
 
 
 
 

REACTIVE EVAPORATION OF CHROMIUM FROM STAINLESS STEEL AND 

THE REACTIVE CONDENSATION OF CHROMIUM VAPOR SPECIES ON 

CERAMIC SURFACES  

 
 
 
 

by 
 

Gregory Steven Tatar 
 
 
 
 
 
 
 

A dissertation submitted in partial fulfillment 
of the requirements for the degree 

 
 

of 
 

Doctor of Philosophy 
 

in 
 

Chemical Engineering 
 
 
 

MONTANA STATE UNIVERSITY 
Bozeman, Montana 

 
 

November 2018 
  



 
 

 
 
 
 
 
 
 

 
 
 

©COPYRIGHT 
 

by 
 

Gregory Steven Tatar 
 

2018 
 

All Rights Reserved 



ii 
 

ACKNOLEDGEMENTS 
 

 
In working through my PhD program, there were several individuals and 

organizations which helped by way of funding, teaching, advising, and encouragement. 

First and foremost I would like to thank my advisor, Dr. Paul Gannon, for his unwavering 

support, advice, and sincerity in his efforts to help me succeed. I appreciate the 

willingness of Drs. Robert Walker, Stephen Sofie, and Roberta Amendola to agree to take 

on the responsibilities associated with being on a PhD committee, in addition to their 

valuable criticisms and suggestions for improvement. I am grateful for the opportunity to 

have earned a stipend as a graduate teaching assistant, as provided by the department of 

Chemical and Biological Engineering (ChBE). The ChBE, in addition to the Graduate 

School, also provided funding assistance for conference travel which was a great help. 

The characterization techniques available through the Imaging and Chemical Analysis 

Laboratory (ICAL), as well as input from helpful ICAL staff, proved invaluable. Lastly, I 

would like to acknowledge funding from Morgan Advanced Materials, which allowed for 

a portion of the research performed in this work to be completed.      

 



iii 
 

TABLE OF CONTENTS 
 
 
1. INTRODUCTION ...........................................................................................................1 

 
    Dissertation Overview and Structure ...............................................................................1 
    Content in Chapter One ...................................................................................................3 
    Background ......................................................................................................................4 

Impacts of the Reactive Evaporation of Chromium ................................................6 
Human Health and the Environment............................................................6 
High Temperature Corrosion of Ferritic Stainless Steel ..............................6 
Solid Oxide Fuel Cell Degradation ..............................................................7 

Reactive Evaporation ...............................................................................................9 
Transpiration Method.................................................................................10 
Thermodynamic Modeling.........................................................................16 

    Thesis Statement ............................................................................................................23 
 
2. REACTIVE EVAPORATION OF CHROMIUM FROM FERRITIC  
    STAINLESS STEEL .....................................................................................................25 

 
    Content in Chapter Two .................................................................................................25 
    Basic Material Science of Ferritic Stainless Steel  ........................................................26 
    Behavior of Ferritic Stainless Steel at High Temperature  ............................................34 

Influence of Water Vapor ......................................................................................51 
Influence of Ceramic Contacting Conditions ........................................................64 

 
3. VOLATILE CHROMIUM SPECIES AND SOLID OXIDE FUEL CELLS ................82 

 
    Content in Chapter Three ...............................................................................................82 
    Solid Oxide Fuel Cell Basics .........................................................................................82 

Material Selection for Solid Oxide Fuel Cell Components ...................................86 
Interactions between Volatile Chromium Species and Solid Oxide  
Fuel Cell Components............................................................................................90 

Cathode and Electrolyte .............................................................................90 
Sealing Glass ..............................................................................................95 

 
 
 
 
 
 
 
 
 



iv 
 

TABLE OF CONTENTS CONTINUED 
 

 
4. CHROMIUM ON CERAMIC CATALYST SUPPORTS ..........................................100 
 
    Content in Chapter Four...............................................................................................100 
    Catalyst Supports .........................................................................................................100 

Cr Catalyst Preparation Method...........................................................................101 
Surface Chromium Compound Formation...........................................................102 
Consensus and Contradiction ...............................................................................108 
 

5. INVESTIGATION OF SURFACE INTERACTIONS BETWEEN  
    VOLATILE CHROMIUM SPECIES AND CERAMICS ...........................................113 
 
    Content in Chapter Five ...............................................................................................113 
    Interactions on Aluminosilicate Fibers ........................................................................114 

Methods................................................................................................................114 
Observations and Interpretations .........................................................................117 

    Interactions on Alumina, Quartz Wool, and Mica .......................................................127 
Methods................................................................................................................128 
Observations and Interpretations .........................................................................129 
 

6. CONCLUSION ............................................................................................................147 
 
    Summary and Implications ..........................................................................................147 
    Limitations and Future Work .......................................................................................150 

 
REFERENCES CITED ....................................................................................................154 
 



v 
 

LIST OF TABLES 
 
 

Table Page 
 

1. Stainless Steel T409 Elemental Composition ....................................................70 
 
2. Total Chromium Content on Fibers ...................................................................81 
 
3. XPS Peak Information for Brown Staining on Aluminosilicate Fibers ...........120 

 
4. XPS Peak Information for Green Staining on Aluminosilicate Fibers ............121 

 
5. XPS Peak Information for Yellow Staining on Aluminosilicate Fibers ..........122 

 
6. Record of Alumina, Mica, and Quartz Wool Samples Possessing  
    Detectable Levels of Chromium using XPS ....................................................130 

 
7. XPS Peak information for Quartz Wool Samples............................................134 

 
8. XPS Peak information for Mica Samples ........................................................136 

 
9. XPS Peak information for Alumina Samples ..................................................139 

 
 
 



vi 
 

LIST OF FIGURES 
 
 

Figure Page 
 

1.   Solid Oxide Fuel Cell Schematic .......................................................................8 
 

2.   Transpiration Equipment .................................................................................11 
 

3.   Volatile Chromium Species and Varied Water Partial Pressure ......................13 
 

4.   Volatile Chromium Species and Varied Oxygen Partial Pressure ...................13 
 

5.   Log of Equilibrium Constants Plotted Against Inverse Temperature ..............16 
 

6.   Thermodynamic Modeling of Volatile Chromium Species .............................21 
 

7.   Body Centered Cubic Structure .......................................................................26 
 

8.   Miller Indices ...................................................................................................27 
 

9.   Crystal Planes...................................................................................................27 
 

10. Grain Boundary Illustration .............................................................................28 
 

11. Grain Boundary Micrograph ............................................................................28 
 

12. Edge and Screw Dislocations...........................................................................31 
 

13. Dislocation Slip ................................................................................................32 
 

14. Dislocation Climb ............................................................................................32 
 

15. Gibbs Free Energy of Formation of Metal Oxides ..........................................35 
 

16. Metal Oxidation Illustration .............................................................................37 
 

17. Oxidation Kinetics ...........................................................................................39 
 

18. Ellingham Diagram ..........................................................................................41 
 

19. Internal Oxidation of Binary Alloy ..................................................................42 
 

20. Continuous External Scale Formation on Binary Alloy ..................................43 



vii 
 

LIST OF FIGURES CONTINUED  
 
 

Figure Page 
 

21. Oxide Layer in Compression ...........................................................................50 
 

22. Boundary Layer Regions .................................................................................52 
 

23. Law of the Wall ...............................................................................................56 
 

24. Chromium Collection and Gas Flow Rate .......................................................59 
 

25. Chromium Mass Transport Coefficients  .........................................................59 
 

26. Thermodynamic Modeling in Low and High Pressure Steam .........................61 
 

27. Thermodynamic Modeling of Cr Volatility for Perovskites and Chromia ......67 
 

28. Experimental Setup for Oxidation of Metals Study .........................................72 
 

29. Diffraction Patterns for Non-contacting Surfaces ............................................73 
 

30. Diffraction Patterns for Contacting Surfaces ...................................................74 
 

31. Non-contacting Surface Morphology Micrographs .........................................74 
 

32. Contacting Surface Morphology Micrographs ................................................75 
 

33. Proposed Mechanism for Oxidation of Metals Study ......................................79 
 

34. Micrograph Images of Contrasting Whisker Formation ..................................80 
 

35. Solid Oxide Fuel Cell Schematic .....................................................................83 
 

36. Planar Stacked Solid Oxide Fuel Cell Schematic ............................................84 
 

37. 5 kW Planar Stacked Solid Oxide Fuel Cell ....................................................84 
 

38. Tubular Stacked Solid Oxide Fuel Cell Schematic ..........................................85 
 

39. Electrochemical Deposition at Triple Phase Boundary ...................................91 
 

40. Extension of Triple Phase Boundary through Chromia ...................................92 



viii 
 

LIST OF FIGURES CONTINUED  
 
 

Figure Page 
 

41. Extension of Triple Phase Boundary through Electrolyte ...............................92 
 

42. Electrochemical Deposition on Cathode ..........................................................93 
 

43. Chemical Deposition at the Triple Phase Boundary ........................................94 
 

44. Chemical Deposition on Cathode ....................................................................94 
 

45. Glass and Stainless Steel Interact to Form Strontium Chromate .....................96 
 

46. Auger Electron Spectroscopy Depth Profiling ................................................96 
 

47. Interfacial Interaction between Glass and Stainless Steel ................................98 
 

48. Influence of Isoelectric Point and pH on Hydroxyl Groups ..........................103 
 

49. Chromate under Hydrated and Calcined Conditions .....................................104 
 

50. Experimental Setup for Journal of the Electrochemical Society Study .........115 
 

51. Broad and Defined Multiplet Splitting Structure of Chromia .......................117 
 

52. Staining on Aluminosilicate Fibers ................................................................118 
 

53. Colors of Aluminosilicate Fiber Staining ......................................................118 
 

54. Cr 2p3/2 Energy Window for Brown Staining ..............................................119 
 

55. Cr 2p3/2 Energy Window for Green Staining ...............................................120 
 

56. Cr 2p3/2 Energy Window for Yellow Staining .............................................121 
 

57. Formation of Chromate on Aluminosilicate Fibers .......................................123 
 

58. Formation of Chromium Trioxide on Aluminosilicate Fibers .......................124 
 

59. Formation of Chromia on Aluminosilicate Fibers .........................................125 
 

60. Experimental Setup for Surface and Interface Analysis Study ......................129 



ix 
 

LIST OF FIGURES CONTINUED  
 
 

Figure Page 
 

61. Interpretation of Spectra ................................................................................129 
 

62. Stain Colors on Quartz Wool .........................................................................132 
 

63. Stain Colors on Alumina ................................................................................132 
 

64. Mica Samples Pre/Post Exposure ..................................................................132 
 

65. XPS Spectra for Quartz Wool ........................................................................134 
 

66. XPS Spectra for Mica ....................................................................................135 
 

67. XPS Spectra for Alumina in Cold Zones .......................................................137 
 

68. XPS Spectra for Alumina in Hot Zones .........................................................138 
 

69. Proposed Modification to General Mechanism at High Temperature ...........142 
 

70. Mechanism Summary in Cold Zones .............................................................144 
 

71. Mechanism Summary in Hot Zones ..............................................................145 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



x 
 

DEFINITION OF TERMS 
 
 

ASR – Area Specific Resistance 
 

BCC – Body Centered Cubic 
 

CTE – Coefficient of Thermal Expansion 
 

EBSD – Electron Backscatter Diffraction 
 

EDS – Energy Dispersive X-ray Spectroscopy 
 

FESEM – Field Emission Scanning Electron Microscope 
 

FWHM – Full Width at Half Maximum 
 

GDC – Gadolinium-Doped Ceria 
 

GL – Gaussian Lorentzian  
 

HSAB – Hard Soft Acid Base 
 

IEP – Isoelectric Point 
 

LNF – Lanthanum Nickel Ferrite 
 

LSCF – Lanthanum Strontium Cobalt Ferrite 
 

LSF – Lanthanum Strontium Ferrite 
 

LSM – Lanthanum Strontium Manganite 
 

MIEC – Mixed Ionic Electronic Conductor  
 

ORR – Oxygen Reduction Reaction 
 

PBR – Pilling-Bedworth Ratio 
 

REO – Reactive Element Oxide 
 
 
 

 



xi 
 

DEFINITION OF TERMS CONTINUED 
 
 

SOFC – Solid Oxide Fuel Cell 
 

ToF-SIMS – Time of Flight Secondary Ion Mass Spectroscopy 
 

TPB – Triple Phase Boundary 
 

XPS – X-ray Photoelectron Spectroscopy 
 

XRD – X-ray Diffraction 
 

YSZ – Yttria-Stabilized Zirconia 
 
 
 
 



xii 
 

ABSTRACT 
 
 

Stainless steels are often used in high temperature (≥500°C) applications such as 
solid oxide fuel cells (SOFCs), combustion engine exhaust systems, and various 
power/chemical plant process equipment. At high temperatures and in oxidizing 
conditions, chromium containing oxides, such as chromia (Cr2O3), form protective 
surface layers on the underlying stainless steel. Reactive evaporation of these surface 
layers, however, may form volatile chromium species such as CrO2(OH)2 and CrO3, 
compromise the protection of stainless steels, and cause deleterious downstream effects. 
Such effects include SOFC performance degradation and hazardous materials generation. 
This study focuses on both the reactive evaporation and reactive condensation processes 
and their dependencies on materials and environmental conditions.  First, the corrosion 
behaviors of stainless steels were investigated in a variety of exposure conditions and 
then the nature of chromium vapor condensation was investigated on ceramic surfaces 
under various conditions.    

Ferritic stainless steel samples (T409) were examined after 700°C exposures (94 
h) to dry or wet air or nitrogen, and with or without contacting aluminosilicate fibers. 
Surface compositions and structures were characterized using field emission scanning 
electron microscopy, energy dispersive x-ray spectroscopy, and x-ray diffraction. The 
fibers had a substantial impact on corrosion behaviors; likely serving as a mass transport 
barrier for corrosive gas species. Observed corrosion behaviors under these different 
environments and their potential mechanisms are presented and discussed. Additionally, 
quantification of chromium content on fibers was performed using inductively coupled 
plasma mass spectroscopy. Fibers were observed to collect chromium in dry/moist air 
consistent with the formation of CrO3 and CrO2(OH)2, respectively, and their subsequent 
reactive condensation.    

To better understand the reactive condensation of volatile chromium species onto 
various ceramic surfaces, volatile chromium species were generated from chromium 
containing sources at 500-900°C and flowed past samples of aluminosilicate fibers, 
alumina, mica, and quartz wool at temperatures ranging from 100-900°C for 24-150 
hours. The ceramic surfaces were characterized using x-ray photoelectron spectroscopy. 
Analysis of Cr 2p3/2 peak positions revealed the influence of temperature, material, and 
exposure time on the oxidation states of surface chromium compounds, and extent of 
chromium deposition. Potential mechanisms are proposed to help explain the observed 
trends.  
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CHAPTER ONE 

 
INTRODUCTION 

 
Dissertation Overview and Structure 

 
 

The goal of this research is to determine what factors influence the deposition 

mechanisms of volatile chromium species onto ceramics. The study results indicate 

deposition may be influenced by temperature, chromium loading, and the hydroxyl 

population/properties of a material. Ceramics examined in this investigation include 

alumina, silica, and aluminosilicates, though the author believes the explanatory value of 

the proposed factors is not limited to these materials. This may allow for the discovery of 

materials which resist chromium deposition in the case of SOFCs, enhance chromium 

deposition for getters, or encourage the formation of trivalent species in processes at risk 

of spreading the hexavalent form. 

The content of this dissertation is organized, fundamentally, into four parts. The 

introduction (Chapter 1), literature review (Chapters 2-4), investigation of the problem 

(Chapter 5), and conclusion (Chapter 6). The introduction defines the reactive 

evaporation of chromium, covers its importance for human health, the environment, 

SOFCs, and states the focus of this research, in addition to its limitations. The literature 

review portion begins with an account of the relevant science for each chapter, and then 

draws from studies related to the reactive evaporation of chromium and/or condensation. 

These studies are centered on ferritic stainless steel corrosion, solid oxide fuel cell 

systems, and ceramic catalyst supports. The literature grounding provides the necessary 
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tools to proceed to Chapter 5, which describes the methods used to investigate surface 

interactions between volatile chromium species and ceramics, in addition to observations, 

and interpretations. The last chapter, the conclusion, summarizes the work performed, 

reiterates potential implications and limitations of the work, and describes future work 

which may be performed to test the hypothesis presented here.  

Several first author papers are outlined in the dissertation. “Surface Studies of 

T409 Stainless Steel at 700°C in Wet or Dry Air or N2 With and Without Contacting 

Ceramic Fibers”, published in Oxidation of Metals [1], is outlined in Chapter 2: Influence 

of Ceramic Contacting Conditions. “XPS Characterization of Aluminosilicate Fibers Post 

Interaction with Chromium Oxyhydroxide at 100-230°C”, published in the Journal of the 

Electrochemical Society [2], is outlined in Chapter 5: Interactions on Aluminosilicate 

Fibers. “Investigation of Surface Interactions between Volatile Chromium Species and 

Ceramics”, under review with Surface and Interface Analysis [3], is outlined in Chapter 

5: Interactions on Alumina, Quartz Wool, and Mica.  

Co-authored publications, not included herein, but having contributed to the 

intellectual body of work and development of the skillset of the author, include 

“Influence of Silicon on High Temperature (600°C) Chlorosilane Interactions with Iron” 

which was published in Solar Energy Materials [4], and “High-Temperature (550-700°C) 

Chlorosilane Interactions with Iron” which was published in the Journal of the 

Electrochemical Society [5]. Chlorosilane species are used in the production of ultra-high 

purity silicon. These species may react with iron in process equipment to form iron 

silicide and iron chloride. Iron silicides are partially protective oxide layers, but iron 
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chloride tends to volatilize and may result in accelerated failure of the affected equipment 

[4, 5]. These studies do not focus on volatile chromium species, but are thematic in the 

sense of examining the phenomenon of reactive evaporation.   

Lastly, this dissertation was written with the intention of being accessible to any 

reader with a scientific background. Many concepts are introduced from the ground up, 

and experts in these areas may find these sections unnecessary for comprehension of later 

material. For readers with this expertise, the following sections in Chapters 1-3 are 

recommended: Ch. 1 – Thesis Statement and Limitations, Ch. 2 - Influence of Ceramic 

Contacting Conditions, and Ch. 3 – Interactions between Volatile Chromium Species and 

Solid Oxide Fuel Cell Components. Chapters 4-6 are recommended for all readers.  

 
Content in Chapter One 

 
 

Chapter One goes into background on impacts of the reactive evaporation and/or 

condensation of chromium vapor species, basic theory of thermodynamics and 

transpiration experiments, and ends with the thesis statement. Impacts of reactive 

evaporation and/or condensation of chromium vapor species may be seen in human 

health and the environment, high temperature corrosion of ferritic stainless steel, and 

degradation of solid oxide fuel cells. To explain how what is known of chromium vapor 

species is known, basic principles of thermodynamics and workings of transpiration 

experiments are outlined. It is important to note that none of the work presented in this 

chapter is attributable to the author.  
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Background 
 
 

 Stainless steels are among the most widely used materials in the modern world. 

These iron-based metal alloys are so attractive due to their low costs and stability over a 

large temperature range, from cryogenic conditions to temperatures exceeding 1000°C 

[6,7]. This stability is due to the ability of stainless steels to form a surface passivation 

layer in the presence of oxygen, which acts as a protective barrier against corrosion of the 

underlying alloy. This corrosion resistance, in addition to availability and cost, largely 

explains why applications ranging from combustion engines, to skyscraper construction, 

to refrigeration units use stainless steels as materials of construction. Different grades, or 

types, of stainless steel may be used depending on specific application requirements to 

ensure sufficient corrosion resistance, retention of mechanical properties, and minimal 

reactivity with the surrounding system.  

There are five main classes of stainless steel: austenitic, ferritic, martensitic, 

precipitation hardening, and duplex. Austenitic stainless steels have a face centered cubic 

structure stabilized by manganese and nitrogen in the 200 series and nickel in the 300 

series, with chromium content ranging from 16-28%. These alloys offer excellent 

corrosion resistance and formability. Ferritic stainless steels have a body centered cubic 

structure and possess a chromium range of 10.5-30%. These alloys do not retain their 

strength at high temperatures as austenitic alloys do but are lower cost and offer excellent 

resistance to stress corrosion cracking. Martensitic stainless steels have a body centered 

tetragonal structure with 11.5-18% chromium content. These alloys have a high carbon 

content allowing for enhanced hardness but diminished ductility. Precipitation hardening 
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stainless steels are a class of martensitic or austenitic stainless steels which are heat 

treated with additions such as titanium, copper, molybdenum, and/or aluminum to form 

precipitates which increases strength and hardness at the cost of toughness. Duplex 

stainless steels possess both austenitic and ferritic stainless steel structures to obtain 

mixed behavior. 

