56E-17 4.73E+05 3.61E-02 1.32E+04 1.93E-08 4.73E+05 3.61E-02 1.32E+04 

4.24E-17 5.64E+05 4.31E-02 1.58E+04 2.27E-08 5.64E+05 4.31E-02 1.58E+04 

1.27E-16 6.01E+05 4.59E-02 1.68E+04 2.73E-08 6.01E+05 4.59E-02 1.68E+04 

3.82E-16 5.83E+05 4.45E-02 1.63E+04 3.27E-08 5.83E+05 4.45E-02 1.63E+04 

1.40E-15 5.83E+05 4.45E-02 1.63E+04 4.07E-08 5.83E+05 4.45E-02 1.63E+04 

1.71E-15 5.64E+05 4.31E-02 1.58E+04 4.20E-08 5.64E+05 4.31E-02 1.58E+04 

2.09E-15 5.64E+05 4.31E-02 1.58E+04 4.35E-08 5.64E+05 4.31E-02 1.58E+04 

2.56E-15 5.64E+05 4.31E-02 1.58E+04 4.49E-08 5.64E+05 4.31E-02 1.58E+04 

3.45E-15 5.64E+05 4.31E-02 1.58E+04 4.72E-08 5.64E+05 4.31E-02 1.58E+04 

4.22E-15 5.64E+05 4.31E-02 1.58E+04 4.88E-08 5.64E+05 4.31E-02 1.58E+04 

5.15E-15 5.64E+05 4.31E-02 1.58E+04 5.05E-08 5.64E+05 4.31E-02 1.58E+04 

6.29E-15 5.64E+05 4.31E-02 1.58E+04 5.22E-08 5.64E+05 4.31E-02 1.58E+04 

7.68E-15 5.64E+05 4.31E-02 1.58E+04 5.40E-08 5.64E+05 4.31E-02 1.58E+04 

9.38E-15 5.64E+05 4.31E-02 1.58E+04 5.58E-08 5.64E+05 4.31E-02 1.58E+04 

1.27E-14 5.64E+05 4.31E-02 1.58E+04 5.87E-08 5.64E+05 4.31E-02 1.58E+04 

1.55E-14 5.64E+05 4.31E-02 1.58E+04 6.06E-08 5.64E+05 4.31E-02 1.58E+04 
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1.89E-14 5.64E+05 4.31E-02 1.58E+04 6.27E-08 5.64E+05 4.31E-02 1.58E+04 

2.31E-14 5.64E+05 4.31E-02 1.58E+04 6.48E-08 5.64E+05 4.31E-02 1.58E+04 

2.82E-14 5.64E+05 4.31E-02 1.58E+04 6.70E-08 5.64E+05 4.31E-02 1.58E+04 

3.44E-14 5.64E+05 4.31E-02 1.58E+04 6.93E-08 5.64E+05 4.31E-02 1.58E+04 

4.21E-14 5.46E+05 4.17E-02 1.53E+04 7.16E-08 5.46E+05 4.17E-02 1.53E+04 

5.68E-14 5.46E+05 4.17E-02 1.53E+04 7.53E-08 5.46E+05 4.17E-02 1.53E+04 

6.93E-14 5.46E+05 4.17E-02 1.53E+04 7.79E-08 5.46E+05 4.17E-02 1.53E+04 

8.47E-14 5.46E+05 4.17E-02 1.53E+04 8.05E-08 5.46E+05 4.17E-02 1.53E+04 

1.03E-13 5.46E+05 4.17E-02 1.53E+04 8.32E-08 5.46E+05 4.17E-02 1.53E+04 

1.26E-13 5.46E+05 4.17E-02 1.53E+04 8.61E-08 5.46E+05 4.17E-02 1.53E+04 

1.54E-13 5.46E+05 4.17E-02 1.53E+04 8.90E-08 5.46E+05 4.17E-02 1.53E+04 

2.08E-13 5.46E+05 4.17E-02 1.53E+04 9.35E-08 5.46E+05 4.17E-02 1.53E+04 

2.54E-13 5.46E+05 4.17E-02 1.53E+04 9.67E-08 5.46E+05 4.17E-02 1.53E+04 

3.11E-13 5.46E+05 4.17E-02 1.53E+04 1.00E-07 5.46E+05 4.17E-02 1.53E+04 

3.80E-13 5.46E+05 4.17E-02 1.53E+04 1.03E-07 5.46E+05 4.17E-02 1.53E+04 

4.64E-13 5.46E+05 4.17E-02 1.53E+04 1.07E-07 5.46E+05 4.17E-02 1.53E+04 

5.66E-13 5.46E+05 4.17E-02 1.53E+04 1.11E-07 5.46E+05 4.17E-02 1.53E+04 

7.64E-13 5.46E+05 4.17E-02 1.53E+04 1.16E-07 5.46E+05 4.17E-02 1.53E+04 

9.33E-13 5.46E+05 4.17E-02 1.53E+04 1.20E-07 5.46E+05 4.17E-02 1.53E+04 

1.14E-12 5.46E+05 4.17E-02 1.53E+04 1.24E-07 5.46E+05 4.17E-02 1.53E+04 

1.39E-12 5.46E+05 4.17E-02 1.53E+04 1.28E-07 5.46E+05 4.17E-02 1.53E+04 

1.70E-12 5.46E+05 4.17E-02 1.53E+04 1.33E-07 5.46E+05 4.17E-02 1.53E+04 

2.08E-12 5.46E+05 4.17E-02 1.53E+04 1.37E-07 5.46E+05 4.17E-02 1.53E+04 

2.80E-12 5.46E+05 4.17E-02 1.53E+04 1.44E-07 5.46E+05 4.17E-02 1.53E+04 

3.43E-12 5.46E+05 4.17E-02 1.53E+04 1.49E-07 5.46E+05 4.17E-02 1.53E+04 

4.18E-12 5.46E+05 4.17E-02 1.53E+04 1.54E-07 5.46E+05 4.17E-02 1.53E+04 

5.11E-12 5.46E+05 4.17E-02 1.53E+04 1.59E-07 5.46E+05 4.17E-02 1.53E+04 

6.24E-12 5.46E+05 4.17E-02 1.53E+04 1.65E-07 5.46E+05 4.17E-02 1.53E+04 

7.62E-12 5.46E+05 4.17E-02 1.53E+04 1.70E-07 5.46E+05 4.17E-02 1.53E+04 

9.31E-12 5.46E+05 4.17E-02 1.53E+04 1.76E-07 5.46E+05 4.17E-02 1.53E+04 

1.26E-11 5.46E+05 4.17E-02 1.53E+04 1.85E-07 5.46E+05 4.17E-02 1.53E+04 

1.54E-11 5.46E+05 4.17E-02 1.53E+04 1.92E-07 5.46E+05 4.17E-02 1.53E+04 

1.88E-11 5.46E+05 4.17E-02 1.53E+04 1.98E-07 5.46E+05 4.17E-02 1.53E+04 

2.29E-11 5.46E+05 4.17E-02 1.53E+04 2.05E-07 5.46E+05 4.17E-02 1.53E+04 

2.80E-11 5.46E+05 4.17E-02 1.53E+04 2.12E-07 5.46E+05 4.17E-02 1.53E+04 

3.42E-11 5.46E+05 4.17E-02 1.53E+04 2.19E-07 5.46E+05 4.17E-02 1.53E+04 

4.61E-11 5.46E+05 4.17E-02 1.53E+04 2.30E-07 5.46E+05 4.17E-02 1.53E+04 

5.63E-11 5.46E+05 4.17E-02 1.53E+04 2.38E-07 5.46E+05 4.17E-02 1.53E+04 

6.88E-11 5.46E+05 4.17E-02 1.53E+04 2.46E-07 5.46E+05 4.17E-02 1.53E+04 

8.40E-11 5.46E+05 4.17E-02 1.53E+04 2.54E-07 5.46E+05 4.17E-02 1.53E+04 

1.03E-10 5.46E+05 4.17E-02 1.53E+04 2.63E-07 5.46E+05 4.17E-02 1.53E+04 

1.25E-10 5.46E+05 4.17E-02 1.53E+04 2.72E-07 5.46E+05 4.17E-02 1.53E+04 

1.69E-10 5.46E+05 4.17E-02 1.53E+04 2.86E-07 5.46E+05 4.17E-02 1.53E+04 
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2.07E-10 5.46E+05 4.17E-02 1.53E+04 2.95E-07 5.46E+05 4.17E-02 1.53E+04 