For all of these classes of stainless steel chromium plays an important role in 

passivation of the alloy. There exist conditions, however, which may disrupt surface 

passivation layers and subsequently compromise the integrity of the underlying alloy by 

encouraging volatilization, or reactive evaporation, of the passivation layer. This is 

especially true for chromia formers, stainless steels which show a propensity for 

chromium(III) oxide formation as the passivation layer. Upon volatilization, the formerly 

protective chromia layer may transform into a highly mobile vapor species, which may 

interact with the surrounding system in detrimental fashion. These interactions pose 

challenges to human health, the environment, and in electrochemical devices, e.g. solid 

oxide fuel cells.  

 
Impacts of the Reactive Evaporation of Chromium 
 
 

Human Health and the Environment. Chromium compounds often have a trivalent 

or hexavalent oxidation state. Trivalent chromium is a necessary trace nutrient and is not 

hazardous to the environment at large [8]. Hexavalent chromium, however, is toxic and a 

known carcinogen [9]. It is also primarily generated in man-made processes, as opposed 

to trivalent chromium which is naturally occurring [10]. Processes such as leather 
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tanning, electroplating, textile manufacturing, and stationary fuel combustion are largely 

responsible for annual environmental releases [10]. The maximum contaminant level for 

total chromium in drinking water is 0.1 mg/L [8]. The permissible exposure limit to 

which a worker may be exposed to airborne chromic acid, and/or chromates over the 

course of eight hours, is 5 µg/m3 [8]. This limit is two orders of magnitude greater for 

trivalent chromium species [8]. Unfortunately, due to corporate nonfeasance or 

malfeasance, these limits are occasionally exceeded. Conditions exceeding prescribed 

limits are toxic and/or mutagenic for plants, microbes, animals, and humans [8-10].  

 
High Temperature Corrosion of Ferritic Stainless Steel. Ferritic stainless steel is a 

high chromium (10-27%), low carbon (≤ 0.1%) steel with a body centered cubic 

structure. This combination of traits allows for excellent oxidation and stress corrosion 

cracking resistance, in addition to relatively good machinability and formability. When 

exposed to an oxidizing atmosphere, the chromium in the steel reacts with oxygen at the 

surface to form a passive layer of chromia (Cr2O3). If manganese is present in the steel, 

then a duplex structure may form at the surface with Cr-Mn spinel ((Cr,Mn)3O4) as a top 

layer, and chromia beneath it [11-13]. These dense oxide layers serve as a protective 

barrier against inward oxygen transport, thus slowing the rate of corrosion. 

 These protective layers are susceptible to failure through several modes. 

Spallation, or delamination, which will be discussed further in Chapter 2, is one such 

failure mode. An oxide scale segment that undergoes spallation detaches from the alloy, 

exposing the underlying alloy to the environment. A sufficient concentration of 
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chromium, however, endows the alloy with a self-healing quality. Chromium may diffuse 

to the spalled region and react with oxygen to quickly reform the protective oxide scale.  

At high temperature (≥500°C), and in the presence of oxygen and water vapor, however, 

reactive evaporation of chromium may compromise intact oxide scale integrity, or oxide 

scale reformation. An oxide scale in the form of chromia will undergo reactive 

evaporation to form chromium oxyhydroxide as a product. If chromia volatilizes more 

quickly than it may be replenished in the scale, then the formerly protective oxide will 

breakdown and a less protective scale, such as (Fe,Cr)2O3 or iron oxides, will form [14-

16]. These less protective oxides may lead to localized breakaway corrosion of the alloy, 

thus altering the material properties of the alloy in service. Selecting an alloy susceptible 

to this mode of degradation may make an application unpractical, unaffordable, and/or 

unsafe. As will be discussed in Chapter 2, some oxides, such as several spinel and 

perovskite phases [17-20], are more resistant to chromium volatility than chromia and 

may prevent/minimize the breakdown in protective behavior noted here. 

 
Solid Oxide Fuel Cell Degradation. Solid oxide fuel cell (SOFC) technology 

offers high efficiency and flexible energy conversion of fuels into heat and electricity. 

Operating at high temperature (650-1000°C), SOFCs may oxidize carbon monoxide, 

hydrocarbons, and/or hydrogen to produce electricity, heat and carbon dioxide and/or 

water, depending on the fuel [21]. A simplified schematic of a SOFC using hydrogen as 

fuel is shown in Figure 1.  
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Figure 1 - Schematic of a SOFC using hydrogen as fuel. 

 
As seen in Figure 1, a SOFC consists of two electrodes separated by an oxide ion 

conducting electrolyte, commonly yttria-stabilized zirconia (YSZ) [21]. Hydrogen is 

oxidized at the anode/YSZ interface and the electrons created serve to generate a current, 

and reduce oxygen at the cathode/YSZ interface. The latter interface is often referred to 

as the triple phase boundary (TPB) as this is where the gas phase, electrolyte, and cathode 

meet. One cell, consisting of the anode, cathode, and electrolyte, produces less than 1 

Volt [22]. For practical use of SOFC technology, cells must be stacked and 

interconnected to obtain higher voltage and power. Lower operating temperatures (≤ 

800°C) allow for the use of metallic interconnects, such as ferritic stainless steel, which 

meets many of the interconnect requirements [23]. At these temperatures, however, 

interconnects exposed to air on the cathode side may evolve volatile chromium species in 

the form of chromium trioxide and/or chromium oxyhydroxide. These volatile species 

may then proceed to deposit on the cathode, with both chemical and electrochemical 
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deposition noted in literature [24-27]. Deposition has been noted to occur at the TPB, or 

at a cathode/gas, electrolyte/gas two phase boundary. This deposition diminishes SOFC 

performance over time. Acceptable performance degradation, as outlined by the US 

Department of Energy, is reliable lifetime degradation of less than 0.2% per 1000 hours 

over 40,000 hours of operation [28]. Progress towards this goal is underway, with an 

example being the Jülich Research Centre reporting less than 0.1% performance 

degradation per 1000 hours for stacks operated for 17000 and 19000 hours [29,30]. Both 

operated under a current load of 0.5 A cm-2 at 700°C and used H2/3% H2O as fuel. 

Successful demonstrations like these offer promise for SOFC technologies; however, 

long-term operation with conventional fuels in real-world conditions are needed. 

Understanding degradation phenomena, like chromium poisoning are requisite in this 

pursuit. 

 
Reactive Evaporation 
 

Given high temperature (≥500°C) oxidizing environments, a chromia scale will be 

subject to reactive evaporation in accordance with Equation 1.1 [31-33]. 

1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) = 𝐶𝐶𝐶𝐶𝑂𝑂3(𝑔𝑔) (1.1) 

If, however, water vapor is also present, then the dominant volatilization pathway will 

proceed according to Equation 1.2 [31-36]. 

1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) = 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) (1.2) 

These conclusions have been drawn from transpiration experiments in addition to 

thermodynamic modeling.  
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Transpiration Method. In a transpiration experiment, volatile species are 

generated by flowing a reactant gas over a compound of interest in a furnace. The 

compound of interest here is chromia, and the reactant gas is either dry air or humidified 

air. These gases may react with chromia, as seen in Equations 1.1 and 1.2, to form 

volatile chromium species in the form of chromium trioxide and chromium 

oxyhydroxide, respectively. Once generated, these species may diffuse through the 

boundary layer, and become entrained in the bulk flow. As the vapor species proceed 

further and further downstream, the temperature continues to drop. Some of the volatile 

species may react with the tube walls at elevated temperatures, but the majority of the 

volatile species deposit in the region of the tubes which are at or below the condensation 

point of the vapor [31, 37]. Figure 2 displays a schematic of transpiration equipment used 

by Opila et al. [31] for clarification.   
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Figure 2 - Transpiration equipment used by Opila et al. [31]. 

 
At the conclusion of the experiment, condensed chromium may be collected from 

quartz tubing using solvents such as water, nitric acid, or hydrofluoric acid [31, 37, 38]. 

Dissolved chromium may then be quantified using a technique such as inductively 

coupled plasma mass spectroscopy. This quantified condensate may be used to determine 

the partial pressure of volatile chromium species using the ideal gas law as shown in 

Equation 1.3.  

𝑃𝑃𝐶𝐶𝑟𝑟−𝑂𝑂−𝐻𝐻 =
𝑛̇𝑛𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅
𝑉̇𝑉

 (1.3) 

PCr-O-H – Partial pressure of volatile chromium species 

𝑛̇𝑛𝐶𝐶𝐶𝐶 – Molar flow rate of chromium  

 R – Gas constant 
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T – Temperature 

𝑉̇𝑉 – Total volumetric flow rate  

To solve for the partial pressure of volatile chromium species in Equation 3, one 

must first determine the molar flow rate of chromium and the total volumetric flow rate. 

This can be done using Equations 1.4 and 1.5.  

𝑛̇𝑛𝐶𝐶𝐶𝐶 =
𝑚𝑚𝐶𝐶𝐶𝐶

𝑀𝑀𝐶𝐶𝐶𝐶𝑡𝑡
 (1.4) 

𝑉̇𝑉 =
𝑅𝑅𝑅𝑅(𝑛̇𝑛𝑂𝑂2 + 𝑛̇𝑛𝐻𝐻2𝑂𝑂 + 𝑛̇𝑛𝐶𝐶𝐶𝐶−𝑂𝑂−𝐻𝐻)

𝑃𝑃
 (1.5) 

𝑚𝑚𝐶𝐶𝐶𝐶 – Mass of chromium 

𝑀𝑀𝐶𝐶𝐶𝐶 – Molar mass of chromium 

t – Time 

P – Total pressure 

𝑛̇𝑛𝑂𝑂2 – Molar flow rate of oxygen 

𝑛̇𝑛𝐻𝐻2𝑂𝑂 – Molar flow rate of water 

𝑛̇𝑛𝐶𝐶𝐶𝐶−𝑂𝑂−𝐻𝐻 – Molar flow rate of volatile chromium species  

 With this ability to calculate the partial pressure of volatile chromium species, one 

may test to see if Equation 1.1 or 1.2 is dominant, or even valid, in an environment with 

humidified air, as Opila et al. did [31]. A series of transpiration experiments were 

performed using chromia pellets as a Cr source at 600°C. To determine oxygen and water 

dependency, experiments were performed in two sets: One set of experiments held the 

oxygen partial pressure constant and varied the partial pressure of water. The other set 

did the opposite, holding the partial pressure of water constant and varying the oxygen 
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partial pressure. The resulting partial pressure of volatile chromium species was plotted 

for each run on a log-log plot, as can be seen in Figures 3 and 4.  

 

 

Figure 3 - From Opila et al. [31]. Log-log plot of volatile chromium species partial 
pressure against varied water partial pressure. 

 

Figure 4 - From Opila et al. [31]. Log-log plot of volatile chromium species partial 
pressure against varied oxygen partial pressure. 
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 Examining Figures 3 and 4, best fit lines give a slope of 0.96 ± 0.05 and 0.77 ± 

0.06, respectively. Recall from Equation 1.2, that the stoichiometric coefficients for water 

vapor and oxygen are 1 and 0.75, respectively. Slopes on log-log plots are indicative of 

monomial relationships shown by Equations 1.6 and 1.7. 

𝑃𝑃𝐶𝐶𝐶𝐶−𝑂𝑂−𝐻𝐻 ∝  𝑃𝑃𝐻𝐻2𝑂𝑂
0.96±0.05 (1.6) 

𝑃𝑃𝐶𝐶𝐶𝐶−𝑂𝑂−𝐻𝐻 ∝  𝑃𝑃𝑂𝑂2
0.77±0.06 (1.7) 

Equations 1.6 and 1.7 show the empirically derived power law exponents match those 

expected from Equation 1.2 within a 95% confidence interval. This result shows the 

dominance of Equation 1.2 over Equation 1.1 at 600°C, though the study’s authors 

believe it to be representative of a broader temperature range, as a control experiment 

using dry air at 900°C yielded a contribution to the total volatility of 1% or less from 

CrO3. Additionally, the study’s authors performed transpiration experiments at 

temperatures ranging from 300-900°C, and calculated an equilibrium constant for each 

run. The natural log of these equilibrium constants were plotted against inverse 

temperature as shown in Figure 5. The slope and y-intercept relate to the enthalpy and 

entropy, respectively, through a form of the van’t Hoff expression shown in Equation 1.8. 

ln𝐾𝐾𝑝𝑝 = −
∆𝐻𝐻𝑜𝑜

𝑅𝑅
�

1
𝑇𝑇
� +

∆𝑆𝑆𝑜𝑜

𝑅𝑅
 (1.8) 

𝐾𝐾𝑝𝑝 – Equilibrium constant 

∆𝐻𝐻𝑜𝑜 – Standard state enthalpy change 

∆𝑆𝑆𝑜𝑜 – Standard state entropy change 
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Equation 1.8 may be derived from Gibbs free energy expressions, with Gibbs free energy 

being rooted in the second law of thermodynamics.  

∆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ˃ 0 (1.9) 

∆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + ∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (1.10) 

∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
−∆𝐻𝐻
𝑇𝑇

 (1.11) 

∆𝐺𝐺 = −𝑇𝑇∆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = ∆𝐻𝐻 − 𝑇𝑇∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (1.12) 

∆𝑆𝑆𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 – Entropy change of the universe 

∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 – Entropy change of the surroundings 

∆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 – Entrophy change of the system 

Given a standard reference state, Equation 1.12 becomes Equation 1.13. 

 ∆𝐺𝐺𝑜𝑜 = ∆𝐻𝐻𝑜𝑜 − 𝑇𝑇∆𝑆𝑆𝑜𝑜 (1.13) 

An alternative definition of Gibbs free energy is shown in Equation 1.14. 

∆𝐺𝐺 = ∆𝐺𝐺𝑜𝑜 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (1.14) 

𝑄𝑄 – Reaction quotient 

At equilibrium ∆G = 0. 

∆𝐺𝐺𝑜𝑜 = −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (1.15) 

Combining Equations 1.13 and 1.15 yields the form of the van’t Hoff expression in 

Equation 1.8.  
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Figure 5 - From Opila et al. [31]. The natural log of equilibrium constants plotted 
against inverse temperature. 

 
The study’s authors noted that the linear fit in Figure 5 holds well over the entire 

temperature range, and thus the volatilization mechanism is not measurably altered from 

300-900°C.   

 
Thermodynamic Modeling. In thermodynamic modeling, thermodynamic 

principles are used to predict the most stable arrangement in a given system. This may be 

done by minimizing Gibbs free energy in keeping with the second law of 

thermodynamics. As a reminder, the systems of interest are given in Equations 1.1 and 

1.2, restated here.  

1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) = 𝐶𝐶𝐶𝐶𝑂𝑂3(𝑔𝑔) (1.1) 

1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) = 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) (1.2) 
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These systems involve modeling a condensed phase (chromia) with a gas phase. The 

Gibbs free energy for an ideal gas mixture is given in Equation 1.16. 

𝐺̅𝐺𝑘𝑘 = 𝑢𝑢𝑘𝑘 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑘𝑘 + 𝜆𝜆𝑘𝑘(𝑇𝑇) (1.16) 

𝐺̅𝐺𝑘𝑘 – Partial molar Gibbs energy of component “k” in a mixture 

𝑢𝑢𝑘𝑘 – Chemical potential of component “k” 

𝑝𝑝𝑘𝑘 – Partial pressure of component “k” 

𝜆𝜆𝑘𝑘(𝑇𝑇) – Chemical potential of pure “k” in an ideal gas state at T and P=1 bar 

Including the condensed phase, the total Gibbs free energy of the system may be 

represented by Equation 1.17. 

 

𝐺𝐺 = 𝑅𝑅𝑅𝑅 ⋅ ��𝑛𝑛𝑘𝑘
𝑔𝑔

𝑚𝑚

𝑘𝑘=1

��
𝜇𝜇𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑔𝑔

+ 𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑙𝑙𝑙𝑙𝑥𝑥𝑘𝑘
𝑔𝑔� + �𝑛𝑛𝑘𝑘𝑐𝑐

𝑠𝑠

𝑘𝑘=1

�
𝜇𝜇𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑐𝑐

� (1.17) 

 
𝐺𝐺 – Total Gibbs free energy 

𝑛𝑛𝑘𝑘
𝑔𝑔 – Moles of component “k” in gas phase  

𝑛𝑛𝑘𝑘𝑐𝑐  – Moles of component “k” in condensed phase 

�𝜇𝜇
𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑔𝑔
 – Chemical potential of pure component “k” in gas phase, divided by RT 

�𝜇𝜇
𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑐𝑐
 – Chemical potential of pure component “k” in condensed phase, divided by RT 

P – System pressure 

𝑥𝑥𝑘𝑘
𝑔𝑔 – Mole fraction of component “k” in gas phase 

In words, Equation 1.17 states that the summation of chemical potentials, 

multiplied by their respective molar quantities, will yield the total Gibbs free energy of 
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the system. In the gas phase, each component chemical potential is adjusted by its partial 

pressure in the gas phase, in line with Equation 1.16. Since this is giving the ideal gas 

case, the partial pressure is being used in place of fugacity. There is no chemical potential 

adjustment in the condensed phase, as pure chromia is being considered, therefore having 

a chromia activity equal to one.  

     To find the minimum Gibbs free energy, the method of Lagrange undefined 

multipliers may be used. In this method, a function of interest, in this case Equation 1.17 

defined above, is placed under some constraint. In this case, Equation 1.18 represents the 

constraint in the form of a mass balance.  

𝜓𝜓(𝑛𝑛) = �� 𝑎𝑎𝑘𝑘𝑘𝑘𝑛𝑛𝑘𝑘 − 𝑏𝑏𝑗𝑗

𝑚𝑚+𝑠𝑠

𝑘𝑘=1

�
𝑗𝑗=1

𝑁𝑁𝑁𝑁

= 0 
(18) 

𝑚𝑚 – Number of components in gas phase 

𝑠𝑠 – Number of components in condensed phase 

𝑘𝑘 – Component “k” 

𝑎𝑎𝑘𝑘𝑘𝑘 – Number of atoms of element “j” in a molecule of component “k” 

𝑛𝑛𝑘𝑘 – Moles of component “k” 

𝑏𝑏𝑗𝑗 – Total quantity of element “j” in the system 

𝑁𝑁𝐶𝐶 – Number of components in the system 

In words, Equation 1.18 is a constraint on the system to conserve mass. It states 

the summation of any given element in the system, given all phases and components, will 

equal the total quantity of that element in the system. This constraint may be used to 

construct the Lagrangian expression in Equation 1.19. 
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ℒ(𝑛𝑛, 𝜆𝜆) =  𝐹𝐹(𝑛𝑛) − 𝜆𝜆 ⋅ 𝜓𝜓(𝑛𝑛) (1.19) 

𝐹𝐹(𝑛𝑛) =
𝐺𝐺
𝑅𝑅𝑅𝑅

 (1.20) 

𝜆𝜆 – Lagrange multiplier  

The Lagrange multiplier is a proportionality constant which relates the mass balance 

(𝜓𝜓(𝑛𝑛)) to the total Gibbs free energy divided by RT (𝐹𝐹(𝑛𝑛)). To minimize the Gibbs free 

energy, the gradient of Equation 1.19 must be taken and set equal to zero, as shown in 

Equations 1.21-1.25. 

∇ℒ(𝑛𝑛, 𝜆𝜆) = 0 = ∇ 𝐹𝐹(𝑛𝑛) − 𝜆𝜆 ⋅ ∇𝜓𝜓(𝑛𝑛) (1.21) 

∇ 𝐹𝐹(𝑛𝑛) = 𝜆𝜆 ⋅ ∇𝜓𝜓(𝑛𝑛) (1.22) 

�
∂F
∂𝑛𝑛𝑘𝑘

�
𝑇𝑇,𝑃𝑃

𝑔𝑔

 = �
𝜇𝜇𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑔𝑔

+ ln𝑃𝑃 + ln
𝑛𝑛𝑘𝑘

∑ 𝑛𝑛𝑘𝑘𝑚𝑚
𝑘𝑘=1

 
(1.23) 

�
∂F
∂𝑛𝑛𝑘𝑘

�
𝑇𝑇,𝑃𝑃

𝑐𝑐

= �
𝜇𝜇𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑐𝑐

 
(1.24) 

𝜆𝜆 ⋅ �
∂ψ
∂𝑛𝑛𝑘𝑘

�
𝑇𝑇,𝑃𝑃

= �𝑎𝑎𝑘𝑘𝑘𝑘𝜆𝜆𝑗𝑗

𝑁𝑁𝑁𝑁

𝑗𝑗=1

 
(1.25) 

Putting everything together, the gas phase, condensed phase, and atom balances are 

displayed in Equations 1.26-1.28. 

Gas phases: �𝜇𝜇
𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑔𝑔
+ ln𝑃𝑃 + ln 𝑛𝑛𝑘𝑘

𝑁𝑁
−∑ 𝑎𝑎𝑘𝑘𝑘𝑘𝜆𝜆𝑗𝑗𝑁𝑁𝑁𝑁

𝑗𝑗=1 = 0 (1.26) 

Condensed phase: �𝜇𝜇
𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑐𝑐
− ∑ 𝑎𝑎𝑘𝑘𝑘𝑘𝜆𝜆𝑗𝑗𝑁𝑁𝑁𝑁

𝑗𝑗=1 = 0 (1.27) 
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Atom balance: �∑ 𝑎𝑎𝑘𝑘𝑘𝑘𝑛𝑛𝑘𝑘 − 𝑏𝑏𝑗𝑗𝑚𝑚+𝑠𝑠
𝑘𝑘=1 �

𝑗𝑗=1
𝑁𝑁𝑁𝑁

= 0 (1.28) 

For Equation 1.1, “j” includes Cr and O, whereas for Equation 1.2, “j” includes 

Cr, O, and H. Likewise, for Equation 1.1 “k” includes Cr2O3(s), O2(g), and CrO3(g), 

whereas for Equation 1.2 “k” includes Cr2O3(s), O2(g), H2O(g), and CrO2(OH)2(g). 

Entering these elements and compounds, a system of equations is generated which may 

be solved simultaneously. Equations 1.27 and 1.28 are linear, but Equation 1.26 is non-

linear. To develop a system of linear equations, Equation 1.26 must be linearized, with 

one method being to use a Taylor series expansion for the natural log term in Equation 

1.26. The general form of the Taylor series is given in Equation 1.29. 

�
𝑓𝑓(𝑛𝑛)(𝑎𝑎)
𝑛𝑛!

(𝑥𝑥 − 𝑎𝑎)𝑛𝑛
∞

𝑛𝑛=0

 
(1.29) 

In words, Equation 1.29 is an approximation of f(x) at point “a”. This 

approximation is obtained by summing f(a) and its subsequent derivatives until a 

desirable level of error tolerance is met. Up to the first derivative term is shown in the 

Taylor series expansion for ln(nk) in Equation 1.30. 

ln𝑛𝑛𝑘𝑘  ≈ ln𝑦𝑦𝑘𝑘 + 
𝑛𝑛𝑘𝑘 − 𝑦𝑦𝑘𝑘
𝑦𝑦𝑘𝑘

= ln 𝑦𝑦𝑘𝑘 +
𝑥𝑥𝑘𝑘
𝑦𝑦𝑘𝑘
− 1 (1.30) 

𝑛𝑛𝑘𝑘(0) = 𝑦𝑦𝑘𝑘 

Substituting this approximation into Equation 1.26, and given mathematical 

manipulation, the linearized form of Equation 1.26 can be obtained, and is displayed in 

Equation 1.31. The mathematical steps are available in Appendix D of reference [39].  
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�𝜆𝜆𝑖𝑖

𝑁𝑁𝑁𝑁

𝑖𝑖=1

� 𝑎𝑎𝑘𝑘𝑘𝑘𝑎𝑎𝑘𝑘𝑘𝑘𝑦𝑦𝑘𝑘 + �
𝑁𝑁
𝑌𝑌
− 1�� 𝑎𝑎𝑘𝑘𝑘𝑘𝑦𝑦𝑘𝑘 + � 𝑎𝑎𝑖𝑖𝑖𝑖𝑛𝑛𝑘𝑘 = �𝑎𝑎𝑘𝑘𝑘𝑘𝑓𝑓𝑘𝑘 − 𝐶𝐶𝑗𝑗

𝑚𝑚

𝑘𝑘=1

𝑚𝑚+𝑠𝑠

𝑘𝑘=𝑚𝑚+1

𝑚𝑚

𝑘𝑘=1

𝑚𝑚

𝑘𝑘=1

 
(1.31) 

𝑓𝑓𝑘𝑘 = 𝑦𝑦𝑘𝑘 ��
𝜇𝜇𝑜𝑜

𝑅𝑅𝑅𝑅
�
𝑘𝑘

𝑔𝑔

+ ln𝑃𝑃 + ln
𝑦𝑦𝑘𝑘
𝑌𝑌

  � 
(1.32) 

𝐶𝐶𝑗𝑗 = �𝑎𝑎𝑘𝑘𝑘𝑘𝑦𝑦𝑘𝑘 − 𝑏𝑏𝑗𝑗, 𝑗𝑗 = 1, … ,𝑁𝑁𝑁𝑁
𝑚𝑚

𝑘𝑘=1

 
(1.33) 

𝑌𝑌 – Summation of all yk values  

Equations 1.27, 1.28, and 1.31 may be solved simultaneously to obtain intensive 

and extensive variables of interest. The results of this modeling can be seen in Figure 6 

from Jacobson et al. [32].  

 

  
Figure 6 - From Jacobson et al. [32]. Thermodynamic modeling of Equations 1.1 and 

1.2. 

 
From the modeling displayed in Figure 6, the vapor pressure of CrO2(OH)2(g) is greater 

than the vapor pressure of CrO3(g) over chromia up to around 1400 K. It should be noted 
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that vapor pressure approximations based on thermodynamic modeling may vary 

depending on the thermodynamic data set used.    

 The disparate vapor pressure behavior of CrO2(OH)2(g) and CrO3(g) is 

interesting, as CrO2(OH)2(g) is a larger compound than CrO3(g). Generally speaking, 

there is an inverse relationship between the vapor pressure of a compound and its size 

due to the greater London dispersion forces afforded to a bigger molecule with more 

electrons [39]. This trend does not hold for all cases, for example CF4 is larger than 

CHF3, but since the latter is a polar molecule it has a lower vapor pressure [40, 41]. It 

may also be noted that a similar trend of thermodynamic stability and vapor pressure 

appears to match the vapor pressure trend mentioned above. Comparing alkanes with 

alkanes, alkenes with alkenes, alkynes with alkynes, and alcohols with alcohols, Gibbs 

energy of vaporization becomes less favorable with increasing size within each category 

[39]. Unfavorable free energy of vaporization corresponds with an unstable product in the 

gas phase relative to the liquid phase, corresponding with a lower vapor pressure. This 

matches the inverse relationship trend between vapor pressure and size of a molecule.  

Volatility will be dependent on both the stability of the vapor phase compound, 

and the intermolecular forces preventing the volatilization of said compound. Differences 

in vapor pressure between CrO3 and CrO2(OH)2 may be attributable to both stability and 

intermolecular forces. Johnson and Panas [43, 44] propose a mechanism in which oxygen 

first reacts with chromia to form surface CrO3 species for both wet and dry conditions. 

These species form -O-(CrO2)-O-(CrO2)-O repeating units with a given vapor pressure at 

a given temperature (see vapor pressure estimate of CrO3 in Figure 6). Conversion from 
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CrO3 to CrO2(OH)2 may occur through hydrolysis reactions with surface repeat units, 

resulting in the severing of Cr-O-Cr bonds and formation of CrO2(OH)2. If CrO3 first 

volatilizes, then a gas phase hydrolysis reaction may occur to form CrO2(OH)2. These 

reactions were observed to be exothermic which coincides with the gap between the 

equilibrium partial pressures of the two volatile species in Figure 6 closing with 

increasing temperature. Figure 6 does not account for this interplay between the two 

volatile species, however, and is strictly derived from an examination of the 

thermodynamic stability of the two molecules. The decreasing partial pressure difference 

in Figure 6 is likely due to the unfavorable entropy of CrO2(OH)2 formation becoming 

more significant with increasing temperature. Though the question may be explored in 

greater detail elsewhere, for the purpose of this study the difference in vapor pressure of 

CrO3 and CrO2(OH)2 will be attributed primarily to two factors: hydrolysis facilitated 

dissociation reactions for CrO2(OH)2, and greater thermodynamic stability of CrO2(OH)2 

(up to around 1400 K).  

 
Thesis Statement 

 Volatile chromium species deposition on a material may be influenced by 

temperature and time, but the most germane dependency is the material on which reactive 

condensation will occur. More specifically, the surface hydroxyl population/properties of 

a material will have the most influence on chromium deposition. As chromium deposition 

is a surface phenomenon, hydroxyl groups serve as anchoring points which possess an 

affinity for volatile chromium species, and little steric inhibition relative to positions in a 
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crystalline lattice or amorphous structure. Chromium deposition will increase with 

increasing surface hydroxyl populations and basicity [45-51].     
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CHAPTER TWO 

 
REACTIVE EVAPORATION OF CHROMIUM FROM FERRITIC STAINLESS 

STEEL 

 
Content in Chapter Two 

 
 

Chapter Two contains information on basic concepts in materials science and 

fluid mechanics, literature reporting relevant to the reactive evaporation of chromium 

from ferritic stainless steel, and a first authored paper published in Oxidation of Metals 

[1]. Concepts covered include crystallographic planes, grain structure, lattice diffusion 

mechanisms, kinetics, metal oxidation theory, basics of fluid mechanics, and spallation. 

These concepts are necessary to understand literature presented in this dissertation and so 

are included, though experts in these areas may proceed to the literature review section 

beginning in Influence of Water Vapor, after the derivation of Equation 2.55.  

There are several important notes to be made for optimal reader comprehension. 

Equations are presented for an understanding of the relevant fundamental science, not for 

use in the research performed in this dissertation. Next, five classes of stainless steels 

were outlined in the first chapter, but the focus here is on ferritic stainless steel. This is 

due to its prevalence as an interconnect material in SOFCs and exhaust systems in 

automobiles, both of which are relevant to the reactive evaporation and/or condensation 

of chromium vapor species. Lastly, the only work performed by the author of this 

dissertation is presented in Influence of Ceramic Contacting Conditions beginning at 

Table 1.  
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Basic Material Science of Ferritic Stainless Steel   
 

  
 Ferritic stainless steel has a body centered cubic (BCC) structure and is comprised 

primarily of iron and chromium. An illustration of a BCC unit cell is given in Figure 7.  

 

 

Figure 7 – Body centered cubic structure. Credit: chem.libretexts.org. 

 
Unit cells are the smallest divisible frame of atoms which maintain the long range order 

of a crystalline material. When stacked with one another in the same orientation, unit 

cells make up a single BCC crystal. Ferritic stainless steels are typically polycrystalline, 

however, which are comprised of many crystal grains of random, or preferred, 

orientation. These orientations may be described using a notation system known as Miller 

indices. The indices may be used to describe crystallographic planes as can be seen in 

Figure 8.    
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Figure 8 - Miller indices. 

   
 

 
Figure 9 – Crystal planes.  
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Three sets of stacked BCC unit cells, oriented in accordance with Figure 9, may be 

imagined to mismatch at the boundaries as shown in Figures 10 and 11. Where these 

differently oriented grains meet are known as grain boundaries.   

 

 
Figure 10 - Grain boundary illustration. Credit: engineeringarchives.com. 

 
 

 
Figure 11 - Grain boundary micrograph. Credit: doitpoms.ac.uk.  
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 Grain boundaries are not the only crystallographic defects present. It is also 

necessary to understand point and linear defects to understand stainless steel and its 

behavior. Carbon is an interstitial impurity atom in the α-iron lattice (BCC) which 

occupies octahedral positions of the unit cell. There is an octahedral site on each face of 

the unit cell. With carbon uptake into these interstitial positions, the lattice distorts and is 

strengthened in the form of steel. The max solubility of carbon in α-iron is 0.022 wt% in 

order to maintain a BCC structure.  

 Carbon fit into interstitial positions as it is much smaller than iron. Chromium is 

larger than iron and therefore substitutes into vacant positions. Vacancies are atom 

positions in the lattice which are not occupied. Vacant positions are generated due to their 

contribution to minimization of Gibbs free energy from configurational and vibrational 

entropy, but are attenuated by the energy required for vacancy formation. The entropic 

and energetic considerations combine to provide a given concentration of vacancies at a 

given temperature, as can be seen in Equations 2.1-2.5. 33-37. 

∆𝐺𝐺 = 𝑛𝑛�∆ℎ𝑓𝑓 − 𝑇𝑇∆𝑠𝑠𝑣𝑣� − 𝑇𝑇∆𝑆𝑆𝑐𝑐𝑛𝑛 (2.1) 

𝑆𝑆𝑐𝑐𝑛𝑛 = 𝑘𝑘𝐵𝐵 ln �
𝑁𝑁!

𝑛𝑛! (𝑁𝑁 − 𝑛𝑛)!
� (2.2) 

𝜕𝜕𝑆𝑆𝑐𝑐𝑛𝑛

𝜕𝜕𝜕𝜕
≈ −𝑘𝑘𝐵𝐵 ln �

𝑛𝑛
𝑁𝑁
� 

(2.3) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 =  ∆ℎ𝑓𝑓 − 𝑇𝑇∆𝑠𝑠𝑣𝑣 + 𝑘𝑘𝐵𝐵𝑇𝑇 ln �
𝑛𝑛𝑒𝑒𝑒𝑒
𝑁𝑁
� 

(2.4) 

𝑛𝑛𝑒𝑒𝑒𝑒
𝑁𝑁

= exp �
∆𝑠𝑠𝑣𝑣
𝑘𝑘𝐵𝐵

� ⋅ exp �−
∆ℎ𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

� 
(2.5) 
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n – Number of vacancies 

neq – Number of vacancies at thermodynamic equilibrium 

N – Total number of lattice sites 

∆ℎ𝑓𝑓 – Energy of vacancy formation 

∆𝑠𝑠𝑣𝑣 – Change in vibrational entropy due to introduction of one vacancy 

∆𝑆𝑆𝑐𝑐𝑛𝑛 – Change in configurational entropy due to introduction of n vacancies  

𝑘𝑘𝐵𝐵 – Boltzmann constant 

Taking the derivative of Gibbs free energy with respect to vacancies and setting it 

equal to zero minimizes Gibbs free energy, as the second derivative of Equation 2.4 is 

positive. Vacancies may be generated or consumed at interfaces such as grain boundaries 

or dislocations. Dislocations are linear regions of atoms which are out of position in the 

lattice. Shear stresses within the lattice may form edge or screw dislocations, with edge 

dislocations moving parallel to the stress and screw dislocations moving perpendicular. 

This difference may be visualized using Figure 12.  
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Figure 12 - Edge and screw dislocations. Credit: nde-ed.org. 

 
Dislocations may move through mechanisms of slip or climb. Slip refers to slip 

planes, which are planes in a lattice which have the highest density of atoms. Movement 

along these planes is illustrated in Figure 13 where a few atoms in a dislocation may 

break and reform bonds to begin shifting the dislocation.  
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Figure 13 - Dislocation motion through slip. 

 
Alternatively, dislocations may move by climb, which is not dependent on the slip plane. 

Dislocations may experience positive or negative climb if acting as a vacancy sink or 

source, respectively. This may be visualized in Figure 14.  

 

 

Figure 14 - Dislocation climb. 
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Diffusion of atoms within a lattice may be described using Fick’s first law 

(Equation 2.6), and Fick’s second law (Equation 2.8) which may be derived from the first 

law and the continuity equation (Equation 2.7).  

𝐽𝐽 = −𝐷𝐷∇𝐶𝐶 (2.6) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ⋅ 𝐽𝐽 = 0 
(2.7) 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ∇ ⋅ (𝐷𝐷∇𝐶𝐶) 
(2.8) 

D – Diffusion coefficient 

C – Concentration 

J – Molecular flux  

The diffusion coefficient depends on temperature, crystal structure, concentration, and 

composition. These dependencies may be approximated by taking into account the 

probability of finding a vacancy adjacent to the diffusing species, and the frequency of 

jump attempts by the diffusing species.  

𝑃𝑃 = 𝑧𝑧 ⋅ exp �−
𝑄𝑄𝑣𝑣
𝑘𝑘𝐵𝐵𝑇𝑇

� (2.9) 

𝑅𝑅𝑗𝑗 = 𝑅𝑅0 ⋅ exp �−
𝐸𝐸𝑚𝑚
𝑘𝑘𝐵𝐵𝑇𝑇

� (2.10) 

𝐷𝐷 ≈ 𝐷𝐷0 ⋅ exp �−
𝑄𝑄𝑑𝑑
𝑘𝑘𝐵𝐵𝑇𝑇

� (2.11) 

P – Probability of finding an adjacent vacant site 

Rj – Frequency of jumps with sufficient thermal energy 
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R0 – Attempt frequency related to frequency of atomic vibration 

z – Coordination number of vacancy position 

D0 – 𝑅𝑅0 ⋅ 𝑧𝑧, or temperature independent diffusion parameter 

Qv – Necessary energy for vacancy formation 

Em – Necessary energy for jump into vacant position 

Qd – Em + Qv, or energy necessary for diffusion 

As a general rule diffusion will occur most swiftly on the surface, followed by grain 

boundary and dislocation diffusion. The slowest route being diffusion through the lattice 

volume. The less restrictive the structural region, the faster the rate of diffusion.  

 
Behavior of Ferritic Stainless Steel at High Temperature 

 
As was noted in the previous section, an increase in temperature will increase the 

rate of diffusion of atoms. Temperature increases will also increase the rate of oxidation 

of ferritic stainless steel (FSS). It is true that metal oxidation is typically an exothermic 

process, as the metal-metal bonds in these cases hold more energy than the product 

metal-oxygen bonds. The effect of adding heat to an exothermic process can be observed 

in Figure 15, which displays the change in Gibbs free energy for metal oxide formation 

over a range of temperatures. As temperature increases, the Gibbs free energy increases, 

and the reaction is therefore less energetically favorable. While this effect is detrimental 

to oxidation, it is outweighed by kinetic considerations.  
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Figure 15 - Gibbs free energy of formation of metal oxides at elevated temperatures [52]. 

 
Kinetics is grounded in molecular collision theory. An increase in temperature 

will increase the frequency of collisions, and the energy which molecules have when 

colliding. Kinetic expressions, or rate laws, such as the general form shown in Equation 

2.12 are often used to represent these collisions/reactions.  

−𝑟𝑟𝐴𝐴 = 𝑘𝑘𝐴𝐴(𝑇𝑇) ⋅ 𝑓𝑓𝑓𝑓(𝐶𝐶𝐴𝐴,𝐶𝐶𝐵𝐵, … ,𝐶𝐶𝑁𝑁) (2.12) 
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𝑘𝑘𝐴𝐴(𝑇𝑇) = 𝐴𝐴 ⋅ exp �−
𝐸𝐸
𝑅𝑅𝑅𝑅

� (2.13) 

𝐴𝐴 = 𝑑𝑑𝐴𝐴𝐴𝐴2 �
8𝑘𝑘𝐵𝐵𝑇𝑇
𝜇𝜇

 
(2.14) 

𝜇𝜇 =
𝑚𝑚1𝑚𝑚2

𝑚𝑚1 + 𝑚𝑚2
 (2.15) 

−𝑟𝑟𝐴𝐴 – Rate of consumption of reactant “A” 

CN – Concentration of “N”  

A – Collision frequency 

E – Activation energy  

𝑑𝑑𝐴𝐴𝐴𝐴2  – Distance between the center of “A” and “B” squared 

µ – Reduced mass 

The general form of the rate law in Equation 2.12 is typical of gas phase 

reactions, but expressions may become more complex with increasing system 

complexity. Active intermediates may cause deviation from elementary reaction kinetics, 

or kinetics in which the power of the concentration in a rate law isn’t equal to its 

stoichiometric value in a reaction (e.g. A + B = C, CA and CB are raised to the first power 

in elementary expression –rA=k(T)CACB). Additional complexity arises when considering 

a gas/solid phase reaction as mass transport to the solid, adsorption on the surface, 

followed by reaction, desorption, and then transport away from the solid (if a gas phase 

remains) must also be considered.  

When considering the kinetics of metal oxidation, factors such as diffusivity, 

vacancy concentration, chemical and electric potential, and temperature must be 
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considered. This list is not exhaustive. Figure 16 displays a simple schematic which will 

be used to help frame the kinetics of metal oxidation. 