2.52E-10 5.46E+05 4.17E-02 1.53E+04 3.05E-07 5.46E+05 4.17E-02 1.53E+04 

3.08E-10 5.46E+05 4.17E-02 1.53E+04 3.16E-07 5.46E+05 4.17E-02 1.53E+04 

3.77E-10 5.46E+05 4.17E-02 1.53E+04 3.27E-07 5.46E+05 4.17E-02 1.53E+04 

6.21E-10 5.46E+05 4.17E-02 1.53E+04 3.55E-07 5.46E+05 4.17E-02 1.53E+04 

7.58E-10 5.46E+05 4.17E-02 1.53E+04 3.67E-07 5.46E+05 4.17E-02 1.53E+04 

9.26E-10 5.46E+05 4.17E-02 1.53E+04 3.79E-07 5.46E+05 4.17E-02 1.53E+04 

1.13E-09 5.46E+05 4.17E-02 1.53E+04 3.92E-07 5.46E+05 4.17E-02 1.53E+04 

1.38E-09 5.46E+05 4.17E-02 1.53E+04 4.05E-07 5.46E+05 4.17E-02 1.53E+04 

1.69E-09 5.46E+05 4.17E-02 1.53E+04 4.19E-07 5.46E+05 4.17E-02 1.53E+04 

2.06E-09 5.46E+05 4.17E-02 1.53E+04 4.33E-07 5.46E+05 4.17E-02 1.53E+04 

2.78E-09 5.46E+05 4.17E-02 1.53E+04 4.56E-07 5.46E+05 4.17E-02 1.53E+04 

3.40E-09 5.46E+05 4.17E-02 1.53E+04 4.71E-07 5.46E+05 4.17E-02 1.53E+04 

4.15E-09 5.46E+05 4.17E-02 1.53E+04 4.87E-07 5.46E+05 4.17E-02 1.53E+04 

5.07E-09 5.46E+05 4.17E-02 1.53E+04 5.04E-07 5.46E+05 4.17E-02 1.53E+04 

6.19E-09 5.46E+05 4.17E-02 1.53E+04 5.21E-07 5.46E+05 4.17E-02 1.53E+04 

7.56E-09 5.46E+05 4.17E-02 1.53E+04 5.38E-07 5.46E+05 4.17E-02 1.53E+04 

1.02E-08 5.46E+05 4.17E-02 1.53E+04 5.66E-07 5.46E+05 4.17E-02 1.53E+04 

1.25E-08 5.46E+05 4.17E-02 1.53E+04 5.85E-07 5.46E+05 4.17E-02 1.53E+04 

1.52E-08 5.46E+05 4.17E-02 1.53E+04 6.05E-07 5.46E+05 4.17E-02 1.53E+04 

1.86E-08 5.46E+05 4.17E-02 1.53E+04 6.25E-07 5.46E+05 4.17E-02 1.53E+04 

2.27E-08 5.46E+05 4.17E-02 1.53E+04 6.47E-07 5.46E+05 4.17E-02 1.53E+04 

2.78E-08 5.46E+05 4.17E-02 1.53E+04 6.68E-07 5.46E+05 4.17E-02 1.53E+04 

3.75E-08 5.46E+05 4.17E-02 1.53E+04 7.03E-07 5.46E+05 4.17E-02 1.53E+04 

4.58E-08 5.46E+05 4.17E-02 1.53E+04 7.27E-07 5.46E+05 4.17E-02 1.53E+04 

5.59E-08 5.46E+05 4.17E-02 1.53E+04 7.51E-07 5.46E+05 4.17E-02 1.53E+04 

6.83E-08 5.46E+05 4.17E-02 1.53E+04 7.77E-07 5.46E+05 4.17E-02 1.53E+04 

8.34E-08 5.46E+05 4.17E-02 1.53E+04 8.03E-07 5.46E+05 4.17E-02 1.53E+04 

1.02E-07 5.46E+05 4.17E-02 1.53E+04 8.30E-07 5.46E+05 4.17E-02 1.53E+04 

1.38E-07 5.46E+05 4.17E-02 1.53E+04 8.73E-07 5.46E+05 4.17E-02 1.53E+04 

1.68E-07 5.46E+05 4.17E-02 1.53E+04 9.02E-07 5.46E+05 4.17E-02 1.53E+04 

2.05E-07 5.46E+05 4.17E-02 1.53E+04 9.33E-07 5.46E+05 4.17E-02 1.53E+04 

2.51E-07 5.46E+05 4.17E-02 1.53E+04 9.65E-07 5.46E+05 4.17E-02 1.53E+04 

3.06E-07 5.46E+05 4.17E-02 1.53E+04 9.97E-07 5.46E+05 4.17E-02 1.53E+04 

3.74E-07 5.46E+05 4.17E-02 1.53E+04 1.03E-06 5.46E+05 4.17E-02 1.53E+04 

4.56E-07 5.46E+05 4.17E-02 1.53E+04 1.07E-06 5.46E+05 4.17E-02 1.53E+04 

6.16E-07 5.46E+05 4.17E-02 1.53E+04 1.12E-06 5.46E+05 4.17E-02 1.53E+04 

7.52E-07 5.46E+05 4.17E-02 1.53E+04 1.16E-06 5.46E+05 4.17E-02 1.53E+04 

9.19E-07 5.46E+05 4.17E-02 1.53E+04 1.20E-06 5.46E+05 4.17E-02 1.53E+04 

1.12E-06 5.46E+05 4.17E-02 1.53E+04 1.24E-06 5.46E+05 4.17E-02 1.53E+04 

1.37E-06 5.46E+05 4.17E-02 1.53E+04 1.28E-06 5.46E+05 4.17E-02 1.53E+04 

1.67E-06 5.46E+05 4.17E-02 1.53E+04 1.32E-06 5.46E+05 4.17E-02 1.53E+04 

2.26E-06 5.46E+05 4.17E-02 1.53E+04 1.39E-06 5.46E+05 4.17E-02 1.53E+04 
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2.76E-06 5.46E+05 4.17E-02 1.53E+04 1.44E-06 5.46E+05 4.17E-02 1.53E+04 

3.37E-06 5.46E+05 4.17E-02 1.53E+04 1.49E-06 5.46E+05 4.17E-02 1.53E+04 

4.12E-06 5.46E+05 4.17E-02 1.53E+04 1.54E-06 5.46E+05 4.17E-02 1.53E+04 

5.03E-06 5.46E+05 4.17E-02 1.53E+04 1.59E-06 5.46E+05 4.17E-02 1.53E+04 

6.14E-06 5.46E+05 4.17E-02 1.53E+04 1.64E-06 5.46E+05 4.17E-02 1.53E+04 

8.29E-06 5.46E+05 4.17E-02 1.53E+04 1.73E-06 5.46E+05 4.17E-02 1.53E+04 

1.01E-05 5.46E+05 4.17E-02 1.53E+04 1.79E-06 5.46E+05 4.17E-02 1.53E+04 

1.24E-05 5.46E+05 4.17E-02 1.53E+04 1.85E-06 5.46E+05 4.17E-02 1.53E+04 

1.51E-05 5.46E+05 4.17E-02 1.53E+04 1.91E-06 5.46E+05 4.17E-02 1.53E+04 

1.85E-05 5.46E+05 4.17E-02 1.53E+04 1.98E-06 5.46E+05 4.17E-02 1.53E+04 

2.25E-05 5.46E+05 4.17E-02 1.53E+04 2.04E-06 5.46E+05 4.17E-02 1.53E+04 

3.04E-05 5.46E+05 4.17E-02 1.53E+04 2.15E-06 5.46E+05 4.17E-02 1.53E+04 

3.72E-05 5.46E+05 4.17E-02 1.53E+04 2.22E-06 5.46E+05 4.17E-02 1.53E+04 

4.54E-05 5.46E+05 4.17E-02 1.53E+04 2.30E-06 5.46E+05 4.17E-02 1.53E+04 

5.55E-05 5.46E+05 4.17E-02 1.53E+04 2.37E-06 5.46E+05 4.17E-02 1.53E+04 

6.91E-05 5.46E+05 4.17E-02 1.53E+04 2.46E-06 5.46E+05 4.17E-02 1.53E+04 

8.52E-05 5.46E+05 4.17E-02 1.53E+04 2.55E-06 5.46E+05 4.17E-02 1.53E+04 

1.06E-04 5.46E+05 4.17E-02 1.53E+04 2.64E-06 5.46E+05 4.17E-02 1.53E+04 

1.31E-04 5.46E+05 4.17E-02 1.53E+04 2.74E-06 5.46E+05 4.17E-02 1.53E+04 

1.63E-04 5.46E+05 4.17E-02 1.53E+04 2.84E-06 5.46E+05 4.17E-02 1.53E+04 

2.04E-04 5.46E+05 4.17E-02 1.53E+04 2.95E-06 5.46E+05 4.17E-02 1.53E+04 

2.51E-04 5.46E+05 4.17E-02 1.53E+04 3.05E-06 5.46E+05 4.17E-02 1.53E+04 

3.13E-04 5.46E+05 4.17E-02 1.53E+04 3.17E-06 5.46E+05 4.17E-02 1.53E+04 

3.86E-04 5.46E+05 4.17E-02 1.53E+04 3.28E-06 5.46E+05 4.17E-02 1.53E+04 

4.81E-04 5.46E+05 4.17E-02 1.53E+04 3.40E-06 5.46E+05 4.17E-02 1.53E+04 

5.99E-04 5.46E+05 4.17E-02 1.53E+04 3.53E-06 5.46E+05 4.17E-02 1.53E+04 

7.39E-04 5.46E+05 4.17E-02 1.53E+04 3.65E-06 5.46E+05 4.17E-02 1.53E+04 

9.21E-04 5.46E+05 4.17E-02 1.53E+04 3.79E-06 5.46E+05 4.17E-02 1.53E+04 

1.14E-03 5.46E+05 4.17E-02 1.53E+04 3.92E-06 5.46E+05 4.17E-02 1.53E+04 

1.42E-03 5.46E+05 4.17E-02 1.53E+04 4.07E-06 5.46E+05 4.17E-02 1.53E+04 

1.76E-03 5.46E+05 4.17E-02 1.53E+04 4.22E-06 5.46E+05 4.17E-02 1.53E+04 

2.18E-03 5.46E+05 4.17E-02 1.53E+04 4.37E-06 5.46E+05 4.17E-02 1.53E+04 

2.71E-03 5.46E+05 4.17E-02 1.53E+04 4.54E-06 5.46E+05 4.17E-02 1.53E+04 

3.35E-03 5.46E+05 4.17E-02 1.53E+04 4.70E-06 5.46E+05 4.17E-02 1.53E+04 

4.17E-03 5.46E+05 4.17E-02 1.53E+04 4.87E-06 5.46E+05 4.17E-02 1.53E+04 

5.20E-03 5.46E+05 4.17E-02 1.53E+04 5.06E-06 5.46E+05 4.17E-02 1.53E+04 

6.41E-03 5.46E+05 4.17E-02 1.53E+04 5.24E-06 5.46E+05 4.17E-02 1.53E+04 

7.99E-03 5.46E+05 4.17E-02 1.53E+04 5.43E-06 5.46E+05 4.17E-02 1.53E+04 

9.85E-03 5.46E+05 4.17E-02 1.53E+04 5.63E-06 5.46E+05 4.17E-02 1.53E+04 

1.23E-02 5.46E+05 4.17E-02 1.53E+04 5.84E-06 5.46E+05 4.17E-02 1.53E+04 

1.53E-02 5.46E+05 4.17E-02 1.53E+04 6.05E-06 5.46E+05 4.17E-02 1.53E+04 

1.89E-02 5.46E+05 4.17E-02 1.53E+04 6.27E-06 5.46E+05 4.17E-02 1.53E+04 

2.35E-02 5.46E+05 4.17E-02 1.53E+04 6.50E-06 5.46E+05 4.17E-02 1.53E+04 
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2.90E-02 5.46E+05 4.17E-02 1.53E+04 6.73E-06 5.46E+05 4.17E-02 1.53E+04 

3.62E-02 5.46E+05 4.17E-02 1.53E+04 6.99E-06 5.46E+05 4.17E-02 1.53E+04 

4.51E-02 5.46E+05 4.17E-02 1.53E+04 7.25E-06 5.46E+05 4.17E-02 1.53E+04 

5.56E-02 5.46E+05 4.17E-02 1.53E+04 7.51E-06 5.46E+05 4.17E-02 1.53E+04 

6.93E-02 5.46E+05 4.17E-02 1.53E+04 7.79E-06 5.46E+05 4.17E-02 1.53E+04 

8.54E-02 5.46E+05 4.17E-02 1.53E+04 8.06E-06 5.46E+05 4.17E-02 1.53E+04 

1.07E-01 5.46E+05 4.17E-02 1.53E+04 8.36E-06 5.46E+05 4.17E-02 1.53E+04 

1.33E-01 5.46E+05 4.17E-02 1.53E+04 8.68E-06 5.46E+05 4.17E-02 1.53E+04 

1.35E-01 5.46E+05 4.17E-02 1.53E+04 8.71E-06 5.46E+05 4.17E-02 1.53E+04 

 
Table C.14. Thermo-Calc results for Fe-rich spinel diffusion coefficients at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Fe 

diffusion 

coefficient 

(nm2/s) 

Cr 

diffusion 

coefficient 

(nm2/s) 

Ni 

diffusion 

coefficient 

(nm2/s) 

O diffusion 

coefficient 

(nm2/s) 

Fe 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Cr 

diffusion 

coefficient 

irradiated 

(nm2/s) 

Ni 

diffusion 

coefficient 

irradiated 

(nm2/s) 

1.62E-31 8.52E-03 6.18E-10 2.93E-02 4.56E-04 8.52E-03 6.18E-10 2.93E-02 

1.97E-31 9.67E-03 7.10E-10 2.52E-02 4.12E-04 9.67E-03 7.10E-10 2.52E-02 

2.41E-31 1.10E-02 8.18E-10 2.11E-02 3.73E-04 1.10E-02 8.18E-10 2.11E-02 

2.95E-31 1.26E-02 9.41E-10 1.90E-02 3.38E-04 1.26E-02 9.41E-10 1.90E-02 

3.60E-31 1.44E-02 1.08E-09 1.70E-02 3.05E-04 1.44E-02 1.08E-09 1.70E-02 

4.86E-31 1.66E-02 1.25E-09 1.50E-02 2.63E-04 1.66E-02 1.25E-09 1.50E-02 

5.93E-31 1.90E-02 1.43E-09 1.30E-02 2.38E-04 1.90E-02 1.43E-09 1.30E-02 

7.24E-31 2.18E-02 1.66E-09 1.10E-02 2.15E-04 2.18E-02 1.66E-09 1.10E-02 

8.85E-31 2.49E-02 1.89E-09 9.00E-03 1.95E-04 2.49E-02 1.89E-09 9.00E-03 

1.08E-30 2.87E-02 2.18E-09 9.11E-03 1.76E-04 2.87E-02 2.18E-09 9.11E-03 

1.32E-30 3.29E-02 2.50E-09 7.15E-03 1.59E-04 3.29E-02 2.50E-09 7.15E-03 

1.61E-30 3.78E-02 2.88E-09 7.28E-03 1.44E-04 3.78E-02 2.88E-09 7.28E-03 

2.18E-30 4.34E-02 3.31E-09 7.44E-03 1.24E-04 4.34E-02 3.31E-09 7.44E-03 

2.66E-30 4.98E-02 3.80E-09 5.54E-03 1.12E-04 4.98E-02 3.80E-09 5.54E-03 

3.25E-30 5.71E-02 4.35E-09 5.75E-03 1.02E-04 5.71E-02 4.35E-09 5.75E-03 

3.97E-30 6.52E-02 4.98E-09 5.97E-03 9.20E-05 6.52E-02 4.98E-09 5.97E-03 

4.84E-30 7.49E-02 5.71E-09 4.17E-03 8.32E-05 7.49E-02 5.71E-09 4.17E-03 

5.92E-30 8.56E-02 6.53E-09 4.47E-03 7.53E-05 8.56E-02 6.53E-09 4.47E-03 

7.99E-30 9.78E-02 7.46E-09 4.81E-03 6.48E-05 9.78E-02 7.46E-09 4.81E-03 

9.75E-30 1.12E-01 8.53E-09 5.10E-03 5.87E-05 1.12E-01 8.53E-09 5.10E-03 

1.19E-29 1.28E-01 9.74E-09 5.29E-03 5.31E-05 1.28E-01 9.74E-09 5.29E-03 

1.46E-29 1.46E-01 1.11E-08 5.57E-03 4.80E-05 1.46E-01 1.11E-08 5.57E-03 

1.78E-29 1.66E-01 1.27E-08 5.95E-03 4.35E-05 1.66E-01 1.27E-08 5.95E-03 

2.17E-29 1.89E-01 1.45E-08 6.43E-03 3.93E-05 1.89E-01 1.45E-08 6.43E-03 

2.93E-29 2.15E-01 1.64E-08 7.00E-03 3.38E-05 2.15E-01 1.64E-08 7.00E-03 

3.58E-29 2.44E-01 1.86E-08 7.69E-03 3.06E-05 2.44E-01 1.86E-08 7.69E-03 

4.37E-29 2.77E-01 2.11E-08 8.49E-03 2.77E-05 2.77E-01 2.11E-08 8.49E-03 
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5.34E-29 3.13E-01 2.39E-08 9.41E-03 2.51E-05 3.13E-01 2.39E-08 9.41E-03 

6.52E-29 3.53E-01 2.70E-08 1.05E-02 2.27E-05 3.53E-01 2.70E-08 1.05E-02 

7.96E-29 3.99E-01 3.04E-08 1.17E-02 2.05E-05 3.99E-01 3.04E-08 1.17E-02 

1.08E-28 4.48E-01 3.42E-08 1.30E-02 1.77E-05 4.48E-01 3.42E-08 1.30E-02 

1.31E-28 5.02E-01 3.84E-08 1.44E-02 1.60E-05 5.02E-01 3.84E-08 1.44E-02 

1.60E-28 5.63E-01 4.29E-08 1.61E-02 1.45E-05 5.63E-01 4.29E-08 1.61E-02 

1.96E-28 6.26E-01 4.78E-08 1.78E-02 1.31E-05 6.26E-01 4.78E-08 1.78E-02 

2.39E-28 6.95E-01 5.31E-08 1.97E-02 1.18E-05 6.95E-01 5.31E-08 1.97E-02 

2.92E-28 7.68E-01 5.87E-08 2.17E-02 1.07E-05 7.68E-01 5.87E-08 2.17E-02 

3.57E-28 8.45E-01 6.45E-08 2.38E-02 9.70E-06 8.45E-01 6.45E-08 2.38E-02 

4.82E-28 9.23E-01 7.05E-08 2.60E-02 8.35E-06 9.23E-01 7.05E-08 2.60E-02 

 
Table C.15. Thermo-Calc results for element chemical potentials and the Pilling-Bedworth ratio at 480 °C 

and 1.5 MPa. 

O2 Activity 

(atm) 

Fe chemical 

potential (J/mol) 

Cr chemical 

potential (J/mol) 

Ni chemical 

potential (J/mol) 

O chemical 

potential (J/mol) 

Pilling-

Bedworth ratio 

1.69E-48 -2.85E+04 -2.44E+04 -4.34E+04 -4.17E+05 1.00E+00 

1.69E-48 -2.85E+04 -2.44E+04 -4.34E+04 -4.16E+05 1.00E+00 

4.59E-48 -2.85E+04 -2.44E+04 -4.34E+04 -4.12E+05 1.00E+00 

3.39E-47 -2.85E+04 -2.44E+04 -4.34E+04 -4.09E+05 1.00E+00 

9.22E-47 -2.85E+04 -2.44E+04 -4.34E+04 -4.05E+05 1.00E+00 

2.51E-46 -2.85E+04 -2.44E+04 -4.34E+04 -4.02E+05 1.00E+00 

6.81E-46 -2.85E+04 -2.44E+04 -4.34E+04 -3.99E+05 1.00E+00 

1.85E-45 -2.85E+04 -2.44E+04 -4.34E+04 -3.95E+05 1.00E+00 

5.04E-45 -2.85E+04 -2.44E+04 -4.34E+04 -3.92E+05 1.00E+00 

5.04E-45 -2.85E+04 -2.44E+04 -4.34E+04 -3.91E+05 1.00E+00 

5.04E-45 -2.85E+04 -2.44E+04 -4.34E+04 -3.91E+05 1.00E+00 

5.04E-45 -2.84E+04 -2.49E+04 -4.34E+04 -3.91E+05 1.00E+00 

1.37E-44 -2.82E+04 -2.59E+04 -4.33E+04 -3.90E+05 1.17E+00 

1.37E-44 -2.81E+04 -2.69E+04 -4.32E+04 -3.89E+05 1.17E+00 

1.37E-44 -2.80E+04 -2.79E+04 -4.31E+04 -3.88E+05 1.17E+00 

1.37E-44 -2.80E+04 -2.79E+04 -4.31E+04 -3.88E+05 1.17E+00 

1.37E-44 -2.79E+04 -2.89E+04 -4.30E+04 -3.88E+05 1.17E+00 

1.37E-44 -2.79E+04 -2.99E+04 -4.29E+04 -3.87E+05 1.17E+00 

3.72E-44 -2.78E+04 -3.09E+04 -4.28E+04 -3.86E+05 1.18E+00 

3.72E-44 -2.78E+04 -3.18E+04 -4.27E+04 -3.86E+05 1.18E+00 

1.01E-43 -2.77E+04 -3.68E+04 -4.25E+04 -3.82E+05 1.21E+00 

3.04E-43 -2.76E+04 -4.18E+04 -4.23E+04 -3.79E+05 1.21E+00 

9.13E-43 -2.76E+04 -4.68E+04 -4.23E+04 -3.76E+05 1.22E+00 

2.48E-42 -2.76E+04 -5.18E+04 -4.22E+04 -3.72E+05 1.22E+00 

7.45E-42 -2.76E+04 -5.67E+04 -4.22E+04 -3.69E+05 1.22E+00 

2.24E-41 -2.76E+04 -6.17E+04 -4.22E+04 -3.65E+05 1.22E+00 

6.73E-41 -2.76E+04 -6.67E+04 -4.22E+04 -3.62E+05 1.22E+00 
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2.02E-40 -2.76E+04 -7.17E+04 -4.22E+04 -3.59E+05 1.22E+00 