 

 

Figure 16 – Cation, anion, vacancy, and electron transport during metal oxidation. 
Credit: Mark Weaver University of Alabama.  
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Figure 16 displays diffusion of cations and electrons from the metal/oxide interface and 

counter diffusion of cation vacancies and anions from the oxide/gas interface. Cation and 

anion activity gradients are established across the oxide, also shown in Figure 16. This 

causes cations to diffuse outward and anions to diffuse inward, which in turn gives rise to 

an electric potential gradient. This gradient is alleviated by the movement of electrons 

through the scale, which are typically much more mobile than the cation and anion 

species. Metal oxide may be formed at either interface, depending on the dominant 

diffusing species. The parabolic rate constant is a measure of the areal growth of this 

oxide over time (cm2/s). It may be expressed as Equation 2.16 in the case of greater 

cation mobility, or Equation 2.17 if anions are more mobile.  

𝑘𝑘𝑝𝑝 =
1
𝑅𝑅𝑅𝑅

� 𝐷𝐷𝑀𝑀𝑑𝑑𝜇𝜇𝑀𝑀 
𝜇𝜇𝑀𝑀
′

𝜇𝜇𝑀𝑀
′′

 
(2.16) 

𝑘𝑘𝑝𝑝 =
1
𝑅𝑅𝑅𝑅

� 𝐷𝐷𝑋𝑋𝑑𝑑𝜇𝜇𝑋𝑋 
𝜇𝜇𝑋𝑋
′′

𝜇𝜇𝑋𝑋
′

 
(2.17) 

𝐷𝐷𝑖𝑖 =
𝑅𝑅𝑅𝑅𝜅𝜅𝑖𝑖

𝐶𝐶𝑖𝑖(𝑍𝑍𝑖𝑖𝐹𝐹)2 (2.18) 

𝑘𝑘𝑝𝑝 – Parabolic rate constant 

𝜇𝜇𝑀𝑀′  – Chemical potential of metal “M” at metal/oxide interface 

𝜇𝜇𝑀𝑀′′  –Chemical potential of metal “M” at oxide/gas interface 

𝜇𝜇𝑋𝑋′  – Chemical potential of non-metal “X” at metal/oxide interface 

𝜇𝜇𝑋𝑋′′ – Chemical potential of non-metal “X” at oxide/gas interface 

𝐷𝐷𝑖𝑖 – Diffusion coefficient for species “I” through the oxide scale 
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𝜅𝜅𝑖𝑖 – Conductivity 

𝐶𝐶𝑖𝑖 – Concentration of species “i”  

𝑍𝑍𝑖𝑖 – Charge 

F – Faraday constant  

Empirical methods of determining the parabolic rate constant are often more 

convenient, as Equations 2.16 and 2.17 require diffusion data that is not always readily 

available. The mass change over time may be observed to determine the parabolic rate 

constant at a given temperature, as can be seen in Figure 17.  

 
 

 

Figure 17 – oxidation kinetics: linear growth (top curve), parabolic (middle curve), and 
linear loss (bottom curve). 

 
 
kL,1 – Linear growth rate constant [=] g cm-2 s-1 

kL,2 – Linear loss rate constant [=] g cm-2 s-1 
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kp – Parabolic rate constant [=] g2 cm-4 s-1 

As can be seen in Figure 17, which is not exhaustive, parabolic kinetics is not the only 

model for the rate of oxide growth. Linear rate laws, both growth and loss, are also 

commonly observed. Parabolic and linear regimes may be generally classified as 

diffusion limited and surface reaction limited, respectively. Diffusion limited oxide 

growth is considered protective for the underlying alloy relative to surface reaction 

limited, as implied in Figure 17. The mass gain of diffusion limited oxide growth will 

slow as the scale grows, whereas mass gain in a linear regime is not restricted in this way.   

With regard to parabolic kinetics, there are many assumptions required for this model to 

hold. The oxide layer is assumed to be dense, perfectly adherent, and only shows small 

deviations from stoichiometry. Thermodynamic equilibrium is assumed at the interfaces 

and throughout the scale. Oxygen solubility in the metal is neglected. Deviation from 

these ideal cases is common in real world oxide formation. 

 Oxygen solubility is often not negligible and may lead to internal oxidation. 

Oxygen ions may enter a lattice by following the sequence of events in Equation 2.19. 

 1
2
𝑂𝑂2,(𝑔𝑔) →

1
2
𝑂𝑂2,(𝑎𝑎) → 𝑂𝑂(𝑎𝑎) → 𝑂𝑂(𝑐𝑐ℎ𝑒𝑒𝑒𝑒)

− → 𝑂𝑂(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
2−  (2.19) 

(a) – adsorbed 

(chem) – Chemisorbed 

(latt) – Integration into lattice 

 
Equation 2.19 shows oxygen molecules adsorbing to a surface, splitting to form adsorbed 

oxygen, and electron transfer from the surface to chemisorb and integrate into the lattice. 

Elements with high oxygen affinity may react with oxygen in the lattice to form an 
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internal oxide phase. Oxygen affinity at various temperatures may be viewed using an 

Ellingham diagram. Using Figure 18, it may be seen, for example, that chromium has a 

greater affinity for oxygen than iron for the given temperature range.  

 

 

Figure 18 - Ellingham diagram. Credit: doitpoms.ac.uk. 
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A simplified system may be imagined consisting of generic elements “A” and 

“B”, where the majority of the alloy consists of A, but B has a greater affinity for oxygen. 

Figure 19 displays a simplistic version of internal oxidation for this binary alloy.  

 

Figure 19 - Internal oxidation of binary alloy “A” and “B”, with majority A, but B 
having a greater oxygen affinity. Credit: Mark Weaver University of Alabama.  

 
Figure 19 shows external scale formation of AO, and the concentration of element B in 

the bulk depleting as oxygen anions react with B to form the oxide “BO” internally. The 

formation of AO, in this case, is not protective against oxygen ingress. There exists a 

critical concentration of B which will result in the formation of a continuous external BO 

layer, as shown in Figure 20. The critical concentration is given by Equation 2.20. 
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Figure 20 - Continuous scale formation of binary alloy “A” and “B” with critical 
concentration of B. Credit: Mark Weaver University of Alabama.  

 

 𝐶𝐶𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �𝜋𝜋𝑔𝑔
∗𝐶𝐶𝑂𝑂

𝑠𝑠𝐷𝐷𝑂𝑂𝑉𝑉𝑚𝑚
2𝐷𝐷𝐵𝐵𝑉𝑉𝑂𝑂

�
1/2

 
(2.20) 

 
𝑔𝑔∗ – Critical volume fraction of oxide for transition from internal to external scale ≈ 0.3 

𝑉𝑉𝑚𝑚 – Molar volume of metal 

𝑉𝑉𝑂𝑂 – Molar volume of oxide 

𝐶𝐶𝑂𝑂𝑠𝑠  – Solubility of oxygen in A 

𝐶𝐶𝐵𝐵𝑂𝑂 – Bulk alloy concentration of B in A 

𝐷𝐷𝑂𝑂 – Diffusivity of oxygen 

It will be noted that behavior in alloys may be much more complicated, as B and 

A may form oxide phases together, solid solutions of B/A oxides are possible, and more 

elements with different diffusion rates, oxygen affinities, and phases are possible. A 

plausible sequence of events for FSS phase formation is as follows. At low temperature 

(25℃) elements in the alloy would engage in competitive adsorption of oxygen at the 

surface. Elements with a higher oxygen affinity will outcompete elements with a lower 
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oxygen affinity. Adsorbed oxygen will dissociate to molecular oxygen and chemisorb 

with high oxygen affinity elements. These regions serve as nucleation points of oxide 

compounds which may grow heteroepitaxially and coalesce into an oxide layer [53]. This 

surface layer is on the order of angstroms thick and forms in the order of nanoseconds 

[54]. As the temperature rises, the rate of diffusion of elements through the BCC lattice 

and oxide scale increases as can be seen in Equation 2.18 and increases the chemical 

potential gradients for transport of oxygen and metal through the scale. As a result, the 

oxidation rate constant increases and the scale thickens. Ferritic stainless steel alloys 

containing manganese will undergo selective oxidation of the manganese within the 

chromia scale as it has a greater affinity for oxygen than chromium and forms a more 

stable oxide. Independent phases such as MnOx have been identified which may react 

with Cr2O3 to form an external spinel phase in the form of MnCr2O4 [25]. This duplex 

type scale formation of external Mn-Cr spinel and internal Cr2O3 is commonly observed 

for manganese containing FSS in oxidizing environments [11-13].  

Establishment of stable external scales which are continuous, well adhered and 

nonporous protect the underlying alloy from oxidation. Over time, however, these layers 

are prone to failure. A common failure mode is spallation, or the localized fragmentation 

and/or detachment of a surface oxide layer. This often occurs during a temperature 

change due to mismatched coefficients of thermal expansion. This coefficient considers 

how a material changes with temperature, with linear, areal, and volumetric coefficients. 

These coefficients may be related to strain in a material, as Equations 2.21 and 2.22 show 

for linear coefficients of thermal expansion.  
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 𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛼𝛼𝑀𝑀Δ𝑇𝑇 (2.21) 

 𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝛼𝛼𝑂𝑂𝑂𝑂Δ𝑇𝑇 (2.22) 

𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  – Thermal strain on metal 

𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  – Thermal strain on oxide 

𝛼𝛼𝑀𝑀 – Linear thermal expansion coefficient for the metal 

𝛼𝛼𝑂𝑂𝑂𝑂 – Linear thermal expansion coefficient for the oxide 

The strain of the metal and oxide is equal to the change in length divided by the original 

length. If the oxide remains attached, then these strains, in addition to strains caused by 

residual stress must equal as shown in Equation 2.23. 

 𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜀𝜀𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  (2.23) 

 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜎𝜎𝑀𝑀(1−𝜈𝜈𝑀𝑀)
𝐸𝐸𝑀𝑀

 (2.24) 

 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝜎𝜎𝑂𝑂𝑂𝑂(1−𝜈𝜈𝑂𝑂𝑂𝑂)
𝐸𝐸𝑂𝑂𝑂𝑂

 (2.25) 

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  – Mechanical strain from residual stress in metal 

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  – Mechanical strain from residual stress in oxide 

𝜈𝜈𝑀𝑀 – Poisson’s ratio for the metal 

𝜈𝜈𝑂𝑂𝑂𝑂 – Poisson’s ratio for the oxide 

𝐸𝐸𝑀𝑀 – Young’s modulus for the metal 

𝐸𝐸𝑂𝑂𝑂𝑂 – Young’s modulus for the oxide 

The mechanical stress Equations (2.24 and 2.25) are an extension of Hooke’s law, 

which states that force is equal to displacement of a spring multiplied by a stiffness 
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constant. Atoms bonded behave in a similar way so long as the force does not begin 

causing plastic deformation, where stress acts as a force per area, Young’s modulus as a 

stiffness constant for bond stretching (also F/A), and the strain as displacement. Poisson’s 

ratio is the change in transverse length over the change in longitudinal length, and is used 

in Equations 2.24 and 2.25 to account for stress in the direction of longitudinal strain. 

Combining Equations 2.21-2.25, and a force balance (Equation 2.26), yields Equation 

2.27, which is the thermally generated stress on the oxide.  

 𝜎𝜎𝑀𝑀𝑡𝑡𝑀𝑀 + 2𝜎𝜎𝑂𝑂𝑂𝑂𝑡𝑡𝑂𝑂𝑂𝑂 = 0 (2.26) 

 𝜎𝜎𝑂𝑂𝑂𝑂 = − (𝛼𝛼𝑂𝑂𝑂𝑂−𝛼𝛼𝑀𝑀)Δ𝑇𝑇
2𝑡𝑡𝑂𝑂𝑂𝑂�1−𝜈𝜈𝑀𝑀�

𝑡𝑡𝑀𝑀𝐸𝐸𝑀𝑀
+�1−𝜈𝜈𝑂𝑂𝑂𝑂�𝐸𝐸𝑂𝑂𝑂𝑂

 (2.27) 

𝜎𝜎𝑀𝑀 – Metal stress 

𝜎𝜎𝑂𝑂𝑂𝑂 – Oxide stress 

𝑡𝑡𝑀𝑀 – Metal thickness 

𝑡𝑡𝑂𝑂𝑂𝑂 – Oxide thickness 

If the Poisson ratios for the oxide and metal are the same, and if the scale is thin 

relative to the metal thickness, then Equation 2.27 may be simplified to Equation 2.28. 

 𝜎𝜎𝑂𝑂𝑂𝑂 = −𝐸𝐸𝑂𝑂𝑂𝑂Δ𝛼𝛼Δ𝑇𝑇
(1−𝜈𝜈)

 (2.28) 

There exists some threshold change in temperature which will generate a critical stress 

and result in spallation. This critical stress is related to a critical strain by Young’s 

modulus, which is related to critical strain energy per unit volume as seen in Equation 

2.29. Strain energy is a measure of the energy stored in a material under strain. The 



47 
 
critical strain energy is the most energy a strained oxide may withstand before detaching 

from the metal/oxide interface.  

 𝑊𝑊∗ = 1
2
𝜎𝜎𝑥𝑥𝜀𝜀𝑥𝑥 + 1

2
𝜎𝜎𝑦𝑦𝜀𝜀𝑦𝑦 = 𝜎𝜎𝑂𝑂𝑂𝑂

2

𝐸𝐸𝑂𝑂𝑂𝑂
(1 − 𝜐𝜐𝑂𝑂𝑂𝑂) (2.29) 

W* – Critical strain energy per unit volume 

𝜎𝜎𝑥𝑥 – Stress in the x-direction 

𝜎𝜎𝑦𝑦 – Stress in the y-direction 

𝜀𝜀𝑥𝑥 – Strain in the x-direction 

𝜀𝜀𝑦𝑦 – Strain in the y-direction 

Equation 2.29 is valid given an assumption of equibiaxial stress and strain. 

Unidirectional thermal stress may be entered into Equation 2.29 (Equation 2.28 without 

the denominator) to give Equation 2.30. 

 𝑊𝑊∗ = 𝐸𝐸𝑂𝑂𝑂𝑂(1− 𝜐𝜐𝑂𝑂𝑂𝑂)∆𝛼𝛼2Δ𝑇𝑇𝑐𝑐2 (2.30) 

∆Tc – Critical temperature change 

The critical strain energy is related to the energy of the oxide/metal interface and the 

resultant surface energies of both metal and oxide, shown in Equation 2.31. These surface 

energies are a measure of stability, with small values being more stable than large values. 

As can be seen in Equation 2.31, the more stable the interface (low interfacial energy) 

and the less stable the oxide/metal surfaces (high surface energies), the more the critical 

strain energy required for spallation increases.  

 𝜉𝜉𝑊𝑊∗ = 𝛾𝛾𝑜𝑜 + 𝛾𝛾𝑚𝑚 − 𝛾𝛾𝑜𝑜𝑜𝑜 (2.31) 

𝛾𝛾𝑜𝑜 – Surface energy of oxide 
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𝛾𝛾𝑚𝑚 – Surface energy of metal 

𝛾𝛾𝑜𝑜𝑜𝑜 – Energy of oxide/metal interface 

𝜉𝜉 – Oxide thickness 

Equations 2.30 and 2.31 may be combined to give Equation 2.32, an expression 

relating the critical temperature change to the interfacial and surface energies.  

 Δ𝑇𝑇𝑐𝑐 = � 𝛾𝛾𝑜𝑜+𝛾𝛾𝑚𝑚−𝛾𝛾𝑜𝑜𝑜𝑜
𝜉𝜉𝐸𝐸𝑂𝑂𝑂𝑂Δ𝛼𝛼2(1−𝜈𝜈𝑂𝑂𝑂𝑂)�

1/2
 (2.32) 

It is important to note that these equations assume entirely elastic fracture behavior. 

Plastic deformation or creep could also serve to dissipate strain energy.   

 Growth stress is another considerable source of stress that must be considered. As 

an oxide scale grows, growth stresses build due to differences in molar volume between 

the oxide scale and the metal. This volume mismatch is often described using the Pilling-

Bedworth ratio (PBR) shown in Equation 2.33.   

 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑂𝑂𝑂𝑂
𝑉𝑉𝑀𝑀

 (2.33) 

VOx – Molar volume of the oxide 

VM – Molar volume of the metal 

If the PBR is greater than one, then the oxide is expected to experience compressive 

stress. Compressive stresses are only generated, however, if the oxide grows from the 

oxide/metal interface or within the oxide. These regions are constrained and will 

therefore introduce stress, whereas growth at the gas/oxide interface is unconstrained and 

will not introduce stress. Oxides that grow predominately by outward diffusion will 

therefore incur less growth stress than oxides which grow by inward or mixed diffusion. 
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Growth stresses for the latter cases are best modeled by mixed diffusion, as oxygen may 

gain access to the interior of oxides through micro-cracks or grain boundaries. Equation 

2.34 may be used to approximate growth stresses due to oxide growth within grain 

boundaries, provided the grain size is much thinner than the scale thickness.  

 𝜎𝜎𝑂𝑂𝑂𝑂 = 4𝐺𝐺𝑂𝑂𝑂𝑂𝑑𝑑𝑖𝑖
2𝛿𝛿(1−2𝜈𝜈𝑂𝑂𝑂𝑂)

 (2.34) 

GOx – Shear modulus 

di – Width of new oxide grown at internal grain boundaries 

δ – Oxide grain size  

Shear modulus is similar to Young’s modulus, but uses shear stress and strain instead of 

normal stress and strain. Similar to the examination of thermal stress, Equation 2.34 is 

grounded in an assumption of elastic oxide behavior.  

 Compressive stresses generated from growth stresses and/or thermal stresses, if in 

excess of the critical strain energy, may result in spallation in the form of wedging or 

buckling. Wedging occurs if the adhesive strength of the interface is greater than the 

cohesive strength of the oxide. Buckling occurs if the opposite is true. Figure 21 displays 

these two spallation behaviors given a temperature drop.  
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Figure 21 - Wedging and buckling, from Evans et al. [55]. 

 
A localized breakdown of protective behavior occurs in the event of spallation by 

wedging or buckling. If chromium is above the requisite critical concentration (Equation 

2.20) then the spalled region may quickly reform an external protective oxide scale. 

There exist conditions which may compromise this self-healing behavior. If the creep rate 

in the metal core is sufficiently high, then the oxide may experience tensile stress in 

excess of the oxide fracture strength, resulting in tensile cracking. The rate of scale 

reformation would need to be greater than the imposed strain rate in order to fill the crack 

with protective oxide. Volatility due to water vapor, as will be discussed in the next 

section, is another such compromising condition. 
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Influence of Water Vapor 

 While reactive evaporation of chromium from chromia is observed to occur more 

extensively in atmospheres of oxygen and water vapor (see Figure 6), it is important to 

note that there will always be some partial pressure of compound “x” in the vapor phase, 

regardless of the atmosphere. Often this partial pressure is negligible for practical 

considerations. For example, using thermodynamic data from Ebbinghaus [56], the 

equilibrium partial pressure of CrO3(g) in Equation 1.1 (formed from chromia and 

oxygen) may be estimated to be 8E-40 bar at 298 K and 0.21 bar oxygen. As was seen in 

the thermodynamic section, an increase of 500 K increases this partial pressure by 25 

orders of magnitude, up to 1E-15 bar. The oxyhydroxide (CrO2(OH)2(g)) partial pressure 

was observed to be larger (in the presence of water vapor), by many orders of magnitude 

for much of the temperature range up until approximately 1400 K. The importance of 

temperature and reactants on the reactive evaporation of chromium have been noted, but 

the importance of mass transport has not yet been discussed. Fluid dynamics play a large 

role in the evaporation rates of chromium from scales, and limiting thicknesses for those 

scales as will be discussed.  

 In a closed system with chromia, water vapor, and oxygen, the equilibrium partial 

pressure of CrO2(OH)2 at temperature T would eventually be reached and sustained, 

causing little disturbance to an oxide scale. In real world applications, however, oxygen 

and water vapor will be flowing past chromium oxide scales at some gas velocity “u”. 

This gas velocity will influence the thickness of the boundary layer, which is a region 

close to a surface in which viscous forces dominate, as seen in Figure 22. 



52 
 

 

Figure 22 - Boundary layer illustration. Credit: comsol.com. 