5.49E-40 -2.76E+04 -7.67E+04 -4.22E+04 -3.55E+05 1.22E+00 

1.65E-39 -2.76E+04 -8.17E+04 -4.22E+04 -3.52E+05 1.22E+00 

4.96E-39 -2.76E+04 -8.67E+04 -4.22E+04 -3.49E+05 1.22E+00 

1.49E-38 -2.76E+04 -9.18E+04 -4.22E+04 -3.45E+05 1.22E+00 

4.47E-38 -2.76E+04 -9.68E+04 -4.22E+04 -3.42E+05 1.22E+00 

5.46E-38 -2.76E+04 -9.78E+04 -4.22E+04 -3.41E+05 1.33E+00 

5.46E-38 -2.76E+04 -9.78E+04 -4.22E+04 -3.41E+05 1.33E+00 

6.67E-38 -2.76E+04 -9.91E+04 -4.22E+04 -3.40E+05 1.33E+00 

8.15E-38 -2.76E+04 -1.00E+05 -4.22E+04 -3.40E+05 1.33E+00 

9.96E-38 -2.76E+04 -1.02E+05 -4.22E+04 -3.39E+05 1.33E+00 

1.22E-37 -2.76E+04 -1.03E+05 -4.22E+04 -3.38E+05 1.33E+00 

1.49E-37 -2.76E+04 -1.05E+05 -4.22E+04 -3.38E+05 1.33E+00 

2.01E-37 -2.76E+04 -1.06E+05 -4.22E+04 -3.37E+05 1.33E+00 

2.45E-37 -2.76E+04 -1.07E+05 -4.22E+04 -3.36E+05 1.33E+00 

2.99E-37 -2.76E+04 -1.09E+05 -4.22E+04 -3.36E+05 1.33E+00 

3.65E-37 -2.76E+04 -1.10E+05 -4.22E+04 -3.35E+05 1.33E+00 

4.46E-37 -2.76E+04 -1.11E+05 -4.22E+04 -3.34E+05 1.33E+00 

5.45E-37 -2.76E+04 -1.13E+05 -4.22E+04 -3.34E+05 1.33E+00 

7.36E-37 -2.76E+04 -1.14E+05 -4.22E+04 -3.33E+05 1.33E+00 

8.99E-37 -2.76E+04 -1.15E+05 -4.22E+04 -3.32E+05 1.33E+00 

1.10E-36 -2.76E+04 -1.17E+05 -4.22E+04 -3.32E+05 1.33E+00 

1.34E-36 -2.76E+04 -1.18E+05 -4.22E+04 -3.31E+05 1.33E+00 

1.64E-36 -2.76E+04 -1.19E+05 -4.22E+04 -3.30E+05 1.33E+00 

2.00E-36 -2.76E+04 -1.21E+05 -4.22E+04 -3.30E+05 1.33E+00 

2.70E-36 -2.76E+04 -1.22E+05 -4.22E+04 -3.29E+05 1.33E+00 

3.30E-36 -2.76E+04 -1.23E+05 -4.22E+04 -3.28E+05 1.33E+00 

4.03E-36 -2.76E+04 -1.25E+05 -4.22E+04 -3.28E+05 1.33E+00 

4.92E-36 -2.76E+04 -1.26E+05 -4.22E+04 -3.27E+05 1.33E+00 

6.01E-36 -2.76E+04 -1.28E+05 -4.22E+04 -3.26E+05 1.33E+00 

7.34E-36 -2.76E+04 -1.29E+05 -4.22E+04 -3.26E+05 1.33E+00 

9.91E-36 -2.76E+04 -1.30E+05 -4.22E+04 -3.25E+05 1.33E+00 

1.21E-35 -2.76E+04 -1.32E+05 -4.22E+04 -3.24E+05 1.33E+00 

1.48E-35 -2.76E+04 -1.33E+05 -4.22E+04 -3.24E+05 1.33E+00 

1.81E-35 -2.76E+04 -1.34E+05 -4.22E+04 -3.23E+05 1.33E+00 

1.81E-35 -2.76E+04 -1.34E+05 -4.22E+04 -3.23E+05 1.33E+00 

5.42E-35 -2.76E+04 -1.41E+05 -4.22E+04 -3.20E+05 1.33E+00 

1.63E-34 -2.76E+04 -1.48E+05 -4.22E+04 -3.16E+05 1.33E+00 

4.43E-34 -2.76E+04 -1.55E+05 -4.22E+04 -3.13E+05 1.33E+00 

1.33E-33 -2.76E+04 -1.61E+05 -4.22E+04 -3.09E+05 1.33E+00 

4.00E-33 -2.76E+04 -1.68E+05 -4.22E+04 -3.06E+05 1.33E+00 

1.20E-32 -2.76E+04 -1.75E+05 -4.22E+04 -3.03E+05 1.34E+00 

3.61E-32 -2.76E+04 -1.82E+05 -4.22E+04 -2.99E+05 1.36E+00 
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4.41E-32 -2.76E+04 -1.84E+05 -4.22E+04 -2.99E+05 1.37E+00 

4.41E-32 -2.76E+04 -1.84E+05 -4.22E+04 -2.99E+05 1.37E+00 

5.38E-32 -2.76E+04 -1.85E+05 -4.22E+04 -2.98E+05 1.38E+00 

6.57E-32 -2.76E+04 -1.87E+05 -4.22E+04 -2.97E+05 1.40E+00 

8.03E-32 -2.76E+04 -1.89E+05 -4.22E+04 -2.97E+05 1.42E+00 

8.03E-32 -2.76E+04 -1.89E+05 -4.22E+04 -2.97E+05 1.42E+00 

8.03E-32 -2.76E+04 -1.89E+05 -4.22E+04 -2.97E+05 1.42E+00 

8.03E-32 -2.76E+04 -1.89E+05 -4.22E+04 -2.97E+05 1.42E+00 

8.03E-32 -2.76E+04 -1.89E+05 -4.22E+04 -2.97E+05 1.42E+00 

9.80E-32 -2.85E+04 -1.89E+05 -4.07E+04 -2.96E+05 1.81E+00 

1.32E-31 -2.94E+04 -1.90E+05 -3.96E+04 -2.95E+05 1.85E+00 

1.62E-31 -3.03E+04 -1.91E+05 -3.88E+04 -2.94E+05 1.88E+00 

1.97E-31 -3.12E+04 -1.92E+05 -3.80E+04 -2.94E+05 1.90E+00 

2.41E-31 -3.21E+04 -1.93E+05 -3.74E+04 -2.93E+05 1.90E+00 

2.95E-31 -3.30E+04 -1.94E+05 -3.68E+04 -2.92E+05 1.91E+00 

3.60E-31 -3.39E+04 -1.95E+05 -3.63E+04 -2.92E+05 1.92E+00 

4.86E-31 -3.48E+04 -1.96E+05 -3.58E+04 -2.91E+05 1.93E+00 

5.93E-31 -3.57E+04 -1.97E+05 -3.53E+04 -2.90E+05 1.93E+00 

7.24E-31 -3.66E+04 -1.98E+05 -3.49E+04 -2.90E+05 1.94E+00 

8.85E-31 -3.75E+04 -1.99E+05 -3.45E+04 -2.89E+05 1.94E+00 

1.08E-30 -3.84E+04 -2.00E+05 -3.41E+04 -2.88E+05 1.95E+00 

1.32E-30 -3.93E+04 -2.01E+05 -3.37E+04 -2.88E+05 1.95E+00 

1.61E-30 -4.02E+04 -2.01E+05 -3.34E+04 -2.87E+05 1.95E+00 

2.18E-30 -4.11E+04 -2.02E+05 -3.31E+04 -2.86E+05 1.96E+00 

2.66E-30 -4.20E+04 -2.03E+05 -3.28E+04 -2.86E+05 1.96E+00 

3.25E-30 -4.29E+04 -2.04E+05 -3.25E+04 -2.85E+05 1.97E+00 

3.97E-30 -4.38E+04 -2.05E+05 -3.23E+04 -2.84E+05 1.97E+00 

4.84E-30 -4.47E+04 -2.06E+05 -3.20E+04 -2.84E+05 1.97E+00 

5.92E-30 -4.56E+04 -2.07E+05 -3.18E+04 -2.83E+05 1.98E+00 

7.99E-30 -4.65E+04 -2.08E+05 -3.16E+04 -2.82E+05 1.98E+00 

9.75E-30 -4.74E+04 -2.09E+05 -3.14E+04 -2.82E+05 1.98E+00 

1.19E-29 -4.83E+04 -2.10E+05 -3.12E+04 -2.81E+05 1.99E+00 

1.46E-29 -4.92E+04 -2.11E+05 -3.10E+04 -2.80E+05 1.99E+00 

1.78E-29 -5.01E+04 -2.12E+05 -3.09E+04 -2.80E+05 2.00E+00 

2.17E-29 -5.10E+04 -2.13E+05 -3.07E+04 -2.79E+05 2.00E+00 

2.93E-29 -5.20E+04 -2.14E+05 -3.06E+04 -2.78E+05 2.00E+00 

3.58E-29 -5.29E+04 -2.15E+05 -3.05E+04 -2.78E+05 2.01E+00 

4.37E-29 -5.38E+04 -2.16E+05 -3.03E+04 -2.77E+05 2.01E+00 

5.34E-29 -5.47E+04 -2.17E+05 -3.02E+04 -2.76E+05 2.02E+00 

6.52E-29 -5.56E+04 -2.18E+05 -3.02E+04 -2.76E+05 2.02E+00 

7.96E-29 -5.65E+04 -2.19E+05 -3.01E+04 -2.75E+05 2.03E+00 

1.08E-28 -5.74E+04 -2.20E+05 -3.00E+04 -2.74E+05 2.03E+00 

1.31E-28 -5.84E+04 -2.21E+05 -2.99E+04 -2.74E+05 2.04E+00 
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1.60E-28 -5.93E+04 -2.22E+05 -2.99E+04 -2.73E+05 2.04E+00 

1.96E-28 -6.02E+04 -2.23E+05 -2.98E+04 -2.72E+05 2.05E+00 

2.39E-28 -6.12E+04 -2.24E+05 -2.98E+04 -2.72E+05 2.05E+00 

2.92E-28 -6.21E+04 -2.25E+05 -2.97E+04 -2.71E+05 2.06E+00 

3.57E-28 -6.31E+04 -2.26E+05 -2.97E+04 -2.70E+05 2.07E+00 

4.82E-28 -6.40E+04 -2.27E+05 -2.97E+04 -2.69E+05 2.08E+00 

5.89E-28 -6.50E+04 -2.28E+05 -2.96E+04 -2.69E+05 2.08E+00 

7.19E-28 -6.60E+04 -2.29E+05 -2.96E+04 -2.68E+05 2.09E+00 

8.78E-28 -6.69E+04 -2.30E+05 -2.96E+04 -2.67E+05 2.11E+00 

1.07E-27 -6.79E+04 -2.31E+05 -2.96E+04 -2.67E+05 2.12E+00 

1.31E-27 -6.90E+04 -2.33E+05 -2.95E+04 -2.66E+05 2.13E+00 

1.45E-27 -6.92E+04 -2.33E+05 -2.95E+04 -2.66E+05 2.13E+00 

1.45E-27 -6.92E+04 -2.33E+05 -2.95E+04 -2.66E+05 2.13E+00 

2.16E-27 -7.08E+04 -2.34E+05 -3.11E+04 -2.65E+05 2.13E+00 

6.49E-27 -7.53E+04 -2.39E+05 -3.56E+04 -2.61E+05 2.13E+00 

1.76E-26 -7.98E+04 -2.43E+05 -4.02E+04 -2.58E+05 2.13E+00 

5.30E-26 -8.43E+04 -2.48E+05 -4.47E+04 -2.55E+05 2.13E+00 

1.59E-25 -8.88E+04 -2.52E+05 -4.92E+04 -2.51E+05 2.13E+00 

4.78E-25 -9.33E+04 -2.57E+05 -5.37E+04 -2.48E+05 2.13E+00 

1.44E-24 -9.78E+04 -2.61E+05 -5.82E+04 -2.44E+05 2.13E+00 

3.90E-24 -1.02E+05 -2.66E+05 -6.27E+04 -2.41E+05 2.13E+00 

1.17E-23 -1.07E+05 -2.70E+05 -6.72E+04 -2.38E+05 2.13E+00 

3.52E-23 -1.11E+05 -2.75E+05 -7.17E+04 -2.34E+05 2.13E+00 

1.06E-22 -1.16E+05 -2.79E+05 -7.62E+04 -2.31E+05 2.13E+00 

3.18E-22 -1.20E+05 -2.84E+05 -8.07E+04 -2.28E+05 2.13E+00 

8.64E-22 -1.25E+05 -2.88E+05 -8.52E+04 -2.24E+05 2.13E+00 

2.60E-21 -1.29E+05 -2.93E+05 -8.97E+04 -2.21E+05 2.13E+00 

5.23E-21 -1.32E+05 -2.96E+05 -9.24E+04 -2.19E+05 2.13E+00 

5.23E-21 -1.32E+05 -2.96E+05 -9.24E+04 -2.19E+05 2.13E+00 

7.80E-21 -1.34E+05 -2.98E+05 -9.27E+04 -2.17E+05 2.14E+00 

2.34E-20 -1.39E+05 -3.03E+05 -9.42E+04 -2.14E+05 2.14E+00 

7.04E-20 -1.44E+05 -3.07E+05 -9.64E+04 -2.11E+05 2.14E+00 

1.91E-19 -1.49E+05 -3.12E+05 -9.91E+04 -2.07E+05 2.14E+00 

3.16E-19 -1.52E+05 -3.14E+05 -1.00E+05 -2.06E+05 2.15E+00 

3.16E-19 -1.52E+05 -3.14E+05 -1.00E+05 -2.06E+05 2.15E+00 

5.75E-19 -1.55E+05 -3.16E+05 -1.02E+05 -2.04E+05 2.15E+00 

1.73E-18 -1.60E+05 -3.21E+05 -1.05E+05 -2.01E+05 2.15E+00 

5.19E-18 -1.65E+05 -3.25E+05 -1.08E+05 -1.97E+05 2.15E+00 

1.56E-17 -1.70E+05 -3.30E+05 -1.11E+05 -1.94E+05 2.15E+00 

4.24E-17 -1.75E+05 -3.34E+05 -1.15E+05 -1.90E+05 2.15E+00 

1.27E-16 -1.81E+05 -3.39E+05 -1.18E+05 -1.87E+05 2.15E+00 

3.82E-16 -1.86E+05 -3.44E+05 -1.21E+05 -1.84E+05 2.15E+00 

1.40E-15 -1.92E+05 -3.50E+05 -1.25E+05 -1.80E+05 2.15E+00 
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1.71E-15 -1.93E+05 -3.51E+05 -1.26E+05 -1.79E+05 2.15E+00 

2.09E-15 -1.94E+05 -3.52E+05 -1.26E+05 -1.78E+05 2.15E+00 

2.56E-15 -1.95E+05 -3.53E+05 -1.27E+05 -1.78E+05 2.15E+00 

3.45E-15 -1.96E+05 -3.54E+05 -1.28E+05 -1.77E+05 2.15E+00 

4.22E-15 -1.97E+05 -3.55E+05 -1.28E+05 -1.76E+05 2.15E+00 

5.15E-15 -1.98E+05 -3.56E+05 -1.29E+05 -1.75E+05 2.15E+00 

6.29E-15 -1.99E+05 -3.57E+05 -1.30E+05 -1.75E+05 2.15E+00 

7.68E-15 -2.00E+05 -3.58E+05 -1.30E+05 -1.74E+05 2.15E+00 

9.38E-15 -2.01E+05 -3.59E+05 -1.31E+05 -1.73E+05 2.15E+00 

1.27E-14 -2.02E+05 -3.60E+05 -1.32E+05 -1.73E+05 2.15E+00 

1.55E-14 -2.03E+05 -3.61E+05 -1.32E+05 -1.72E+05 2.15E+00 

1.89E-14 -2.04E+05 -3.62E+05 -1.33E+05 -1.71E+05 2.15E+00 

2.31E-14 -2.05E+05 -3.63E+05 -1.34E+05 -1.71E+05 2.15E+00 

2.82E-14 -2.06E+05 -3.64E+05 -1.34E+05 -1.70E+05 2.15E+00 

3.44E-14 -2.07E+05 -3.65E+05 -1.35E+05 -1.69E+05 2.15E+00 

4.21E-14 -2.08E+05 -3.66E+05 -1.36E+05 -1.69E+05 2.15E+00 

5.68E-14 -2.09E+05 -3.67E+05 -1.36E+05 -1.68E+05 2.15E+00 

6.93E-14 -2.10E+05 -3.68E+05 -1.37E+05 -1.67E+05 2.15E+00 

8.47E-14 -2.11E+05 -3.69E+05 -1.38E+05 -1.67E+05 2.15E+00 

1.03E-13 -2.12E+05 -3.70E+05 -1.38E+05 -1.66E+05 2.15E+00 

1.26E-13 -2.13E+05 -3.71E+05 -1.39E+05 -1.65E+05 2.15E+00 

1.54E-13 -2.14E+05 -3.72E+05 -1.40E+05 -1.65E+05 2.15E+00 

2.08E-13 -2.15E+05 -3.73E+05 -1.40E+05 -1.64E+05 2.15E+00 

2.54E-13 -2.16E+05 -3.74E+05 -1.41E+05 -1.63E+05 2.15E+00 

3.11E-13 -2.17E+05 -3.75E+05 -1.42E+05 -1.63E+05 2.15E+00 

3.80E-13 -2.18E+05 -3.76E+05 -1.42E+05 -1.62E+05 2.15E+00 

4.64E-13 -2.19E+05 -3.77E+05 -1.43E+05 -1.61E+05 2.15E+00 

5.66E-13 -2.20E+05 -3.78E+05 -1.44E+05 -1.61E+05 2.15E+00 

7.64E-13 -2.21E+05 -3.79E+05 -1.44E+05 -1.60E+05 2.15E+00 

9.33E-13 -2.22E+05 -3.80E+05 -1.45E+05 -1.59E+05 2.15E+00 

1.14E-12 -2.23E+05 -3.81E+05 -1.46E+05 -1.59E+05 2.15E+00 

1.39E-12 -2.24E+05 -3.82E+05 -1.46E+05 -1.58E+05 2.15E+00 

1.70E-12 -2.25E+05 -3.83E+05 -1.47E+05 -1.57E+05 2.15E+00 

2.08E-12 -2.26E+05 -3.84E+05 -1.48E+05 -1.57E+05 2.15E+00 

2.80E-12 -2.27E+05 -3.85E+05 -1.48E+05 -1.56E+05 2.15E+00 

3.43E-12 -2.28E+05 -3.86E+05 -1.49E+05 -1.55E+05 2.15E+00 

4.18E-12 -2.29E+05 -3.87E+05 -1.50E+05 -1.55E+05 2.15E+00 

5.11E-12 -2.30E+05 -3.88E+05 -1.50E+05 -1.54E+05 2.15E+00 

6.24E-12 -2.31E+05 -3.89E+05 -1.51E+05 -1.53E+05 2.15E+00 

7.62E-12 -2.32E+05 -3.90E+05 -1.52E+05 -1.52E+05 2.15E+00 

9.31E-12 -2.33E+05 -3.91E+05 -1.52E+05 -1.52E+05 2.15E+00 

1.26E-11 -2.34E+05 -3.92E+05 -1.53E+05 -1.51E+05 2.15E+00 

1.54E-11 -2.35E+05 -3.93E+05 -1.54E+05 -1.50E+05 2.15E+00 
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1.88E-11 -2.36E+05 -3.94E+05 -1.54E+05 -1.50E+05 2.15E+00 