 
There are three regions on the flat plate geometry shown in Figure 22: laminar, 

transition, and turbulent. The laminar region is dominated by viscous forces. The 

transition region follows where inertial forces begin to become non-negligible. The 

turbulent region is comprised of an outer turbulent layer where inertial forces dominate, a 

thin viscous sublayer close to the surface, and a buffer layer between which acts as an 

intermediary between the two. The free stream gas velocity is altered upon entering the 

boundary layer, depending position “x” down the plate of length “L”, and position “y” in 

the boundary layer. The boundary layer thickness grows down the length of the plate. 

This is due to the dependence of the boundary layer on the Reynolds number. The 

Reynolds number is a dimensionless quantity which represents the ratio of inertial forces 

to viscous forces, as seen in Equation 2.35. 

𝑅𝑅𝑅𝑅 =
𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇

 (2.35) 

𝑅𝑅𝑅𝑅 – Reynolds number  

𝜌𝜌 – Density 



53 
 
𝑢𝑢 – Gas velocity 

x – Length down the flat plate 

𝜇𝜇 – Dynamic viscosity  

The dependence of the boundary layer thickness on the Reynolds number may be 

seen from an order of magnitude analysis on the equation of motion in the x-direction for 

a Newtonian fluid in Equations 2.36-2.40.  

𝜌𝜌 �
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑥𝑥
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑦𝑦
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑧𝑧
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

� = −
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜇𝜇 �
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑥𝑥2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑦𝑦2

+
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑧𝑧2

� (2.36) 

𝜌𝜌𝑣𝑣𝑥𝑥
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕

~𝑂𝑂 �𝜌𝜌
𝑢𝑢2

𝐿𝐿
� (2.37) 

𝜇𝜇
𝜕𝜕2𝑣𝑣𝑥𝑥
𝜕𝜕𝑥𝑥2

~𝑂𝑂 �𝜇𝜇
𝑢𝑢
𝛿𝛿2
� (2.38) 

𝜌𝜌
𝑢𝑢2

𝐿𝐿
~𝜇𝜇

𝑢𝑢
𝛿𝛿2

 (2.39) 

𝛿𝛿~
𝐿𝐿

√𝑅𝑅𝑅𝑅
 (2.40) 

The boundary layer thickness is directly proportional to the length of the plate and 

inversely related to the square of the Reynolds number. This is valid for viscous and 

inertial forces which are approximately equal, but as the inertial forces become more 

dominant (Re>>1) the boundary layer thickness deviates from this model. For turbulent 

flow the law of the wall is a better approximation. This approximation may be briefly 

described by examining the shear stress generated due to flow in the x direction, with 

momentum transfer in the y direction shown in Equation 2.41. 
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𝜏𝜏𝑦𝑦𝑦𝑦 = 𝜇𝜇
𝑑𝑑𝑣̅𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

− 𝜌𝜌𝑣̅𝑣𝑥𝑥′ 𝑣̅𝑣𝑦𝑦′  (2.41) 

𝜏𝜏𝑦𝑦𝑦𝑦 – Shear stress with flow in direction x and momentum transfer in direction y 

𝜇𝜇 – Absolute viscosity  

𝜌𝜌 – Density 

𝑣̅𝑣𝑥𝑥 – Time averaged velocity in the x-direction 

𝑣̅𝑣𝑥𝑥′  – Time averaged velocity fluctuations in the x-direction 

𝑣̅𝑣𝑦𝑦′  – Time averaged velocity fluctuations in the y-direction 

Velocity fluctuations in a given direction are expected to be largely random, so 

averaging these quantities alone gives zero. The velocity fluctuations in the x and y 

directions are correlated, however, so their averaged product is not equal to zero. This 

product is instead known as the Reynolds stress. This stress is not expected to make a 

large contribution in the laminar region, or viscous sublayer in the turbulent region in 

Figure 22. These regions are best described by Newton’s law of viscosity (Equation 2.41 

without the Reynolds stress). The turbulent layer of the turbulent region in Figure 22 is 

better described by the Reynolds stress, which may be transformed into the non-

dimensional logarithmic law of the wall as follows.  

𝑣̅𝑣𝑦𝑦′ ≅ 𝑣̅𝑣𝑥𝑥′ = 𝜅𝜅𝜅𝜅
𝑑𝑑𝑣̅𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

 (2.42) 

𝜏𝜏𝑦𝑦𝑦𝑦,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜌𝜌𝜅𝜅2𝑦𝑦2 �
𝑑𝑑𝑣̅𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

�
2

= 𝜏𝜏𝑜𝑜 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (2.43) 

𝑑𝑑𝑣̅𝑣𝑥𝑥
𝑑𝑑𝑑𝑑

=
�𝜏𝜏𝑜𝑜 𝜌𝜌�

𝜅𝜅𝜅𝜅
 

(2.44) 
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𝑣̅𝑣𝑥𝑥 =
�𝜏𝜏𝑜𝑜 𝜌𝜌�

𝜅𝜅
⋅ 𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐶𝐶1 

(2.45) 

𝑣𝑣∗ =
𝑣̅𝑣𝑥𝑥

�𝜏𝜏𝑜𝑜 𝜌𝜌�
 (2.46) 

𝑦𝑦∗ = 𝑦𝑦 ⋅
�𝜏𝜏𝑜𝑜 𝜌𝜌�

𝜈𝜈
 

(2.47) 

𝑣𝑣∗ =
1
𝜅𝜅
⋅ 𝑙𝑙𝑙𝑙𝑦𝑦∗ + 𝐶𝐶1′ (2.48) 

𝑣𝑣∗ - Non-dimensional velocity 

𝑦𝑦∗ - Dimensionless length  

𝜅𝜅 – Empirical constant  

𝐶𝐶1 – Integration constant 

𝐶𝐶1′ - Modified integration constant  

The empirical constant 𝜅𝜅 is related to mixing length (𝜅𝜅 ⋅ 𝑦𝑦) which is the distance 

over which a fluid control volume will retain its characteristics before mixing with the 

surrounding fluid. This constant and the integration constant 𝐶𝐶1′ have been determined 

empirically and used to construct the universal velocity profile displayed in Figure 23.  
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Figure 23 - Universal velocity profile near a wall. Credit: Brennen.caltech.edu. 

 
Fluid may only be modeled by Newton’s law of viscosity up to a dimensionless length of 

about 5. Equation 2.48, shown with 𝜅𝜅 = 1/5.6 and 𝐶𝐶1′ = 4.9, is valid above a 

dimensionless length of 30. Between these zones exists the buffer region, and a suggested 

fit takes a similar form to Equation 2.48 as v*=5 ln(y*+0.205)-3.27. 

 The Reynolds number is also related to the linear volatility rate, mentioned 

previously in linear oxidation kinetics. For FSS, where mass gain and loss is occurring 

simultaneously in high temperature air and water vapor, parabolic and linear kinetics 

need to be combined to describe the behavior. The Tedmon equation (Equation 2.49) is 

used to combine parabolic rate mass gain and linear mass loss.  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑘𝑘𝑝𝑝
𝑥𝑥
− 𝑘𝑘𝑙𝑙  (2.49) 

𝑥𝑥 – scale position 
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𝑘𝑘𝑝𝑝 – Parabolic rate constant 

𝑘𝑘𝑙𝑙 – Linear rate constant  

The linear rate constant may be approximated using the Sherwood number, which 

is a function of the Reynolds number and the Schmidt number. The Reynolds number 

was conceptualized as the ratio of inertial forces to viscous forces. Similarly, the Schmidt 

number may be conceptualized as the ratio of the rate of viscous diffusion to the rate of 

mass diffusion. The Sherwood number combines these concepts to give the ratio of the 

convective mass transfer rate to the rate of diffusion. It is related to the linear rate 

constant as shown in Equation 2.50.   

𝑆𝑆ℎ =
𝑘𝑘𝑙𝑙𝐿𝐿
𝜌𝜌𝜌𝜌

 (2.50) 

𝑆𝑆ℎ – Sherwood number 

𝐿𝐿 – Characteristic length 

𝐷𝐷 – Diffusion coefficient 

The Sherwood number as defined in Equation 2.50 may be equated to correlations 

developed given conditions such as geometry and Reynolds number. For flat plate 

geometry and a Reynolds number less than 3 x 105, Equation 2.51 is used to approximate 

the Sherwood number.  

𝑆𝑆ℎ = 0.644𝑅𝑅𝑒𝑒0.5𝑆𝑆𝑐𝑐0.33 (2.51) 

Sc – Schmidt number  

Combining Equations 2.50 and 2.51 yields Equation 2.52 which is an approximation for 

the linear rate constant given flat plate geometry and laminar flow conditions. 
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𝑘𝑘𝑙𝑙 = 0.644𝑅𝑅𝑒𝑒0.5𝑆𝑆𝑐𝑐0.33 ⋅
𝜌𝜌𝜌𝜌
𝐿𝐿

 (2.52) 

Using the ideal gas law to substitute in partial pressure of volatile chromium species for 

density gives Equation 2.53. 

𝑘𝑘𝑙𝑙 = 0.644𝑅𝑅𝑒𝑒0.5𝑆𝑆𝑐𝑐0.33 ⋅
𝐷𝐷𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶2(𝑂𝑂𝑂𝑂)2

𝐿𝐿𝐿𝐿𝐿𝐿
⋅ 𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶2(𝑂𝑂𝑂𝑂)2 (2.53) 

The partial pressure of chromium oxyhydroxide may be replaced using the Gibbs free 

energy expression for Equation 1.2. 

∆𝐺𝐺𝑒𝑒𝑒𝑒 2 =  −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
𝑃𝑃𝐶𝐶𝐶𝐶𝐶𝐶2(𝑂𝑂𝑂𝑂)2

𝑃𝑃𝐻𝐻2𝑂𝑂𝑃𝑃𝑂𝑂20.75𝑎𝑎𝐶𝐶𝐶𝐶2𝑂𝑂30.5  
� (2.54) 

𝑘𝑘𝑙𝑙 = 0.644𝑅𝑅𝑒𝑒0.5𝑆𝑆𝑐𝑐0.33 ⋅
𝐷𝐷𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶2(𝑂𝑂𝑂𝑂)2

𝐿𝐿𝐿𝐿𝐿𝐿
⋅ exp �−

∆𝐺𝐺𝑒𝑒𝑒𝑒 2

𝑅𝑅𝑅𝑅
�𝑃𝑃𝐻𝐻2𝑂𝑂𝑃𝑃𝑂𝑂20.75𝑎𝑎𝐶𝐶𝐶𝐶2𝑂𝑂30.5  (2.55) 

For a flat plate geometry with a Reynolds number above 3 x 105, the Reynolds 

number in Equation 2.55 will be 0.8 instead of 0.5. As they Reynolds number increases, 

so too does the linear rate constant. Examining the Tedmon equation (Equation 2.49), a 

limiting scale thickness may be approximated when the derivative is equal to zero. This 

thickness is equal to kp/kl, so an increasing linear rate constant decreases the oxide 

thickness limit. There exists some disagreement in literature as to a limitation on the 

linear rate constant. Kurokawa et al. [34] and Gindorf et al. [33] have both suggested an 

upper limit to this rate constant, as can be seen in Figure 24. These figures do not have 

the same units as kl, but are related by the proposed limitation on mass transport of 

chromium, even as the flow rate continues to increase. In both cases, volatile chromium 

condensate was collected on glass tubes, which was then dissolved into a nitric acid 

solution and quantified using inductively coupled plasma mass spectroscopy.  
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Figure 24 – Collected volatile chromium vs gas flow rate: Gindorf et al. [33] left, 
Kurokawa et al. [34] right. 

 
The universality of these results were called into question by a study performed 

by Holcomb [36]. Holcomb examined supercritical steam turbine conditions with a linear 

flow rate of 300 m/s, temperatures ranging from 540-760°C, pressures ranging from 163-

340 atm, and 1-21.70 ppb dissolved oxygen. Predicted mass transport coefficients for 

steam turbines are displayed against laboratory conditions (linear velocity of 0.02 m/s) at 

760°C in Figure 25. 

 

Figure 25 - Mass transport coefficients for steam turbines and laboratory conditions. "A" 
is representative of current power plant conditions, "B" is for current advanced power 
plants, and "C" is for DOE target conditions. 
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The mass transport coefficients for steam turbines are predicted to be several 

orders of magnitude higher than laboratory scale conditions. While the high gas velocity 

certainly contributes to increasing the mass transport coefficient, it is unclear how much 

of the difference is attributable solely to the gas velocity. There is also a two order of 

magnitude pressure difference between the lab scale and turbine conditions. This pressure 

increase will increase the reactive evaporation of chromium, as thermodynamic modeling 

shows in Figure 26.  
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Figure 26 - Thermodynamic modeling using data from Ebbinghaus, Gindorf, and 
Glushko. a) air and 3% water vapor at 1 atm, b) steam with 180 ppb dissolved oxygen at 

1 atm, c) steam with 180 ppb dissolved oxygen at 300 atm. 

 
The difference in oxygen content is an additional confound when attempting to 

directly compare laboratory scale and turbine conditions. Holcomb suggests future work 

to include increased gas velocity experiments. The Opila research group at the University 

of Virginia has developed a steam jet technique in which liquid water is delivered into the 

hot zone of a furnace via a fused quartz capillary. The water evaporates and the 

subsequent expansion allows for a jet of high temperature steam with a gas velocity of 
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150-200 m/s [57]. To the knowledge of the author this technique has not been used to 

examine chromium volatility.  

 Up to this point the reactive evaporation of chromium has been examined from a 

pure chromia source, but in FSS this will rarely be the case. The general case for oxide 

phase formation was given in the previous section, where an external scale of Mn-Cr 

spinel may be expected to form. This oxide is more stable than chromia and is therefore 

less susceptible to reactive evaporation of chromium [18, 58, 59]. Volatility differences 

of various oxides will be outlined in the following section. The impact of chromium 

volatilization on FSS oxide phase formation will be explored here.  

   One may begin with FSS behavior in “low evaporation rate” environments. 

These are described by Segerdahl et al. [60] as gas environments which promote the 

reactive evaporation of chromium, but the oxide remains protective. In this study, these 

atmospheres consisted of O2 + 10% H2O and O2 + 40% H2O with gas velocities less than 

2.5 cm/s. Under these conditions, the alloy which formed a protective Cr-rich (Cr,Fe)2O3 

layer in dry O2 instead forms an Fe-rich (Cr,Fe)2O3 outer layer with a Cr-rich (Cr,Fe)2O3 

inner portion. Increasing the flow rate above 2.5 cm/s, creating a “high evaporation rate” 

environment, results in a breakdown of protective behavior. The corundum type solid 

solution breaks down into an outer layer of nearly pure hematite with Fe,Cr spinel 

underneath. The breakdown in protective behavior resulted in a mass change (mg/cm2) 

two orders of magnitude higher (O(0.01) up to O(1)). It may be noted that while the 

Mn,Cr spinel phase was not claimed, depth profiling revealed a thin (<0.1 µm) layer of 

manganese which appeared to covary with chromium content. Similar breakdown in 
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protective behavior was noted by Asteman et al. [61] for oxidation of 304L in similar gas 

environments, though the change in mass was only one order of magnitude, and an inner 

layer of Fe-rich (Cr,Fe)2O3 was noted as opposed to Fe,Cr spinel. 

Breakdown of protective behavior in these studies was not uniform, but instead 

led to localized regions of breakaway corrosion. These breakaway regions, comprised of 

an outer layer of hematite, grow much more quickly than the surrounding protective scale 

and lead to the creation of what are termed “oxide islands”. An observation was made by 

Asteman et al. [61] that oxide islands often do not cross grain boundaries, but instead 

form within these borders. It was proposed that grain boundaries, which permit diffusion 

rates up to nine orders of magnitude greater than the bulk [62], were not depleted of 

chromium even under high evaporation rate conditions. This would allow grain 

boundaries to remain protective, while regions away from these boundaries would 

become depleted of chromium as described above and subsequently form oxide islands.  

Formation of oxide islands is not restricted to conditions promoting volatilization 

induced localized breakaway corrosion. Several authors have also noted oxide island 

formations under conditions in which chromium volatility is negligible. Essuman et al. 

[63] exposed Fe-10Cr and Fe-20Cr to atmospheres of Ar-20% O2, Ar-7% H2O, and Ar-

4% H2-7% H2O at 900°C for 72 hours. In accordance with Figures 19 and 20, the 10Cr 

alloy exposed to Ar-20% O2 formed an external layer of iron oxides and in inner layer of 

chromia, whereas the 20Cr alloy formed a protective external chromia scale. In Ar-4% 

H2-7% H2O, both alloys experienced internal oxidation, though the 10Cr alloy had more 

extensive internal oxidation due to its inability to form a protective external chromia 
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layer. Both alloys, however, experienced a breakdown in protective behavior in Ar-7% 

H2O. Oxide islands like those described by Asteman et al and Segerdahl et al. [60, 61], 

with more extensive oxide growth present in the 10Cr alloy.  

Ehlers et al. [64] made similar observations with 9%Cr steel P91 at 650°C in N2-

1% O2- x% H2O (x=2-7) for 1-30 hours. In N2-1% O2 the alloy formed a thin protective 

scale. Adding water to the gas led to breakaway corrosion with an outer most layer of 

hematite, with underlying layers of magnetite, Fe-Cr-Mn spinel, and lastly an internal 

oxidation zone. As the water composition in the gas increased, the time necessary to 

induce breakaway corrosion was reduced. These breakaway regions were noted to be 

porous and contain many voids which also increased with increased water content. The 

study’s authors attributed the porosity and voids to the formation of iron hydroxide 

within the scale from reactions between iron oxide and water vapor in anoxic conditions. 

Iron hydroxide formed in the scale may diffuse to the surface where the oxygen partial 

pressure is large enough to convert the iron hydroxide into an iron oxide. An important 

condition for breakaway oxidation was given as pH2O/pO2 ≥ 1 at which point water is 

expected to outcompete oxygen in adsorbing to vacant surface sites. 

 
Influence of Ceramic Contacting Conditions 

 
The author performed a similar study of FSS in mixed gas environments, but also 

incorporated contacting aluminosilicate fibers to examine their impact on corrosion 

behavior. Many prior studies have examined the effect of contacting conditions on 

corrosion behavior. Several coatings, such as reactive element oxide (REO), perovskite, 

and spinel have been examined in the SOFC literature. These coatings are intended to 
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attenuate oxide scale thickness, be electronically conductive, reduce reactive evaporation 

of chromium, and generally meet SOFC component requirements as outlined in Chapter 

Three.  

Reactive element oxides incorporate reactive elements such as Y or Ce which are 

believed to segregate to grain boundaries and block/slow short-circuit diffusion [65]. 

These elements are also theorized to serve as closely spaced surface nucleation points, 

which result in a thin, fine-grained scale forming more rapidly than uncoated oxidation 

[66]. Several authors have studied these coatings for FSS SOFC interconnects. Qu et al. 

[66] examined the effect of Y, Co, and Y/Co oxide coatings on 430 SS at temperatures 

ranging from 700 to 800°C in air for up to 500 hours. All samples, coated and uncoated, 

formed chromia and Cr-Mn spinel. Uncoated and Co coatings displayed the worst 

oxidation resistance and were susceptible to spallation after 250+ hours. Yttria coatings 

resulted in scale thickness and mass gains 50% less than uncoated and Co coatings and 

25% of the area specific resistance (ASR) with 14-21 mΩ cm2. Coatings of Y/Co had 

similar ASR values.  

 Fontana et al. [23] examined the effect of coating Crofer 22 APU, AL 453, and 

Haynes 230 with La2O3, Nd2O3, and Y2O3 after 100 hours in 800°C air. The Ni based 

alloy Haynes 230 showed the best oxidation resistance, but does not have a suitable CTE 

for current use in a SOFC system. All coatings for the two ferritic stainless steels reduced 

the observed parabolic rate constants, but some coatings increased the ASR relative to the 

uncoated samples. Crofer 22 APU coated with Y2O3 had an ASR 2-3 times higher than 

uncoated Crofer, whereas La2O3 coated Crofer was two orders of magnitude lower at 
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0.004 Ω cm2 after 100 hours. The La2O3 coating was observed to form a LaCrO3 

perovskite phase, likely doped with iron, which endowed it with a high conductivity. 

Coatings on AL 453 were not observed to be largely beneficial in terms of ASR, with 

Y2O3 performing slightly better at 0.069 Ω cm2 as opposed to 0.077 Ω cm2 for uncoated, 

La2O3 being 0.219 Ω cm2, and Nd2O3 at 0.524 Ω cm2. The formation of the YCrO3 

perovskite phase on AL 453, but not on Crofer, helps to explain the poor performance of 

Y2O3 on Crofer, with the Y2O3 resistivity being higher than chromia or the perovskite 

[23].  