2.29E-11 -2.37E+05 -3.95E+05 -1.55E+05 -1.49E+05 2.15E+00 

2.80E-11 -2.39E+05 -3.96E+05 -1.56E+05 -1.48E+05 2.15E+00 

3.42E-11 -2.40E+05 -3.97E+05 -1.56E+05 -1.48E+05 2.15E+00 

4.61E-11 -2.41E+05 -3.98E+05 -1.57E+05 -1.47E+05 2.15E+00 

5.63E-11 -2.42E+05 -3.99E+05 -1.58E+05 -1.46E+05 2.15E+00 

6.88E-11 -2.43E+05 -4.00E+05 -1.58E+05 -1.46E+05 2.15E+00 

8.40E-11 -2.44E+05 -4.01E+05 -1.59E+05 -1.45E+05 2.15E+00 

1.03E-10 -2.45E+05 -4.02E+05 -1.60E+05 -1.44E+05 2.15E+00 

1.25E-10 -2.46E+05 -4.03E+05 -1.60E+05 -1.44E+05 2.15E+00 

1.69E-10 -2.47E+05 -4.04E+05 -1.61E+05 -1.43E+05 2.15E+00 

2.07E-10 -2.48E+05 -4.05E+05 -1.62E+05 -1.42E+05 2.15E+00 

2.52E-10 -2.49E+05 -4.06E+05 -1.63E+05 -1.42E+05 2.15E+00 

3.08E-10 -2.50E+05 -4.07E+05 -1.63E+05 -1.41E+05 2.15E+00 

3.77E-10 -2.51E+05 -4.08E+05 -1.64E+05 -1.40E+05 2.15E+00 

6.21E-10 -2.53E+05 -4.10E+05 -1.65E+05 -1.39E+05 2.15E+00 

7.58E-10 -2.54E+05 -4.11E+05 -1.66E+05 -1.38E+05 2.15E+00 

9.26E-10 -2.55E+05 -4.12E+05 -1.67E+05 -1.38E+05 2.15E+00 

1.13E-09 -2.56E+05 -4.13E+05 -1.67E+05 -1.37E+05 2.15E+00 

1.38E-09 -2.57E+05 -4.14E+05 -1.68E+05 -1.36E+05 2.15E+00 

1.69E-09 -2.58E+05 -4.15E+05 -1.69E+05 -1.36E+05 2.15E+00 

2.06E-09 -2.59E+05 -4.16E+05 -1.69E+05 -1.35E+05 2.15E+00 

2.78E-09 -2.60E+05 -4.17E+05 -1.70E+05 -1.34E+05 2.15E+00 

3.40E-09 -2.61E+05 -4.18E+05 -1.71E+05 -1.34E+05 2.15E+00 

4.15E-09 -2.62E+05 -4.19E+05 -1.71E+05 -1.33E+05 2.15E+00 

5.07E-09 -2.63E+05 -4.20E+05 -1.72E+05 -1.32E+05 2.15E+00 

6.19E-09 -2.64E+05 -4.22E+05 -1.73E+05 -1.32E+05 2.15E+00 

7.56E-09 -2.65E+05 -4.23E+05 -1.73E+05 -1.31E+05 2.15E+00 

1.02E-08 -2.66E+05 -4.24E+05 -1.74E+05 -1.30E+05 2.15E+00 

1.25E-08 -2.67E+05 -4.25E+05 -1.75E+05 -1.30E+05 2.15E+00 

1.52E-08 -2.68E+05 -4.26E+05 -1.75E+05 -1.29E+05 2.15E+00 

1.86E-08 -2.69E+05 -4.27E+05 -1.76E+05 -1.28E+05 2.15E+00 

2.27E-08 -2.70E+05 -4.28E+05 -1.77E+05 -1.27E+05 2.15E+00 

2.78E-08 -2.71E+05 -4.29E+05 -1.77E+05 -1.27E+05 2.15E+00 

3.75E-08 -2.72E+05 -4.30E+05 -1.78E+05 -1.26E+05 2.15E+00 

4.58E-08 -2.73E+05 -4.31E+05 -1.79E+05 -1.25E+05 2.15E+00 

5.59E-08 -2.74E+05 -4.32E+05 -1.79E+05 -1.25E+05 2.15E+00 

6.83E-08 -2.75E+05 -4.33E+05 -1.80E+05 -1.24E+05 2.15E+00 

8.34E-08 -2.76E+05 -4.34E+05 -1.81E+05 -1.23E+05 2.15E+00 

1.02E-07 -2.77E+05 -4.35E+05 -1.81E+05 -1.23E+05 2.15E+00 

1.38E-07 -2.78E+05 -4.36E+05 -1.82E+05 -1.22E+05 2.15E+00 

1.68E-07 -2.79E+05 -4.37E+05 -1.83E+05 -1.21E+05 2.15E+00 

2.05E-07 -2.80E+05 -4.38E+05 -1.83E+05 -1.21E+05 2.15E+00 
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2.51E-07 -2.81E+05 -4.39E+05 -1.84E+05 -1.20E+05 2.15E+00 

3.06E-07 -2.82E+05 -4.40E+05 -1.85E+05 -1.19E+05 2.15E+00 

3.74E-07 -2.83E+05 -4.41E+05 -1.85E+05 -1.19E+05 2.15E+00 

4.56E-07 -2.84E+05 -4.42E+05 -1.86E+05 -1.18E+05 2.15E+00 

6.16E-07 -2.85E+05 -4.43E+05 -1.87E+05 -1.17E+05 2.15E+00 

7.52E-07 -2.86E+05 -4.44E+05 -1.88E+05 -1.17E+05 2.15E+00 

9.19E-07 -2.87E+05 -4.45E+05 -1.88E+05 -1.16E+05 2.15E+00 

1.12E-06 -2.88E+05 -4.46E+05 -1.89E+05 -1.15E+05 2.15E+00 

1.37E-06 -2.89E+05 -4.47E+05 -1.90E+05 -1.15E+05 2.15E+00 

1.67E-06 -2.90E+05 -4.48E+05 -1.90E+05 -1.14E+05 2.15E+00 

2.26E-06 -2.91E+05 -4.49E+05 -1.91E+05 -1.13E+05 2.15E+00 

2.76E-06 -2.92E+05 -4.50E+05 -1.92E+05 -1.13E+05 2.15E+00 

3.37E-06 -2.93E+05 -4.51E+05 -1.92E+05 -1.12E+05 2.15E+00 

4.12E-06 -2.94E+05 -4.52E+05 -1.93E+05 -1.11E+05 2.15E+00 

5.03E-06 -2.95E+05 -4.53E+05 -1.94E+05 -1.11E+05 2.15E+00 

6.14E-06 -2.96E+05 -4.54E+05 -1.94E+05 -1.10E+05 2.15E+00 

8.29E-06 -2.97E+05 -4.55E+05 -1.95E+05 -1.09E+05 2.15E+00 

1.01E-05 -2.98E+05 -4.56E+05 -1.96E+05 -1.09E+05 2.15E+00 

1.24E-05 -2.99E+05 -4.57E+05 -1.96E+05 -1.08E+05 2.15E+00 

1.51E-05 -3.00E+05 -4.58E+05 -1.97E+05 -1.07E+05 2.15E+00 

1.85E-05 -3.01E+05 -4.59E+05 -1.98E+05 -1.07E+05 2.15E+00 

2.25E-05 -3.02E+05 -4.60E+05 -1.98E+05 -1.06E+05 2.15E+00 

3.04E-05 -3.03E+05 -4.61E+05 -1.99E+05 -1.05E+05 2.15E+00 

3.72E-05 -3.04E+05 -4.62E+05 -2.00E+05 -1.04E+05 2.15E+00 

4.54E-05 -3.05E+05 -4.63E+05 -2.00E+05 -1.04E+05 2.15E+00 

5.55E-05 -3.06E+05 -4.64E+05 -2.01E+05 -1.03E+05 2.15E+00 

6.91E-05 -3.07E+05 -4.65E+05 -2.02E+05 -1.02E+05 2.15E+00 

8.52E-05 -3.08E+05 -4.66E+05 -2.02E+05 -1.02E+05 2.15E+00 

1.06E-04 -3.10E+05 -4.67E+05 -2.03E+05 -1.01E+05 2.15E+00 

1.31E-04 -3.11E+05 -4.68E+05 -2.04E+05 -1.00E+05 2.15E+00 

1.63E-04 -3.12E+05 -4.69E+05 -2.04E+05 -9.97E+04 2.15E+00 

2.04E-04 -3.13E+05 -4.70E+05 -2.05E+05 -9.91E+04 2.15E+00 

2.51E-04 -3.14E+05 -4.71E+05 -2.06E+05 -9.84E+04 2.15E+00 

3.13E-04 -3.15E+05 -4.72E+05 -2.06E+05 -9.77E+04 2.15E+00 

3.86E-04 -3.16E+05 -4.73E+05 -2.07E+05 -9.70E+04 2.15E+00 

4.81E-04 -3.17E+05 -4.74E+05 -2.08E+05 -9.64E+04 2.15E+00 

5.99E-04 -3.18E+05 -4.75E+05 -2.08E+05 -9.57E+04 2.15E+00 

7.39E-04 -3.19E+05 -4.76E+05 -2.09E+05 -9.50E+04 2.15E+00 

9.21E-04 -3.20E+05 -4.77E+05 -2.10E+05 -9.43E+04 2.15E+00 

1.14E-03 -3.21E+05 -4.78E+05 -2.10E+05 -9.37E+04 2.15E+00 

1.42E-03 -3.22E+05 -4.79E+05 -2.11E+05 -9.30E+04 2.15E+00 

1.76E-03 -3.23E+05 -4.80E+05 -2.12E+05 -9.23E+04 2.15E+00 

2.18E-03 -3.24E+05 -4.81E+05 -2.13E+05 -9.16E+04 2.15E+00 
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2.71E-03 -3.25E+05 -4.82E+05 -2.13E+05 -9.10E+04 2.15E+00 