 The formation of perovskites from reactive element oxides has been repeatedly 

observed [23, 67, 68]. Cubic structured with the general formula ABO3, where “A” is 

typically a rare earth metal (La, Y, etc.) and “B” a transition metal (Cr, Mn, etc.), 

perovskites offer excellent electric conductivity and stability in over a wide pO2 range 

[69]. They may also supply reactive elements to the underlying oxide scale to enhance 

oxidation resistance as mentioned above. Dopants such as strontium and calcium, which 

occupy the lanthanum site, are commonly used and increase the conductivity [70, 71]. 

These properties make perovskite coatings promising for SOFC interconnects, but there 

are challenges to be addressed. Yang et al. [72] coated E-brite, Crofer 22 APU, and AL 

453 with LaSr0.2FeO3 (LSF) and LaSr0.2CrO3 (LSC) and exposed them to 800°C air for 

1200 hours. All coatings were observed to improve oxidation resistance over uncoated 

alloys, and only LSC coated Crofer 22 APU was observed to be detrimental to the ASR. 

Coatings of LSC were better for oxidation resistance than LSF due to its lower ionic 

conductivity, but chromium volatility from LSC is still a concern. Though LSF does not 
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contain chromium, it does not prevent outward diffusion of chromium from the steel into 

the coating which may then volatilize. Peck et al. used Knudsen effusion mass 

spectroscopy to determine the vapor pressure of volatile chromium species over LSC and 

lanthanum chromite. Knudsen effusion mass spectroscopy is a technique in which a 

material is placed in a Knudsen cell where volatile species diffuse into a low pressure 

region where they are subsequently ionized and analyzed using mass spectroscopy. 

Partial pressures of volatile species were calculated to be several orders of magnitude 

lower in LSC and lanthanum chromite when compared to chromia as seen in Figure 27.  

 

 

Figure 27 - Partial pressures of volatile chromium species at 950°C for La0.84Sr0.16CrO3 
(solid line), LaCrO3 (dashed line), and Cr2O3 (dotted line) [20].  
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From Figure 27 it can be seen that a higher partial pressure of volatile chromium 

species was calculated for the strontium doped chromite. The LSC phase may be 

considered a solid solution of lanthanum chromite and strontium chromite, with strontium 

chromite being less stable. More strontium chromite, therefore, will favor a greater vapor 

pressure of volatile chromium species. This discussion has not been exhaustive. There are 

many additional perovskite materials which are being/have been pursued for interconnect 

coatings [34, 58, 73, 74]  

Spinel coatings are also cubic and of the form AB2O4 where “A” and “B” may be 

di/tri/tetravalent cations. Spinels also show good electronic conduction, match other 

component CTEs in the SOFC system, and have demonstrated protection against both 

chromium egress and oxygen ingress. Yang et al. [75] coated E-brite, Crofer 22 APU, 

and AISI430 with Mn1.5Co1.5O4 and exposed these samples to 800°C air for 100 hours. 

Both coated E-brite and Crofer formed a protective duplex scale consisting of internal 

chromia and external spinel which was observed to prevent outward chromium diffusion 

by EDS, and offer excellent electrical conductivity with measured ASR values as low as 

7 mΩ cm2. While the coated AISI430 was also observed to prevent outward chromium 

diffusion, the lower chromium content in the alloy resulted in internal iron oxide 

formation, and the increased silicon content resulted in insulating silicon oxide scale 

formation. The increase in ASR to 40 mΩ cm2 was attributed to this insulating oxide 

formation and the increased scale growth rate. Yang et al. [76] reported similar findings 

when examining the same coating on uncoated and coated Crofer 22 APU, with the 
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uncoated alloy reaching an ASR three times higher than uncoated (39 vs 13 mΩ cm2), 

and double the thickness (~4 µm vs ~2 µm).  

In addition to Mn-Co spinel coatings, Bateni et al. [77] also examined 

Cu1.4Mn1.6O4 coatings on FSS grade 430 interconnects exposed to 750°C air for seven 

days. The coating was observed to be well adherent and prevented outward chromium 

diffusion, though did not prevent outward diffusion of iron. Iron largely remained in 

solution according to XRD analysis, with copper oxide and spinel being the only 

identified phases. While not identified, an internal chromia layer appears to have formed 

when examining elemental mapping using EDS. The uncoated FSS 430 oxide scale was 

an order of magnitude thicker (hundreds of microns vs tens) and not well adherent, which 

was attributed to the CTE mismatch of magnetite and the FSS substrate.  

Chromium containing spinels, such as (Mn,Cr)3O4 and (Co,Cr)3O4, have displayed 

acceptable oxidation resistance and electrical conductivity [78-80], but Cr in the spinel 

may be undesirable. While less susceptible to reactive evaporation than chromia [18, 36, 

58], these scales may still result in unacceptable vapor pressures of volatile chromium 

species. The Mn-Co spinel discussed above has been observed to act as an effective 

barrier against outward Cr transport and reduce volatility by up to two orders of 

magnitude [34, 82, 83]. Metallic coatings of Cu, Co, and Ni on Crofer 22 APU in humid 

air at 800°C for up to 1200 hours by Stanislowski et al. [35] were observed to form 

surface Co, Cu, and Ni single element oxides, with an internal spinel layer which reduced 

chromium release by two orders of magnitude compared to uncoated Crofer. Similar to 

perovskites, there are many more studies and spinel coatings which were not covered 



70 
 
here [84-87]. In addition to coatings, research has been performed by placing ceramics in 

direct contact with stainless steels at high temperature and observing the outcome. These 

cases will be discussed in the next section.  

 To the best knowledge of the author, the impact of contacting aluminosilicate 

fibers on corrosion behavior has not been investigated. This contacting condition is 

important as SOFC getters designed to collect volatile chromium species may be 

supported by alumina micro/nanofibers [88] which would be in contact with FSS 

interconnects. Additionally, ferritic stainless steel T409 (FSS T409) is often used in 

automobile exhaust systems and contacts ceramic fibers in a catalytic converter. These 

materials may influence one another in contacting conditions, with fibers collecting 

various chromium species, and the corrosion behavior of FSS T409 being altered. The  

findings from Surface Studies of T409 Stainless Steel at 700°C in Wet or Dry Air or N2 

With and Without Contacting Ceramic Fibers, published in Oxidation of Metals in 

January 2018 [1], are outlined below. 

 Strips of FSS T409 were characterized using EDS to obtain the general 

composition in Table 1.  

 
Table 1 - Composition of FSS T409 taken by EDS. 

 Fe C Mn Si Cr Ti 

T409 Bal Max: 0.08 0.5 0.4 10.5 0.2 

 
 
Two strips, each 125 mm x 14 mm x 1.48 mm, were used in each experiment which were 

each measured, massed, and stamped for identification pre-exposure. These strips were 
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used to sandwich aluminosilicate fibers, provided by Morgan Advanced Materials, of 

approximate mass 0.4 g which spanned the length and width of the strips.  

 Henceforth, this placement of aluminosilicate fiber between two strips of T409 will be 

referred to as a clamp. An assembled clamp was placed in a quartz crucible which was 

housed in the center of a 30 mm OD quartz tube. The quartz tube was placed in a GSL-

1100 × tube furnace, and flanges sealed with O-rings were used to connect the quartz 

tube to inlet and outlet tubing. The inlet to the furnace was supplied using either house air 

or nitrogen controlled by a three-way valve. The selected feed gas was then passed 

through an Omega FL-3613G rotameter to establish a flow rate of 900 sccm and then to 

another three-way valve to direct gas either directly into the furnace or to a 1 L glass 

bubbler. The bubbler was fitted with a frit of porosity rating P1 and filled with room 

temperature water. The inlet gas/vapor interacts with a clamp at 700 °C and exits the tube 

initially routed into a 500 mL Erlenmeyer flask to condense water vapor. The effluent is 

then directed to a fume hood for release. The experimental setup is schematically 

illustrated in Figure 28.  
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Figure 28 - Experimental setup used in Surface Studies of T409 Stainless Steel at 700°C 
in Wet or Dry Air or N2 With and Without Contacting Ceramic Fibers [1]. 

 
For all experiments, the furnace ramp rate was 30 °C/min, and exposure time at 

700 °C was 94 h. In the experiments using nitrogen, the system was purged of oxygen 

with dry nitrogen flow of 900 sccm for 20 min prior to heating the furnace. Additionally, 

for all experiments after the exposure period elapsed, power to the furnace was 

discontinued and dry gas was used during cooldown. Dry nitrogen was used for nitrogen 

experiments, and dry air was used for air experiments. After cooling to room temperature, 

each clamp was disassembled and re-massed. An Allied Techcut 4™ precision low speed 

saw was used to cut two coupons from a strip in each experiment. Two coupons were cut 

from each experiment as there were two contacting conditions. One coupon was analyzed 

on the side contacting aluminosilicate fiber whereas the other coupon had the non-

contacting surface analyzed. These coupons were washed with methanol and acetone to 

remove cutting fluids. Coupons were then analyzed using field emission scanning 
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electron microscopy (FESEM), energy dispersive x-ray spectroscopy (EDS), and XRD. A 

Zeiss SUPRA 55VP was used for FESEM/EDS, and a Scintag X1 Diffraction System 

was used for XRD. Diffraction patterns were obtained using a Cu K-alpha X-ray source 

with Bragg–Brentano geometry from 15 to 70 degrees 2Θ. Samples were scanned at 

0.5°/min with 0.02° steps. Separate coupons were prepared as cross sections using an 

Allied MultiPrep™ polishing system. Samples were mechanically ground and polished 

from 120 grit up to a 3-micron finish. These cross sections were examined using 

FESEM/EDS. 

 Diffraction patterns for the non-contacting and contacting surfaces are displayed 

in Figures 29 and 30, respectively. Surface micrographs for the non-contacting and 

contacting surfaces are shown in Figures 31 and 32.  

 

 

Figure 29 - Diffraction patterns for non-contacting surfaces. 
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Figure 30 - Diffraction patterns for contacting surfaces. 

 

 
Figure 31 - Representative surface morphology post non-contacting side exposure to a) 

dry air b) moist air c) dry N2 d) moist N2. 
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Figure 32 - Representative surface morphology post contacting side exposure to a) dry 

air b) moist air c) dry N2 d) moist N2. 

 
Examining Figures 31 and 32, the contacting side exposures can be seen to form 

smaller oxide nodules than the non-contacting exposures. Oxide islands observable in 

Figure 31b were no longer present on Figure 32b. Additionally, oxide islands which 

agglomerated in Figure 31d instead form standalone units free of whiskers in Figure 32d. 

The diffraction patterns in Figures 29 and 30 show that hematite is no longer observed for 

contacting side exposures. These differences will be explained briefly here.  

 Smaller oxide nodules are attributed to the fibers acting as a barrier to mass 

transport of corrosive species. Further, it was theorized that hydrogen will more easily 

infiltrate the barrier than other larger species such as oxygen and water vapor. This may 

result in an inflated hydrogen composition in the fibers relative to the influent. The 
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significance of increased hydrogen content may be seen from an Ellingham diagram as 

was shown in Figure 18. An Ellingham diagram is used to predict thermodynamic 

stability at a given temperature for a given reaction. The necessary oxygen partial 

pressure to oxidize, or the requisite CO/CO2, H2/H2O ratios to reduce are displayed on the 

top, right, and bottom axes. These ratios drive reduction due to Le Chatelier’s principle, 

which essentially states that a system will seek a new equilibrium when subjected to a 

change in pressure, temperature, or concentration. A large H2/H2O ratio will drive the 

reaction equilibrium towards the formation of water, and consequently the consumption 

of oxygen. It is in this way that the gas atmosphere of the fiber region may produce 

smaller oxide nodules relative to non-contacting conditions and suppress hematite 

formation.  

 The fibers acting as a mass transport barrier and also inflating the H2/H2O ratio 

help to explain why oxide islands are not present in the contacting humidified air 

exposure while they are present in the non-contacting case. These oxide islands are 

believed to form by the volatilization induced localized breakaway corrosion mechanism 

discussed near the end of the previous section from Asteman et al. and Segerdahl et al. 

[60, 61]. By this mechanism the rate of reactive evaporation of chromium exceeds the 

rate at which chromium may be replenished in the scale, resulting in localized breakdown 

of protective behavior and a fast growing oxide island. By reducing ingress of oxygen 

and water vapor, inflating the H2/H2O ratio, and slowing egress of volatile chromium 

species the volatilization rate slows. From this work it appears to slow enough to prevent 

the breakaway corrosion mechanism from occurring in the fiber region.  
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 This mechanism is incompatible with oxide island formation in the moist N2 

exposures as these are low pO2 conditions. An alternative mechanism was proposed in 

the paper in which alloy segregation, which may be observed from suboxide formation 

(morphology resembling weld beads in Figures 31c,d and 32 c,d), was largely responsible 

for oxide island formation. Alloy segregation is driven by Gibbs energy of segregation 

shown in Equation 2.56. 

∆𝐺𝐺𝐼𝐼 = ∆𝐺𝐺𝐼𝐼0 + ∆𝐺̅𝐺𝐼𝐼𝐸𝐸 (2.56) 

∆𝐺𝐺𝐼𝐼0 = �𝜇𝜇𝐼𝐼(𝑀𝑀)
𝜙𝜙,0 + 𝜇𝜇𝑀𝑀

𝑉𝑉,0� − �𝜇𝜇𝐼𝐼(𝑀𝑀)
𝑉𝑉,0 + 𝜇𝜇𝑀𝑀

𝜙𝜙,0� (2.57) 

∆𝐺̅𝐺𝐼𝐼𝐸𝐸 = 𝑅𝑅𝑅𝑅 ⋅ ln�
𝛾𝛾𝐼𝐼
𝜙𝜙𝛾𝛾𝑀𝑀𝑉𝑉

𝛾𝛾𝐼𝐼𝑉𝑉𝛾𝛾𝑀𝑀
𝜙𝜙� 

(2.58) 

∆𝐺𝐺𝐼𝐼 – Gibbs energy of segregation 

∆𝐺𝐺𝐼𝐼0 – Standard molar Gibbs energy of segregation 

∆𝐺̅𝐺𝐼𝐼𝐸𝐸 – Partial molar excess Gibbs energy of segregation 

I – Solute 

M – Solvent 

𝜙𝜙 – Interface 

V – Bulk volume 

γ – Activity coefficient 

Gibbs energy of segregation is the addition of the standard molar Gibbs energy of 

segregation and the partial molar excess Gibbs energy of segregation. The standard molar 

Gibbs energy of segregation is the difference between the sum of the chemical potential 
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of pure solute occupying an interfacial position and solvent in the bulk, and the sum of 

the chemical potential of solute in the bulk and solvent in the interface. The partial molar 

excess Gibbs energy of segregation represents the deviation between ideal behavior 

(∆𝐺𝐺𝐼𝐼0) and real behavior. It takes into account the activity coefficients, which when 

multiplied by concentration gives activity. Examination of Equation 2.58 shows that 

when the product of activity coefficients of solute in interface and solvent in bulk is less 

than the product of the opposite, then solute segregation to the interface is energetically 

favorable. Limited reactivity at the surface leads to an attenuated driving force toward the 

surface for atoms in the bulk. Solutes, in this case elements such as Mn, Cr, and Ti may 

segregate to grain boundaries seeking lower energy states and engage in accelerated 

diffusion toward the surface. This leaves surface regions not supplied by grain boundaries 

susceptible to localized breakaway corrosion.  

Factors which may exacerbate this process include the dissolution of protons into 

the scale, potentially increasing the solubility and/or diffusivity of iron in chromia [89], 

and water ingress through micro-cracks forming H2O-H2 bridges which may cause 

internal oxidation and form volatile iron hydroxide [64]. These bridges allow for water 

ingress, which may then dissociate with hydrogen escaping out the micro-crack and 

oxygen interacting with iron to form iron oxide. Alternatively, water may react with iron 

oxides to form iron hydroxide leading to void formation and porosity within the scale. As 

was noted at the end of the last section, Ehlers et al. [64] also reported that gas 

environments where the pH2O/pO2 ratio is ≥ 1 will result in water outcompeting oxygen 

for adsorption sites. Water will preferentially adsorb with lower isoelectric point 
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magnetite/hematite versus chromia [64, 90, 91] further exacerbating breakdown of the 

protective scale. These factors were believed to result in the formation of iron oxide 

islands in low pO2 environments, with the proposed mechanism displayed in Figure 33. 

Differences in island agglomeration (Figure 31d) vs standalone units (Figure 32d) was 

believed to be due to the fibers acting as a barrier to mass transport resulting in less 

extensive oxidation.   

 

 

Figure 33 - Proposed mechanism for iron oxide island formation in non-
contacting/contacting moist N2.  

 
 Whisker formation was also notably influenced by fiber contact and water 

content. Formation of iron oxide whiskers is well understood to be heavily influenced by 

the presence of water vapor [92]. The diffusion of iron through parallel dislocations 

allows for a fast-growing surface region, resulting in a high energy irregular mound 

which attracts oxidant molecules. Upon adsorption, water dissociates more quickly than 

oxygen which allows for rapid growth of the whisker. It has also been noted that water 

will preferentially adsorb with hematite/magnetite if the pH2O/pO2 ratio is ≥ 1. This 

matches the experimental results, as non-contacting moist air (Figure 31b) formed few, 

low aspect ratio whiskers with non-negligible Cr and Mn content, whereas non-



80 
 
contacting moist N2 (Figure 31d) formed many high aspect ratio whiskers lacking Cr or 

Mn. The “veins” seen in Figure 34 likely formed by the same mechanism, but were not 

free to grow in any direction as they were in direct contact with fiber barriers. Iron 

transport form dislocations was perhaps led in circuitous routes on the oxide surface due 

to impeding fiber barriers. The irregular formation still presented a high energy location 

attracting water molecules which then dissociated to grow surface veins.  

 

 
Figure 34 – Whiskers a) formed in non-contacting case versus b) formed in contacting 
case.  

 
Lastly, fibers were analyzed for evidence volatile chromium species reactive 

condensation via inductively coupled plasma mass spectroscopy (ICP-MS). Fibers in dry 

and moist N2 did not collect enough chromium to meet the detection limit for the 

technique (0.005 mg/L). The importance of oxygen for chromium volatility has been 

discussed. If fibers are to possess chromium in experiments with low pO2 values, then the 

chromium must transfer from FSS T409 via solid-state diffusion.  

While solid-state diffusion of chromium into glass has been observed [93, 94], it 

does not appear to be a prominent transport mechanism in these experiments. It is 
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possible that solid-state diffusion did occur, but the fibers did not present many flush 

contacting points for this to occur appreciably. Fibers in dry and moist air exposures did 

possess detectable levels of total chromium, with 0.03 and 0.054 mg/L total chromium, 

respectively. Table 2 shows the total chromium content for each gas exposure. 

 
Table 2 - Total chromium content on fibers for each gas exposure. ND – Not detected. 

Gas Exposure Total Chromium Content (mg/L) 

Dry air 0.03 

Dry N2 ND 

Moist air 0.054 

Moist N2 ND 

 
 
  Due to the lack of evidence for solid-state diffusion, the chromium present on 

fibers exposed in dry/moist air is likely a result of reactive evaporation and condensation. 

For moist air, CrO2(OH)2 is the dominant volatile chromium product, whereas CrO3 is the 

dominant product in the dry air [31-36]. An investigation of the interaction between 

volatile chromium species and aluminosilicate fibers, in addition to other ceramic 

materials, is presented in Chapter 5.  
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CHAPTER THREE 

 
VOLATILE CHROMIUM SPECIES AND SOLID OXIDE FUEL CELLS 

 
Content in Chapter Three 

 
 

 Chapter Three contains information on the basic operating principle of SOFCs, 

materials of construction for various SOFC components, and literature on the interaction 

of chromium vapor species and SOFC components. Experts in this area may proceed to 

Interactions between Volatile Chromium Species and Solid Oxide Fuel Cell Components 

to examine the relevant literature presented. None of the work presented in this chapter is 

attributable to the author of this dissertation. 

 
Solid Oxide Fuel Cell Basics 

 
As was mentioned in the introduction, a SOFC consists of two electrodes 

separated by an electrolyte which conducts oxide ions. Hydrogen (or other fuels, e.g., 

CO, CH4) is oxidized at the anode/electrolyte interface and the electrons created serve to 

generate a current and reduce oxygen at the cathode/electrolyte interface. This process is 

illustrated in Figure 35.  
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Figure 35 - Schematic of SOFC [21]. 

 
One cell, consisting of the anode, cathode, and electrolyte, produces less than 1 Volt [22]. 

For practical use of SOFC technology, cells must be stacked and interconnected to obtain 

higher voltage and power. Stacked cells, in planar and tubular configuration, are 

displayed in Figures 36-38. Figure 36 displays an illustration of the various components 

of a planar repeating unit, with Figure 37 showing a scaled 5 kW SOFC planar stack from 

the Jülich Research Centre. Figure 38 is an illustration of a tubular design in which air 

may enter a tube in the center of the open side, proceed to the end of the closed tube, and 

be routed out along the outside of the inlet tube flowing countercurrent to the inlet air.       
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Figure 36 - Planar stacked SOFC schematic. Credit: doitpoms.ac.uk. 

 

 
Figure 37 - Planar stack SOFC capable of producing 5 kW. Credit: Research Centre 

Jülich. 
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Figure 38 - Tubular stacked SOFC schematic [95]. 

 
Planar stacks have the advantage of higher areal power density [22], but require 

high temperature sealant to keep fuel and air streams from mixing. Tubular designs do 

not require this sealant, as separation of fuel and air is intrinsic to the tubular design. 

Tubular designs of this kind have one end open and one closed, so air may enter and exit 

through this open end and fuel may be flowed past the closed end of the tube. Alternative 
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tubular geometries are being developed, however, in an effort to increase the areal power 

density [97].  

 Each component in a SOFC must meet several requirements in order to produce 

an efficient and lasting system. General considerations include: chemical compatibility 

with other components, chemical and phase stability in its respective gas environment, a 

low vapor pressure, similar coefficients of thermal expansion, and cost competitive in 

terms of fabricability and material cost [22, 96, 97].  

 
Material Selection for Solid Oxide Fuel Cell Components 
 
 As a SOFC requires separation of fuel and air/oxygen, the electrolyte must be 

sufficiently dense to preclude mixing of the gases. The electrolyte must be an ionic 

conductor and an electronic insulator. An ionic conductivity on the order of 0.01 S/cm or 

greater at or above 600°C is the lower bound of an acceptable conductivity [71]. Yttria 

stabilized zirconia (YSZ) is often used due it its superior oxygen ion conductivity, low 

electronic conductivity, and high chemical and thermal stability [71]. Zirconia is doped 

with ≥ 8 mol% yttria to stabilize the cubic phase well below the phase transformation 

temperature of 2680°C for pure zirconia [71]. Stabilizing the cubic phase is useful as it 

has a greater oxygen ion conductivity than the monoclinic or tetragonal phases [71]. As 

attempts to reduce operating temperatures continue, alternative materials with higher 

ionic conductivities such as doped ceria and doped lanthanum gallate are being 

considered [71]. While having higher ionic conductivity, tradeoffs of doped ceria include 

low mechanical strength and chemical stability, and lanthanum gallate is not chemically 

compatible with NiO anodes [98]. There are also attempts to reduce the electrolyte 
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thickness to minimize ohmic losses for YSZ at lower temperatures. Current thicknesses 

of  ~150 µm are being reduced as much as sub-micron thickness with some success [99, 

100], but questions of scalability and cost considerations for mass production of kW-MW 

scale SOFCs have been raised [101].  

Cathode materials must be sufficiently porous (~30-40% [71]) to allow oxygen 

access and be chemically stable in gas atmospheres where pO2 ≥ 20 kPa. They must also 

have excellent catalytic activity for the oxygen reduction reaction (ORR), a large triple 

phase boundary region with minimal interfacial reactions, and high electronic and ionic 

conductivity [102]. Perovskites are commonly used as cathode materials, with examples 

being lanthanum strontium manganite (LSM), lanthanum strontium-cobalt ferrite (LSCF), 

and lanthanum nickel ferrite (LNF). As LSM has poor ionic conductivity, the ORR is 

restricted to the TPB, whereas LSCF and LNF are both mixed ionic and electronic 

conductors (MIECs) which allows for electrochemical reactions at two phase cathode/gas 

interfaces [24, 102].  Of LNF and LSCF, LNF has shown superior resistance to Cr 

poisoning [103, 104], but LNF is also quite reactive towards zirconia based electrolytes, 

forming an insulating La2Zr2O7 product during sintering [105].  There are barrier 

coatings, such as gadolinia doped ceria (GDC), which may serve to prevent insulating 

phase formation between cathode and electrolyte materials such as the reaction with LNF 

and zirconia based electrolytes [102]. Additional approaches include combining the 

beneficial properties of different cathode materials by thin film coating a MIEC such as 

LSCF with LSM, granting the benefits of ionic conductivity and high catalytic activity 

[106]. 
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Anode materials must has porosity similar to cathode materials to allow ingress of 

fuel, but the chemical stability required is for gas atmospheres where pO2 ≤ 10-17 kPa. 

The fuel for a SOFC is flexible so catalytic activity will be tailored to the fuel. In the case 

of hydrogen fuel, Ni/YSZ cermet materials are a common choice due to the high catalytic 

activity of Ni for H-H bond dissociation and the relatively low cost of Ni [71]. Nickel in 

these cermets tends to agglomerate and coarsen over time, reducing porosity, TPB access, 

and cell performance [107]. In the case of hydrocarbon based fuels Ni/YSZ is not 

appropriate as they are not sufficiently resistant to coking, or the deposition of carbon 

rich solids [108]. Alternative materials, such as copper-gadolinium doped ceria are being 

developed which resist coking and have suitable conductivity [108]. 

Interconnects must separate fuel and air streams, provide structural support for the 

SOFC, and be electronically conductive. An upper limit for SOFC interconnector area 

specific resistance (ASR) is generally accepted to be 0.1 Ω cm2 [109, 110]. With the 

transition to lower operating temperatures (650-800°C) more easily fabricable metallic 

interconnect materials have replaced ceramic interconnects. Based on required 

coefficients of thermal expansion (CTE) (~10 x 10-6 °C-1 from 25-1000°C [111, 112]), 

acceptable high temperature oxidation resistance, and conductivity requirements ferritic 

stainless steels are often chosen as metallic interconnect materials. Austenitic stainless 

steels do not met CTE requirements. Alloys may not be alumina formers as alumina 

scales are insulating. Silicon content in amounts greater than ~0.5 wt% is also not 

desirable due to a tendency for insulating silica layers to form [81, 112]. While meeting 

the baseline requirements, ferritic stainless steels still present several issues as 
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interconnect materials. The ASR increases precipitously as the oxide scale thickens [113] 

and with interfacial imperfections at the metal/oxide interface such as voids [114]. 

Surface modifications, such as shot peening and polishing, introduce dislocations at the 

surface. These dislocations provide accelerated diffusion paths for chromium, and if 

above the recovery and recrystallization temperature, allow for the formation of a thin, 

fine grained protective oxide [11, 115]. This would minimize scale thickness, but 

chromium volatilization and subsequent poisoning of the cathode may proceed 

unmitigated. Coatings of reactive element oxide, perovskite, and spinel may allow for 

thin, conductive scales which are resistant to Cr volatility [116-119]. Examples include Y 

or Co/Ce coatings [66, 120], lanthanum strontium chromites/ferrites [34, 118] and 

(Mn,Co)3O4 or (Mn,Cu)3O4 [68, 83, 121]. Alternative alloys are also being developed 

which reduce Si and Al impurities and may include reactive elements which are theorized 

to segregate to grain boundaries to block/slow short circuit diffusion, and serve as closely 

spaced surface nucleation points to promote a thin, fine grained scale [65]. Alloys of this 

type include Crofer 22 APU and ZMG232 [122].  

Sealant material for SOFCs must be stable over the range of pO2 for both the fuel 

and air side, be minimally reactive with surrounding materials, and remain impermeable 

for the lifetime of the system. Commonly employed seals are glass-ceramics such as 

silicates, borosilicates, and boroaluminosilicates [123]. These materials have a suitable 

CTE and glass transition temperature (Tg) [124], which is the temperature at which a 

glassy material transitions to a viscous liquid state. A low Tg is desirable to combat 

thermal stress generation in the seal which may cause brittle failure, but the Tg must high 
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enough to provide mechanical integrity and prevent the sealant from flowing (µ~103 Pa 

s). Alternatively, brazes comprised of noble metals such as silver and gold may be used 

which may better deform to tolerate thermal stresses. These brazes often poorly wet the 

metal/ceramic surfaces alone, so composites such as Ag-CuO are used, where increasing 

CuO content increases surface wetting [123]. The glass-ceramic and brazes described are 

rigid seals, but compressive seals are also being pursued. Compressive seals have the 

advantage of not requiring precise matching of CTE, though constant pressure is required 

throughout operation. Mica-based compressive seals where a mica layer is infiltrated with 

a compound to fill void space (such as Bi(NO3)3) and sandwiched between glass or silver 

layers have demonstrated low leak rates and excellent durability [125].  

 
Interactions between Volatile Chromium Species and Solid Oxide Fuel Cell Components 
 

 
Cathode and Electrolyte. Volatile chromium species have been observed to 

interact at both two phase and triple phase boundaries. Electrochemical deposition at the 

TPB is shown in Figure 39, in which chromium oxyhydroxide is reduced and deposited 

as chromia with hole transport through the cathode and oxygen vacancy transport through 

the electrolyte. Electron holes, or holes, are the absence of an electron in the valence 

band. Electron transport may be facilitated using these holes analogously to atomic 

transport through vacancy diffusion. Materials which conduct holes are classified as p-

type. 
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Figure 39 - Electrochemical deposition of chromium oxyhydroxide at TPB. Redrawn 
from [24]. 

 
𝑉𝑉𝑜𝑜∙∙– Oxygen vacancy with double positive charge 

𝑝𝑝∙/ℎ∙ – Electron hole with single positive charge 

𝑂𝑂𝑜𝑜𝑥𝑥 – Oxygen in oxygen site with neutral charge 

Two phase boundary interactions include both gas/cathode and gas/electrolyte 

[24]. At gas/electrolyte surfaces, chromia has been observed to deposit hundreds of 

microns away from a TPB site [24]. Paulson and Birss [126] proposed that this actually 

constituted an extension of the TPB, as the conductivity of chromia at high temperature 

(0.2 to 0.02 S/cm at 800°C [126]) may be on the same order as the hole conducting 

cathode. Figure 40 displays a continuous layer of chromia acting as a p-type conductor in 

the electrochemical reduction of chromium oxyhydroxide with oxygen vacancies 

supplied by the electrolyte.   
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Figure 40 - Extension of TPB through p-type chromia. Redrawn from [24]. 

 
It was also noted by Fergus [24] that this chromia layer need not be continuous if 

the electrolyte is an MIEC. An MIEC is capable of the requisite oxygen vacancy and hole 

transport, so isolated pockets of chromia formed by electrochemical reduction of 

chromium oxyhydroxide away from the TPB is possible and shown in Figure 41.  

 

 
 
Figure 41 - Extension of the TPB with an MIEC electrolyte. Redrawn from [24]. 



93 
 
𝑉𝑉𝑍𝑍𝑍𝑍′′′′– Zirconium vacancy with quadruple negative charge 

𝑀𝑀𝑀𝑀𝑍𝑍𝑍𝑍′′ – Manganese in zirconium site with double negative charge 

In the case of a MIEC cathode, then electrochemical deposition may take place at the 

cathode/gas interface as shown in Figure 42.  

 

 
Figure 42 - Electrochemical deposition of chromia at cathode/gas interface. Redrawn 
from [24]. 

 
While there is evidence for preferential electrochemical reduction of chromium 

oxyhydroxide [24, 112, 128, 129], open circuit chemical reactions have also been 

observed with cathodes containing Mn or Sr [103]. Figure 43 shows chemical deposition 

of chromium oxyhydroxide at the TPB for a p-type cathode and oxygen ion conducting 

electrolyte. According to the model proposed by Jiang et al. [129], Mn3+ at the LSM 

surface is reduced to Mn2+ during polarization which reacts with chromium oxyhydroxide 

to form Cr-Mn-O nuclei with oxygen vacancies supplied by the electrolyte. These nuclei 

may continue to react with chromium oxyhydroxide to form chromia and (Cr,Mn)3O4.  



94 
 

 

Figure 43 - Chemical deposition with p-type cathode. Redrawn from [24]. 

 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥 – Manganese in manganese site with neutral charge 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀′ – Manganese in manganese site with single negative charge 

In the case of LSCF, or SrO coated LSM, then chemical deposition may take 

place at the cathode/gas interface as shown in Figure 44. In this model strontium oxide 

may react with chromium oxyhydroxide to form Cr-Sr-O nuclei which may continue to 

react to form chromia and strontium chromate.  

 

 

Figure 44 - Chemical deposition with LSCF cathode. Redrawn from [24]. 



95 
 
Tucker et al. [130] reported similar findings, with both strontium oxide and LSCF 

allowing for significant vapor and solid state transport of Cr at 700-1000°C for 150 hour 

exposures. Manganese oxide and LSM allowed for significant solid state diffusion of Cr 

with contacting steel, but MnO only demonstrated trace vapor deposition whereas 

chromium was not detectable on LSM through vapor transport. Similar observations were 

reported by Lau et al. [103] who exposed LSM, LSCF, and LNF to 700°C environments 

containing volatile chromium species for 300 hours. Part of these surfaces were in contact 

with stainless steel interconnects and chromia blocks. Reaction couples were also created 

by mixing chromia and the cathode materials, pressing them into pellets, and exposing 

them to 700°C air for 300 hours. Both LSM and LSCF reaction couples were observed to 

react with chromia to produce (Cr,Mn)3O4 and SrCrO4, respectively. The reaction with 

LSM was deemed minor as pure chromia and LSM peaks still dominated the XRD 

pattern, but LSCF was observed to undergo vigorous reaction as no pure chromia or 

LSCF was retained in the XRD pattern. No reaction was detectable for the LNF-chromia 

reaction couple. With respect to solid state and vapor transport, similar observations were 

made to those made in the Tucker et al. study [130] where surface diffusion of Cr was 

observed for both LSM and LSCF, but vapor transport was not observed on LSM while 

being significant on LSCF. While showing minimal reactivity, LNF was observed to 

collect chromium through both solid state diffusion and vapor transport.  

 
Sealing Glass. Strontium chromate formation as observed between volatile 

chromium species and LSCF has also been observed with SrO containing sealing glass. 

Zhang et al. [131] joined G#36 pastes to 430SS substrate surface and held them in air at 
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800°C for up to two weeks. Figure 45 shows the G#36/430SS at the start, after 1 week, 

and after 2 weeks of exposure. Yellow discoloration of the glass is observed to form 

around the edges and progress inward over time. Auger electron depth profiling revealed 

diffusion of chromium into the glass, with a greater Cr/Si ratio observed near the edge 

than in the center as shown in Figure 46. 

 

 
Figure 45 - G#18/430SS exposed to air at 800°C for up to two weeks. Yellow 
discoloration represents SrCrO4 formation [131]. 

 

 

Figure 46 - AES depth profiling of joined G#36/430SS [131]. 



97 
 
 Thermodynamic modeling was also performed in which the formation of 

strontium chromate from chromia and strontium oxide was noted to be energetically 

favorable beyond 1000°C with 0.2 atm pO2. At 900°C, a pO2 of ~10-7.2 atm or greater 

was calculated as necessary for energetic favorability. Modeling was also performed for 

strontium chromate formation at 0.2 atm pO2 from CrO3(g) and SrO which was also 

reported to be energetically favorable over 1000°C.  

Chromia and G#18 powder were mixed and heated in air to 950°C for 24 hours, 

and the yellow discolored product was subjected to XRD analysis which confirmed the 

formation of SrCrO4. The study’s authors propose that strontium chromate formation 

occurs near the edge with a high pO2 through interaction with chromia and/or CrO3, and 

ingress of oxygen is facilitated by separation of the glass-ceramic from the metal due to 

differences in CTE and due to formation of a more porous SrCrO4 phase. The reaction 

proceeds inward as the oxygen partial pressure rises to allow reaction with chromia 

and/or non-negligible partial pressure of CrO3. 

 Similar findings have been reported by Yang et al. [132] using barium-calcium-

aluminosilicate based glass-ceramic G18 and ferritic stainless steels. The G18 samples 

were tape cast and joined between FSS coupons at 850°C for one hour and then lowered 

to 750°C for four hours. Barium oxide reacted with chromia and/or volatile chromium 

species to form BaCrO4 which resulted in de-adhesion of G18 and FSS 446 as shown in 

Figure 47. Separation of G18 and FSS 446 was due to differences in CTE between 

BaCrO4 and G18/FSS 446. Yellow discoloration was observed on G18 and attributed to 

BaCrO4 formation. While BaCrO4 was not identified using a phase identification 
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technique in this study, a separate study performed by Yang et al. [133] identified this 

phase using XRD. 

 

 
Figure 47 - Interfacial interaction between G18 and FSS 446. 

 
Interior regions where BaCrO4 did not form were still well adhered. Energy dispersive x-

ray spectroscopy was used to observe the diffusion of chromium into G18, forming a 

solid solution in these well adhered regions.   

 The above overview shows the potential for volatile chromium species to 

reactively condense onto a variety of ceramic surfaces. Both chromia (Cr(III)) and 

chromate (Cr(VI)) were observed, with chromate formation being encouraged by the 
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presence of strontium and/or barium. Alkaline earth metals are not required for chromate 

formation, however, as ceramic chromium oxide catalyst supports often lack these 

elements but still exhibit chromate formation. 
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CHAPTER FOUR 

 
CHROMIUM ON CERAMIC CATALYST SUPPORTS 

 
Content in Chapter Four 

 
 

Chapter Four contains background information on the use of chromium supported 

catalyst supports and their preparation, as well as literature observations for surface 

chromium speciation on these supports under hydrated and calcined conditions. Experts 

in this area may proceed to Surface Chromium Compound Formation to examine the 

relevant literature. None of the work presented in this chapter is attributable to the author 

of this dissertation. 

 
Catalyst Supports 

 
Over a third of all polyethylene is produced by polymerization of olefins, or 

alkenes, over supported chromium oxide catalysts [134]. Polyethylene is used in a variety 

of products ranging from plastic bags to toys to hip replacement implants, and with 100 

million tonnes produced annually it accounts for 31% of the global plastics market [135, 

136]. Alkenes containing no more than eight carbon atoms are able to be polymerized 

and create over fifty different types of polyethylene [134]. There are several industrial 

modes in which this polymerization process takes place. The first is a solution process, in 

which monomer and polymer in a cycloalkane solvent interact with suspended catalyst 

particles at 125-175°C and 20-30 bar. The catalyst is removed by filtration and monomer 

and solvent are evaporated off the product. The world-wide licensed Phillips-particle 
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form process is similar in solvent and suspended catalyst particles, though the catalyst 

particles undergo continuous fragmentation in the loop reactor system which each form 

polymer three orders of magnitude larger than the particle [134, 137]. There is also a gas 

phase process, widely known as the UNIPOL process, in which ethylene gas and a co-

monomer such as 1-hexene pass through a fluidized bed of chromium supported catalyst 

around 100°C and 20 bar.  

Due to its industrial importance, a large investigative effort has been undertaken 

on chromium supported catalysts since Phillips Petroleum discovered the process in 

1951. Many questions still remain after 70+ years of research such as the oxidation state 

and structure of the active site and the polymerization mechanism. Interest in this 

dissertation runs parallel to the latter questions of structure and oxidation state of surface 

chromium.   

 
Cr-Catalyst Preparation Method 

 
 It is important to note the method of chromium surface attachment as it differs 

from the method used in Chapter 5 of this work, potentially leading to different behavior 

of anchored/deposited chromium. Preparation of industrial catalysts involves 

impregnating support materials such as silicas, aluminas, and aluminosilicates in an 

aqueous or non-aqueous solution containing chromium oxides, sulfates, or acetates [134]. 

This may take place using techniques such as wetness impregnation or incipient wetness 

impregnation. Wetness impregnation involves submerging the support in solvent, and 

subsequently introduces the impregnating solution which diffuses from the bulk into 

support pores. Incipient wetness impregnation introduces impregnating solution equal to 
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the pore volume of the support which is drawn in by capillary action. The impregnated 

support is then dried around 120°C and calcined at temperatures ranging from 500-

1000°C.  

 
Surface Chromium Compound Formation 
 
 The development of surface chromium on catalyst supports has been observed to 

depend on the support material, temperature, and chromium loading. Related to 

temperature, behavior of chromium compound formation is dependent on the presence or 

absence of aqueous media. A hydrated surface will consist of ionic chromium compounds 

with the most prevalent being Cr6+ and Cr3+. When hydrated trivalent chromium forms a 

complex ion with a maximum of six water ligands. Hexaaquachromium (III) ions are 

stable at low pH, but tends to hydrolyze to form hydroxide ligands as shown in Equation 

4.1. 