3.35E-03 -3.26E+05 -4.83E+05 -2.14E+05 -9.03E+04 2.15E+00 

4.17E-03 -3.27E+05 -4.84E+05 -2.15E+05 -8.96E+04 2.15E+00 

5.20E-03 -3.28E+05 -4.85E+05 -2.15E+05 -8.89E+04 2.15E+00 

6.41E-03 -3.29E+05 -4.86E+05 -2.16E+05 -8.83E+04 2.15E+00 

7.99E-03 -3.30E+05 -4.87E+05 -2.17E+05 -8.76E+04 2.15E+00 

9.85E-03 -3.31E+05 -4.88E+05 -2.17E+05 -8.69E+04 2.15E+00 

1.23E-02 -3.32E+05 -4.89E+05 -2.18E+05 -8.62E+04 2.15E+00 

1.53E-02 -3.33E+05 -4.90E+05 -2.19E+05 -8.56E+04 2.15E+00 

1.89E-02 -3.34E+05 -4.91E+05 -2.19E+05 -8.49E+04 2.15E+00 

2.35E-02 -3.35E+05 -4.92E+05 -2.20E+05 -8.42E+04 2.15E+00 

2.90E-02 -3.36E+05 -4.94E+05 -2.21E+05 -8.35E+04 2.15E+00 

3.62E-02 -3.37E+05 -4.95E+05 -2.21E+05 -8.28E+04 2.15E+00 

4.51E-02 -3.38E+05 -4.96E+05 -2.22E+05 -8.22E+04 2.15E+00 

5.56E-02 -3.39E+05 -4.97E+05 -2.23E+05 -8.15E+04 2.15E+00 

6.93E-02 -3.40E+05 -4.98E+05 -2.23E+05 -8.08E+04 2.15E+00 

8.54E-02 -3.41E+05 -4.99E+05 -2.24E+05 -8.01E+04 2.15E+00 

1.07E-01 -3.42E+05 -5.00E+05 -2.25E+05 -7.95E+04 2.15E+00 

1.33E-01 -3.43E+05 -5.01E+05 -2.25E+05 -7.88E+04 2.15E+00 

1.35E-01 -3.43E+05 -5.01E+05 -2.25E+05 -7.87E+04 2.15E+00 

 
Table C.16. Thermo-Calc derived calculation of parabolic rate constant at 480 °C and 1.5 MPa. 

O2 Activity 

(atm) 

Parabolic rate 

constant in 

Cr-rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Cr-rich spinel 

with O 

(nm2/s) 

Parabolic rate 

constant in 

irradiated Cr-

rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Fe-rich spinel 

with Fe 

(nm2/s) 

Parabolic rate 

constant in 

Fe-rich spinel 

with O 

(nm2/s) 

Parabolic rate 

constant in 

irradiated Fe-

rich spinel 

with Fe 

(nm2/s) 

9.80E-32 3.56E+02 2.09E-01 3.56E+02 0.00E+00 0.00E+00 0.00E+00 

1.32E-31 7.24E+02 4.48E-01 7.24E+02 0.00E+00 0.00E+00 0.00E+00 

1.62E-31 1.11E+03 6.64E-01 1.11E+03 3.23E-02 1.77E-03 3.23E-02 

1.97E-31 1.53E+03 6.64E-01 1.53E+03 1.30E-01 1.77E-03 1.30E-01 

2.41E-31 1.96E+03 8.42E-01 1.96E+03 3.00E-01 8.40E-03 3.00E-01 

2.95E-31 2.42E+03 1.00E+00 2.42E+03 5.49E-01 1.62E-02 5.49E-01 

3.60E-31 2.87E+03 1.00E+00 2.87E+03 8.83E-01 1.62E-02 8.83E-01 

4.86E-31 3.33E+03 1.13E+00 3.33E+03 1.32E+00 2.49E-02 1.32E+00 

5.93E-31 3.81E+03 1.24E+00 3.81E+03 1.88E+00 3.33E-02 1.88E+00 

7.24E-31 4.28E+03 1.24E+00 4.28E+03 2.55E+00 3.33E-02 2.55E+00 

8.85E-31 4.72E+03 1.34E+00 4.72E+03 3.37E+00 4.12E-02 3.37E+00 

1.08E-30 5.15E+03 1.42E+00 5.15E+03 4.38E+00 4.89E-02 4.38E+00 

1.32E-30 5.58E+03 1.42E+00 5.58E+03 5.61E+00 4.89E-02 5.61E+00 

1.61E-30 5.97E+03 1.49E+00 5.97E+03 7.04E+00 5.57E-02 7.04E+00 

2.18E-30 6.35E+03 1.55E+00 6.35E+03 8.76E+00 6.21E-02 8.76E+00 

2.66E-30 6.75E+03 1.55E+00 6.75E+03 1.08E+01 6.21E-02 1.08E+01 
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3.25E-30 7.07E+03 1.60E+00 7.07E+03 1.30E+01 6.72E-02 1.30E+01 

3.97E-30 7.39E+03 1.64E+00 7.39E+03 1.57E+01 7.19E-02 1.57E+01 

4.84E-30 7.72E+03 1.64E+00 7.72E+03 1.88E+01 7.19E-02 1.88E+01 

5.92E-30 8.03E+03 1.68E+00 8.03E+03 2.22E+01 7.58E-02 2.22E+01 

7.99E-30 8.28E+03 1.71E+00 8.28E+03 2.60E+01 7.92E-02 2.60E+01 

9.75E-30 8.58E+03 1.71E+00 8.58E+03 3.05E+01 7.92E-02 3.05E+01 

1.19E-29 8.86E+03 1.74E+00 8.86E+03 3.55E+01 8.18E-02 3.55E+01 

1.46E-29 9.09E+03 1.76E+00 9.09E+03 4.09E+01 8.42E-02 4.09E+01 

1.78E-29 9.33E+03 1.76E+00 9.33E+03 4.71E+01 8.42E-02 4.71E+01 

2.17E-29 9.58E+03 1.78E+00 9.58E+03 5.40E+01 8.61E-02 5.40E+01 

2.93E-29 9.84E+03 1.80E+00 9.84E+03 6.23E+01 8.77E-02 6.23E+01 

3.58E-29 1.01E+04 1.80E+00 1.01E+04 7.06E+01 8.77E-02 7.06E+01 

4.37E-29 1.04E+04 1.81E+00 1.04E+04 7.94E+01 8.88E-02 7.94E+01 

5.34E-29 1.06E+04 1.82E+00 1.06E+04 8.83E+01 8.98E-02 8.83E+01 

6.52E-29 1.08E+04 1.82E+00 1.08E+04 9.78E+01 8.98E-02 9.78E+01 

7.96E-29 1.10E+04 1.83E+00 1.10E+04 1.08E+02 9.05E-02 1.08E+02 

1.08E-28 1.13E+04 1.84E+00 1.13E+04 1.18E+02 9.11E-02 1.18E+02 

1.31E-28 1.16E+04 1.84E+00 1.16E+04 1.30E+02 9.11E-02 1.30E+02 

1.60E-28 1.19E+04 1.85E+00 1.19E+04 1.39E+02 9.14E-02 1.39E+02 

1.96E-28 1.21E+04 1.86E+00 1.21E+04 1.49E+02 9.17E-02 1.49E+02 

2.39E-28 1.25E+04 1.86E+00 1.25E+04 1.59E+02 9.17E-02 1.59E+02 

2.92E-28 1.28E+04 1.86E+00 1.28E+04 1.66E+02 9.18E-02 1.66E+02 

3.57E-28 1.31E+04 1.87E+00 1.31E+04 1.71E+02 9.19E-02 1.71E+02 

4.82E-28 1.34E+04 1.87E+00 1.34E+04 1.74E+02 9.20E-02 1.74E+02 

5.89E-28 1.38E+04 1.87E+00 1.38E+04 1.75E+02 9.20E-02 1.75E+02 

7.19E-28 1.42E+04 1.88E+00 1.42E+04 1.75E+02 9.20E-02 1.75E+02 

8.78E-28 1.45E+04 1.88E+00 1.45E+04 1.75E+02 9.20E-02 1.75E+02 

1.07E-27 1.49E+04 1.88E+00 1.49E+04 1.74E+02 9.20E-02 1.74E+02 

1.31E-27 1.55E+04 1.89E+00 1.55E+04 1.75E+02 9.20E-02 1.75E+02 

1.45E-27 1.56E+04 1.89E+00 1.56E+04 1.75E+02 9.20E-02 1.75E+02 

1.45E-27 1.56E+04 1.89E+00 1.56E+04 1.75E+02 9.20E-02 1.75E+02 

2.16E-27 1.64E+04 1.89E+00 1.64E+04 1.75E+02 9.20E-02 1.75E+02 

6.49E-27 2.07E+04 1.90E+00 2.07E+04 1.75E+02 9.20E-02 1.75E+02 

1.76E-26 2.94E+04 1.90E+00 2.94E+04 1.75E+02 9.20E-02 1.75E+02 

5.30E-26 4.73E+04 1.90E+00 4.73E+04 1.75E+02 9.20E-02 1.75E+02 

1.59E-25 8.41E+04 1.90E+00 8.41E+04 1.75E+02 9.20E-02 1.75E+02 

4.78E-25 1.60E+05 1.90E+00 1.60E+05 1.75E+02 9.20E-02 1.75E+02 

1.44E-24 3.14E+05 1.90E+00 3.14E+05 1.75E+02 9.20E-02 1.75E+02 

3.90E-24 6.11E+05 1.90E+00 6.11E+05 1.75E+02 9.20E-02 1.75E+02 

1.17E-23 1.34E+06 1.90E+00 1.34E+06 1.75E+02 9.20E-02 1.75E+02 

3.52E-23 2.53E+06 1.90E+00 2.53E+06 1.75E+02 9.20E-02 1.75E+02 

1.06E-22 5.60E+06 1.90E+00 5.60E+06 1.75E+02 9.20E-02 1.75E+02 

3.18E-22 1.07E+07 1.90E+00 1.07E+07 1.75E+02 9.20E-02 1.75E+02 
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8.64E-22 2.36E+07 1.90E+00 2.36E+07 1.75E+02 9.20E-02 1.75E+02 

2.60E-21 4.87E+07 1.90E+00 4.87E+07 1.75E+02 9.20E-02 1.75E+02 

5.23E-21 7.59E+07 1.90E+00 7.59E+07 1.75E+02 9.20E-02 1.75E+02 

5.23E-21 7.59E+07 1.90E+00 7.59E+07 1.75E+02 9.20E-02 1.75E+02 

7.80E-21 9.86E+07 1.90E+00 9.86E+07 1.74E+02 9.20E-02 1.74E+02 

2.34E-20 1.79E+08 1.90E+00 1.79E+08 1.74E+02 9.20E-02 1.74E+02 

7.04E-20 2.95E+08 1.90E+00 2.95E+08 1.75E+02 9.20E-02 1.75E+02 

1.91E-19 4.72E+08 1.90E+00 4.72E+08 1.74E+02 9.20E-02 1.74E+02 

3.16E-19 0.00E+00 1.90E+00 0.00E+00 - - - 

3.16E-19 0.00E+00 1.90E+00 0.00E+00 - - - 

5.75E-19 0.00E+00 1.90E+00 0.00E+00 - - - 

1.73E-18 0.00E+00 1.90E+00 0.00E+00 - - - 

5.19E-18 0.00E+00 1.90E+00 0.00E+00 - - - 

1.56E-17 0.00E+00 1.90E+00 0.00E+00 - - - 

4.24E-17 0.00E+00 1.90E+00 0.00E+00 - - - 

1.27E-16 0.00E+00 1.90E+00 0.00E+00 - - - 

3.82E-16 0.00E+00 1.90E+00 0.00E+00 - - - 

1.40E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

1.71E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

2.09E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

2.56E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

3.45E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

4.22E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

5.15E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

6.29E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

7.68E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

9.38E-15 0.00E+00 1.90E+00 0.00E+00 - - - 

1.27E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

1.55E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

1.89E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

2.31E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

2.82E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

3.44E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

4.21E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

5.68E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

6.93E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

8.47E-14 0.00E+00 1.90E+00 0.00E+00 - - - 

1.03E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

1.26E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

1.54E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

2.08E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

2.54E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

3.11E-13 0.00E+00 1.90E+00 0.00E+00 - - - 
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3.80E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

4.64E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

5.66E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

7.64E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

9.33E-13 0.00E+00 1.90E+00 0.00E+00 - - - 

1.14E-12 0.00E+00 1.90E+00 0.00E+00 - - - 

1.39E-12 0.00E+00 1.90E+00 0.00E+00 - - - 

1.70E-12 0.00E+00 1.90E+00 0.00E+00 - - - 

2.08E-12 0.00E+00 1.90E+00 0.00E+00 - - - 

2.80E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

3.43E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

4.18E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

5.11E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

6.24E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

7.62E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

9.31E-12 0.00E+00 1.91E+00 0.00E+00 - - - 

1.26E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

1.54E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

1.88E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

2.29E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

2.80E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

3.42E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

4.61E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

5.63E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

6.88E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

8.40E-11 0.00E+00 1.91E+00 0.00E+00 - - - 

1.03E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

1.25E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

1.69E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

2.07E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

2.52E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

3.08E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

3.77E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

6.21E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

7.58E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

9.26E-10 0.00E+00 1.91E+00 0.00E+00 - - - 

1.13E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

1.38E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

1.69E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

2.06E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

2.78E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

3.40E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

4.15E-09 0.00E+00 1.91E+00 0.00E+00 - - - 
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5.07E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

6.19E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

7.56E-09 0.00E+00 1.91E+00 0.00E+00 - - - 

1.02E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

1.25E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

1.52E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

1.86E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

2.27E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

2.78E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

3.75E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

4.58E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

5.59E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

6.83E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

8.34E-08 0.00E+00 1.91E+00 0.00E+00 - - - 

1.02E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

1.38E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

1.68E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

2.05E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

2.51E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

3.06E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

3.74E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

4.56E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

6.16E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

7.52E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

9.19E-07 0.00E+00 1.91E+00 0.00E+00 - - - 

1.12E-06 0.00E+00 1.91E+00 0.00E+00 - - - 

1.37E-06 0.00E+00 1.91E+00 0.00E+00 - - - 

1.67E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

2.26E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

2.76E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

3.37E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

4.12E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

5.03E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

6.14E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

8.29E-06 0.00E+00 1.92E+00 0.00E+00 - - - 

1.01E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

1.24E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

1.51E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

1.85E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

2.25E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

3.04E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

3.72E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

4.54E-05 0.00E+00 1.92E+00 0.00E+00 - - - 
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5.55E-05 0.00E+00 1.92E+00 0.00E+00 - - - 

6.91E-05 0.00E+00 1.93E+00 0.00E+00 - - - 

8.52E-05 0.00E+00 1.93E+00 0.00E+00 - - - 

1.06E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

1.31E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

1.63E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

2.04E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

2.51E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

3.13E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

3.86E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

4.81E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

5.99E-04 0.00E+00 1.93E+00 0.00E+00 - - - 

7.39E-04 0.00E+00 1.94E+00 0.00E+00 - - - 

9.21E-04 0.00E+00 1.94E+00 0.00E+00 - - - 

1.14E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

1.42E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

1.76E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

2.18E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

2.71E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

3.35E-03 0.00E+00 1.94E+00 0.00E+00 - - - 

4.17E-03 0.00E+00 1.95E+00 0.00E+00 - - - 

5.20E-03 0.00E+00 1.95E+00 0.00E+00 - - - 

6.41E-03 0.00E+00 1.95E+00 0.00E+00 - - - 

7.99E-03 0.00E+00 1.95E+00 0.00E+00 - - - 

9.85E-03 0.00E+00 1.95E+00 0.00E+00 - - - 

1.23E-02 0.00E+00 1.95E+00 0.00E+00 - - - 

1.53E-02 0.00E+00 1.96E+00 0.00E+00 - - - 

1.89E-02 0.00E+00 1.96E+00 0.00E+00 - - - 

2.35E-02 0.00E+00 1.96E+00 0.00E+00 - - - 

2.90E-02 0.00E+00 1.96E+00 0.00E+00 - - - 

3.62E-02 0.00E+00 1.96E+00 0.00E+00 - - - 

4.51E-02 0.00E+00 1.97E+00 0.00E+00 - - - 

5.56E-02 0.00E+00 1.97E+00 0.00E+00 - - - 

6.93E-02 0.00E+00 1.97E+00 0.00E+00 - - - 

8.54E-02 0.00E+00 1.97E+00 0.00E+00 - - - 

1.07E-01 0.00E+00 1.98E+00 0.00E+00 - - - 

1.33E-01 0.00E+00 1.98E+00 0.00E+00 - - - 

1.35E-01 0.00E+00 1.98E+00 0.00E+00 - - - 
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Appendix D  

Derivation of the Parabolic Rate Law 

One basic premise of the parabolic rate law is that the corrosion reaction is limited by the 

transport of reactants across a barrier oxide film. Therefore, the flux of some specie 𝐴 is 

proportional to the oxide film growth rate: 

 
JA = fg𝑁𝐴

𝑔 d𝑥

d𝑡
 Eq. D.1 

 

where 𝑥 is the thickness of the corrosion product film, 𝑡 is time, 𝐽𝐴 is the flux of specie 𝐴 through 

the barrier layer, 𝑓𝑔 is the fraction of the total oxide volume which depends on the flux to grow, 

and 𝑁𝐴
𝑔

 is the number density of 𝐴 in the growing oxide layer, 𝑔. The number density depends 

on the identity of 𝐴 and the stoichiometry of the oxide: 

 M𝑎O𝑏 Eq. D.2 

 
 𝑁M

𝑔
=

𝑎ρ𝑔

𝑀𝑔
 Eq. D.3 

 
𝑁O

𝑔
=

𝑏𝜌𝑔

𝑀𝑔
 Eq. D.4 

where ρ is the mass density of the oxide and 𝑀 is the molecular weight of the oxide with 

subscripts denoting the oxide layer. 

The flux within the barrier oxide layer is described by Fick’s first law: 

 𝐽𝐴 = −𝐷𝐴
𝑏∇𝐶𝐴

𝑏 Eq. D.5 

 
where 𝐷𝐴 is the diffusion coefficient of element 𝐴 in the barrier oxide, 𝑏, and 𝐶𝐴 is the 

concentration of 𝐴. For corrosion reactions, it is more useful to describe the driving force in 

terms of chemical potential rather than concentration gradient: 
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 μ𝐴 = μ𝐴
0 + RT ln(𝐶𝐴

𝑏) Eq. D.6 

 
where 𝜇𝐴 is the chemical potential of species 𝐴, 𝜇𝐴

0  is the standard chemical potential, 𝑅 is the 

universal gas constant, and 𝑇 is the absolute temperature. The left side of the equation can be 

differentiated with respect to chemical potential, and the right to concentration: 

 
dμ𝐴 =

𝑅𝑇

𝐶𝐴
𝑏 d𝐶𝐴

𝑏 Eq. D.7 

 

This result can be used to transform Fick’s first law into a more general form as below.  

 
𝐽𝐴 = −𝐷𝐴

𝑏
𝐶𝐴

𝑏

𝑅𝑇
∇μ𝐴 Eq. D.8 

 

Then, evaluating the gradient operator on chemical potential as one-dimensional with 

depth yields: 

 
𝐽𝐴 = −

DA
b 𝐶𝐴

𝑏

fbRT

dμ𝐴

d𝑥
 Eq. D.9 

 

where 𝑓𝑏 is the fraction of the total oxide volume that serves as a barrier to the flux. One 

assumption made at this point is that the transport is pseudo steady-state; the flux is constant 

across the barrier layer and is therefore independent of 𝑥. A simple separation of variables yields 

a definite integral across the oxide film from a reference state μ𝐴
1  at the metal/oxide interface to 

the state μ𝐴
2  at the environment. 

 
𝐽𝐴 = −

1

𝑥
∫

DA
b 𝐶𝐴

𝑏

fbRT
dμ𝐴

μ𝐴
2

μ𝐴
1

 Eq. D.10 

 

Both expressions of the flux in Eq. D.1 and Eq. D.10 can be equated to yield an ordinary 

differential equation. By collecting the integral and all variables other than 𝑥, as the parabolic 

rate constant, 𝑘𝑝, the familiar form of the parabolic law is obtained as the analytical solution to 

the differential equation, and an expression for the parabolic rate constant is obtained: 
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 d𝑥

d𝑡
=

𝑘𝑝

𝑥
 Eq. D.11 

 

 𝑥2 = 𝑘𝑝𝑡 Eq. D.12 

 
𝑘𝑝 = −

1

𝑓𝑏𝑓𝑔𝑁𝐴
𝑔 ∫

DA
b 𝐶𝐴

𝑏

RT
dμ𝐴

μ𝐴
2

μ𝐴
1

 Eq. D.13 
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