𝐶𝐶𝐶𝐶(𝐻𝐻2𝑂𝑂)63+ ⇄ [𝐶𝐶𝐶𝐶(𝐻𝐻2𝑂𝑂)5(𝑂𝑂𝑂𝑂)]2+ ⇄ [𝐶𝐶𝐶𝐶(𝐻𝐻2𝑂𝑂)𝑛𝑛(𝑂𝑂𝑂𝑂)𝑚𝑚]3+−𝑚𝑚 ⇄ 𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)3 (4.1) 

At a pH range of 6-7, trivalent chromium is expected to primarily exist as a solid 

chromium hydroxide precipitate [138]. Hexavalent chromium, however, is stable over the 

entire pH range and is governed by pH dependent reactions as shown in Equations 4.2-

4.5 [48, 139]. 

 𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)3 + 5𝑂𝑂𝐻𝐻− ⇄ 𝐶𝐶𝐶𝐶𝑂𝑂4
2− + 4𝐻𝐻2𝑂𝑂 + 3𝑒𝑒− (4.2) 

 2𝐶𝐶𝐶𝐶𝑂𝑂42− + 2𝐻𝐻+ ⇄ 𝐶𝐶𝑟𝑟2𝑂𝑂7
2− + 𝐻𝐻2𝑂𝑂 (4.3) 

3𝐶𝐶𝑟𝑟2𝑂𝑂7
2− + 2𝐻𝐻+ ⇄ 2𝐶𝐶𝑟𝑟3𝑂𝑂10

2− + 𝐻𝐻2𝑂𝑂 (4.4) 
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4𝐶𝐶𝑟𝑟3𝑂𝑂10
2− + 2𝐻𝐻+ ⇄ 3𝐶𝐶𝑟𝑟4𝑂𝑂13

2− + 𝐻𝐻2𝑂𝑂 (4.5) 

The hydroxyl populations of catalyst supports are also influenced by pH. Each 

catalyst support material will have an isoelectric point (IEP) which is the pH at which the 

surface of the oxide has zero net charge. If the solution pH is above the IEP of the 

catalyst support then the surface will have a net negative charge. If the solution pH is 

below the IEP then the opposite is true. This is shown in Figure 48 and governed by 

Equations 4.6-4.8.  

 

 
Figure 48 - Catalyst support hydroxyl groups influenced by IEP and pH. 

 
𝑀𝑀−𝑂𝑂𝐻𝐻2+ ⇌ 𝑀𝑀 −𝑂𝑂𝑂𝑂 + 𝐻𝐻𝑠𝑠+ (4.6) 

𝑀𝑀 −𝑂𝑂𝑂𝑂 ⇌ 𝑀𝑀 − 𝑂𝑂− + 𝐻𝐻𝑠𝑠+ (4.7) 

𝐻𝐻𝑠𝑠+ ⇌ 𝐻𝐻+ (4.8) 

𝐻𝐻𝑠𝑠+ – Surface proton 

𝐻𝐻+ – Solution proton 



104 
 

When calcined, however, chromium species have been observed to interact with 

catalyst supports [140-146]. The focus here will be on alumina and silica supports, but 

others such as zirconia, titania, and niobia have also been examined [147-149]. As 

alumina and silica supports loaded with chromium are calcined, the chromium may 

undergo an esterification reaction with surface hydroxyl groups. Esterification is the 

production of an ester in which a hydroxyl group is replaced by an –O–R group, where 

“R” is an unspecified compound. The transition between hydrated and calcined 

conditions are shown in Figure 49.  

 

 
Figure 49 - Chromate under hydrated and calcined conditions on alumina catalyst 
support. 

 
Evidence for the esterification reaction has been given in several forms. Infrared 

spectroscopy has been performed on silica supports which demonstrates the consumption 

of hydroxyl groups as chromium loading increases [147, 149, 150]. McDaniel [151] 

performed silanol (Si-OH) measurements by reacting methyl magnesium iodide with 

hydroxyl groups, where the evolution of methane gas was collected and related to a 

hydroxyl concentration. For temperatures ranging from 200-800°C, increasing chromium 

loading decreased surface hydroxyl populations. Silica exposed to CrO2Cl2 has also been 
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demonstrated to release HCl, attributed to gas interaction with hydroxyl groups [152]. 

Dry HCL exposure to these samples reproduced CrO2Cl2 vapor. Differential thermal 

analysis has also been performed in which an exothermal peak around 250°C was 

attributed to the esterification reaction [134, 143, 153]. The temperature at which 

esterification takes place has been reported over a range in literature from 150-300°C [48, 

154, 155].  

 The stability of these anchored chromate species depends on factors such as 

support material, temperature, and chromium loading. Altering the chromium loading on 

the same material and at the same temperature has been observed to influence speciation. 

McDaniel [156] examined chromium supported on silica from 200-900°C in a variety of 

gas atmospheres for two hour exposures. Reflectance infrared spectroscopy was used to 

characterize Cr loading from 1-5 wt% in oxygen at 425, 650, and 870°C. As loading 

increased, the trivalent chromium band was observed to increase by an order of 

magnitude for all spectra. The gas atmosphere in which calcination took place was also 

observed to have an effect. Dry oxygen resulted in more stable chromium surface species 

than wet oxygen due to the greater tendency for anchored chromate to volatilize.  

Vuurman et al. [147] examined both alumina and silica supports with chromium 

loading ranging from 0.5-9 wt% for alumina and 1-3 wt% for silica. Samples were 

calcined overnight in 500°C air. The study’s authors report that chromia did not form on 

alumina up to 12 wt%, but formed at 3 wt% on silica. In a separate study [157] focused 

on alumina loaded with 1-30 wt% chromium exposed in air at 550°C for four hours, the  

study’s authors found that increasing the weight percent resulted in the polymerization of 
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surface chromate. The observations were monochromate for 1 wt%, dichromate for 5-15 

wt%, trichromate for 20-30 wt% with crystalline CrO3 present at 30 wt%. Chromate on 

silica has also been shown to polymerize with increased loading, though at lower loading 

weight percent. Weckhuysen et al. [158], for example, showed the propensity of alumina 

supports to stabilize the monochromate species versus silica supports. Alumina and silica 

loaded with 0.2 wt% chromium and calcined at 550°C in air for six hours were reported 

to have chromate:dichromate ratios of ∞ and 0.56 for alumina and silica, respectively. 

The stability of chromate species on alumina is attributed to its larger monolayer 

coverage of 2.2 Cr/nm2 for silica (amorphous) and about double for alumina (γ-Al2O3) 

[156, 159]. Silica has roughly double the surface area, but a hydroxyl population up to 

four times lower than that of alumina [152, 160-162] which may explain why alumina 

has double the surface coverage. Several other studies support the general trend of greater 

stability of surface chromate and hexavalent species generally on alumina versus silica 

[46, 48, 49, 163].  

It may be noted that while stability on silica may be lesser, surface chromium 

species have been observed to be highly mobile on silica by McDaniel [164]. Chromia in 

a silica fixed bed was observed to spread down the bed and result in the oxidation of 

chromium when flowing oxygen at 800°C. This effect was also observed when mixing 

chromia on silica powder with four parts pure silica powder at 900°C. When mixed the 

surface chromium species largely re-oxidized based on the color change of green to 

yellow. Re-oxidation behavior is related to chromium loading and mobility. These 

observations show a silica surface may “unload” chromium through migration of surface 
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chromium species to “clean” surfaces thereby decreasing the chromium loading on the 

original surface and allowing for re-oxidation. To the best knowledge of the author of this 

dissertation similar mobility studies have not been pursued with other materials.  

Alternative to varying the chromium loading, several studies have varied the 

temperature at a given chromium weight percent and material. Fouad et al. [165] exposed 

silica and alumina loaded with 10 mole% chromium precursor and exposed them in air at 

300 or 600°C for five hours. Silica supports did not yield a defined diffraction pattern 

using XRD at 300°C but at 600°C crystalline Cr2O3 was observed. Alumina, however, 

only displayed weak diffraction features of chromia at 600°C. Surface chromium species 

were assigned as chromates from UV-Vis spectra analysis. Best et al. [140] reported a 

similar finding for 8 wt% silica exposed to temperatures ranging from 300-600°C. X-ray 

photoelectron spectroscopic analysis revealed a predominance of Cr6+ after the 300°C 

exposure but negligible Cr6+ at 500 and 600°C. As for alumina, Vuurman et al. [139] 

reported similar behavior to Fouad et al. [165] when exposing 5 wt% alumina in air from 

250-1050°C for 16 hours. Surface chromium species were observed to be stabilized in the 

hexavalent form as chromates through Raman spectroscopy, with di/trichromates present 

at higher temperatures. Differences in behavior between alumina and silica are attributed 

to differences in hydroxyl groups on these materials. It has been mentioned that hydroxyl 

populations may be up to four times as numerous on certain phases of alumina, such as γ-

Al2O3 when compared to amorphous silica. It may also be noted that Al3+ is a harder 

Lewis acid than Si4+. Hard in this sense is in reference to the Hard Soft Acid Base 

(HSAB) theory. Hard acids are small, high oxidation state, and have low-polarizability 
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whereas hard bases are also small and weakly polarizable with a high electronegativity. 

Hard acid-hard base interactions have a large difference in electronegativity and therefore 

the bonding has a large ionic character. Oxygen is a hard base and given that aluminum is 

a harder acid than silicon, the bonding is predicted to be more stable between aluminum 

and oxygen compared to silicon and oxygen. This is important to note as ceramic 

surfaces undergo dehydroxylation as the temperature increases. The stronger bonding 

between oxygen and alumina may be seen by the greater retention of hydroxyl groups by 

alumina as the temperature increases. At 400°C amorphous silica has been reported to 

possess 2.35 OH/nm2 [152] whereas γ-Al2O3 has been observed to possess 4-6 OH/nm2 

[160]. The general trends from this section may be briefly summarized as the following: 

alumina is able to stabilize Cr6+ at higher temperatures than silica whereas silica 

promotes chromia formation at lower temperatures than alumina.  

 
Consensus and Contradiction 

 There are several areas of consensus in the catalyst support literature. Chromium 

anchors to hydroxyl groups with more basic hydroxyl groups being consumed before less 

basic sites [46, 48, 147, 149, 156, 166]. Chromium loading, temperature, and the support 

material have been observed to influence chromium compound speciation [157, 158, 165, 

167-169]. Chromate is formed at lower temperature and chromia is favored at higher 

temperature. Alumina is better capable of stabilizing chromate species for higher loadings 

and temperatures than silica. It may also be noted that certain colors have been attributed 

to chromium oxidation states and/or compounds. Blue has been observed for Cr2+, green 

for Cr3+, and black-brown for Cr4+ [48]. Hexavalent chromium has been observed in a 



109 
 
range of colors, so colors are attributed to specific hexavalent compounds as opposed to 

the general oxidation state. Yellow has been reported for chromate, orange for 

dichromate, red for trichromate, and red-brown for chromium trioxide [45, 48, 170]. 

 There is not consensus regarding the oxidation state of certain chromium 

compounds. Chromium compounds with oxidation states 2-6, such as chromates, CrO3, 

Cr2O3, CrO2, Cr2O5, Cr3O8, and CrO have been reported in literature [48, 139, 140, 143, 

155, 167, 171, 172]. Chromium (II) oxide has only been observed under reducing 

conditions [49, 143] and is therefore not considered relevant for this study in oxidizing 

conditions. All of the other chromium compounds listed have been observed in oxidizing 

conditions. While repeatedly observed, the oxidation state(s) of Cr2O5 and Cr3O8 are 

under contention. Hewston and Chamberland [172] noted Cr2O5 may exist as Cr5+, 

Cr3+/Cr6+, or Cr4+/Cr6+, whereas Cr3O8 may exist as either mixed valence variant. To 

determine which are correct, the study’s authors prepared Cr2O5 and Cr3O8 from a CrO3 

precursor. The phases were confirmed using XRD and the stoichiometry through thermal 

gravimetric analysis. Infrared spectroscopy revealed the two compounds have similar 

spectra with regions resembling regions from chromate, dichromate, and CrO6 octahedral 

groups. Electron paramagnetic resonance spectra supported the presence of Cr3+ in Cr2O5 

and Cr3O8 and magnetic susceptibility behavior was consistent with the presence of 

Cr3+/Cr6+. X-ray photoelectron spectroscopy performed by Tsutsumi et al. [173] supports 

this conclusion. Spectra of K2Cr2O7, Cr2O5, Cr3O8, and Cr2O3 were compared and the 

spectra for Cr2O5 and Cr3O8 were nearly indistinguishable. Both appeared as a 

combination the hexavalent compound (K2Cr2O7) and the trivalent compound (Cr2O3) 
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spectra. Maslar et al. [174] also attributed these compounds as mixed valence Cr3+/Cr6+, 

instead using Raman spectroscopy. 

 Fouad et al. [165] instead contend that Cr2O5 is a Cr4+/Cr6+ mixed valence 

compound. Chromium trioxide supported on alumina and silica (10 mole% loading) was 

observed to from Cr2O5 based on XRD analysis. The study’s authors appear to put 

forward the Cr4+/Cr6+ mixed valence state of Cr2O5 as supposition. The study’s authors 

appear to reason that as Cr2O5 is an intermediate compound between CrO3 and CrO2, one 

may describe Cr2O5 as a combination of CrO3 ∙ CrO2. The author is not aware of any 

additional studies claiming Cr2O5 as a Cr4+/Cr6+ mixed valence species.  

 Claims of Cr2O5 as a Cr5+ compound are more numerous in literature. Liu et al. 

[155] inferred the presence of Cr2O5 with a Cr 2p3/2 binding energy of 577.6 eV. The 

study’s authors reported chromium calcined on silica over a range of temperatures, with 

the precursor being Cr3+, and the 120°C exposure in air converting all of the precursor to 

Cr6+ with a binding energy of 579.1 eV. At 200°C, the spectrum was claimed to consist 

of the Cr6+ species at 579.8 eV and the Cr5+ component (attributed to Cr2O5) with a 

binding energy of 577.6 eV. While the study’s authors put forward an oxidation state of 

Cr5+, the evidence presented does not preclude a mixed valence Cr3+/Cr6+ species in place 

of the Cr5+ assignment. Okamoto et al. [175] claimed to observe Cr5+ in reducing 

conditions and based the assignment of Cr5+ largely on spin orbit splitting values (∆E). 

The rational being that ∆E tends to increase with decreasing oxidation number due to the 

exchange interaction of 2p and unpaired 3d electrons [176, 177]. Contributions assigned 

as Cr5+ were observed to have ∆E values near hexavalent, but binding energies nearer to 
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trivalent. This approach appears to be of questionable accuracy for a couple reasons. This 

method examines about an electron volt range (≈9-9.9 eV ∆E) with 0.1 eV increments for 

spectra with large (estimated 3-6 eV) full width at half maximum (FWHM) single fit 

peaks which are often asymmetric. Approximating ∆E in this way will introduce error on 

the order of tenths of an electron volt. It may also be noted that no argument presented 

necessitates the presence of Cr5+. For example, there are several exposures which yielded 

a Cr 2p3/2 binding energy of 577.8 eV, but a range of ∆E values. A ∆E of 9.1 eV is 

assigned as 5+, 9.4 eV as 5+, (3+) where parenthesis indicate minor contribution, and 9.6 

eV as 3+, (5+). The study’s authors note that the ∆E appears largely unaffected by an 

oxidation state change of one for Cr6+ to Cr5+ and Cr4+ to Cr3+. As the binding energy for 

the assignments listed above didn’t change, by this line of argumentation there’s no 

reason why an assignment of 5+/3+ couldn’t instead be 6+/4+ or 6+/3+.  

 Electron spin resonance spectroscopy has also been used by Weckhuysen et al. 

[49] and Poole et al. [178] which claims the presence of Cr5+ calcined chromium 

supports. Both note a γ-signal attributed to Cr5+, but neither assigns this to Cr2O5. To the 

contrary, Weckhuysen et al. [49] describe this signal as isolated mononuclear Cr5+. 

Kazanski and Turkevich [179] also attribute this signal to isolated mononuclear Cr5+, 

proposing that chromium replaces a silicon atom to form a distorted tetrahedron with 

three single bonds to oxygen and one double bond to oxygen. Given these arguments, 

Cr2O5 and Cr3O8 will be inferred as mixed valence Cr3+/Cr6+ species in this work. 

 In summary, chromium has been observed to exist in a variety of compounds (M-

CrO4, Cr2O3, CrO2, Cr2O5, Cr3O8, CrO, etc.) and oxidation states (2-6) on ceramic 
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surfaces. Which species form depends on the material, temperature, and amount of 

chromium loaded on the ceramic surface. These findings were made by calcining a 

chromium oxide catalyst support which was prepared in a chromium solution and dried at 

a lower temperature to control for chromium weight percent loaded. While directly 

analogous to industrial catalysts, these conditions differ from the focus of this work. 

Volatile chromium species reactively condensing onto surfaces free of chromium, and at 

temperature, was observed to yield similar yet importantly differing behavior than 

controlled loading of chromium solutions at lower temperature. Deposition at high 

temperature may be largely uninhibited or precluded, depending on the ceramic surface.     
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CHAPTER FIVE 

 
INVESTIGATION OF SURFACE INTERACTIONS BETWEEN VOLATILE 

CHROMIUM SPECIES AND CERAMICS  

 
Content in Chapter Five 

 
 

Chapter Five contains two first author publications from the author of this 

dissertation. The first paper is titled XPS Characterization of Aluminosilicate Fibers Post 

Interaction with Chromium Oxyhydroxide at 100-230°C and was published in The 

Journal of the Electrochemical Society in July 2018 [2]. Co-authors in the Department of 

Chemical and Biological Engineering at Montana State University include Dr. Paul 

Gannon, Nolan Swain, and Ryan Mason. Co-authors in the Department of Mechanical 

Engineering at Montana State University include Emily Remington and Spencer 

Dansereau. The second paper is titled Surface Interactions between Volatile Chromium 

Species and Ceramics and is under review for publication in Surface and Interface 

Analysis [3]. Co-authors in the Department of Chemical and Biological Engineering at 

Montana State University include Dr. Paul Gannon, Nolan Swain, and Ryan Mason. Co-

authors in the Department of Mechanical Engineering at Montana State University 

include Emily Remington and Spencer Dansereau.  

 
Interactions on Aluminosilicate Fibers 

 
The following data is taken from XPS Characterization of Aluminosilicate Fibers 

Post Interaction with Chromium Oxyhydroxide at 100-230°C which was published in 
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The Journal of the Electrochemical Society in July 2018 [2]. The findings were also 

presented in poster format at a Gordon Research Conference/Seminar and at the Sixth 

International School for Materials for Energy and Sustainability in July 2017. In this 

work aluminosilicate fibers were exposed to volatile chromium species for 150 hours at 

100-230°C and the resulting condensed species were correlated with different discolored 

regions on exposed fibers. X-ray photoelectron spectroscopic analysis revealed Cr(VI) 

and Cr(III) content varied by region in accordance with compounds inferred to comprise 

each region.    

 
Methods 

 
Sheets of FSS T409 (see Table 1 for composition) were cut lengthwise using foot 

shears into strips of approximate dimensions 125 mm × 14 mm × 1.48 mm. Four strips of 

T409 were used in each experiment which were each measured, massed, and stamped for 

identification pre-exposure. These strips were used to generate volatile chromium species 

to contaminate aluminosilicate fibers of approximate mass 2 g which were placed 

downstream of the chromium source. The strips were placed in a quartz crucible which 

was housed in the center of a 30 mm OD quartz tube as illustrated in Figure 50. The 

quartz tube was placed in a GSL-1100x tube furnace and flanges sealed with O-rings 

were used to connect the quartz tube to inlet and outlet tubing. The inlet to the furnace 

was supplied using house air and controlled by an Omega FL-3613 G rotameter to 

establish a flow rate of 900 sccm. A three-way valve was used to direct flow to a 1 L 

glass bubbler which was fitted with a frit of porosity rating P1. The bubbler was filled 

with water and heated to approximately 55°C, yielding an estimated PH20 of ∼0.16 bar. 
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The inlet gas/vapor interacts with stainless steel strips at 700°C and passes through 

aluminosilicate fibers outside of the furnace. Condensation zones of 100–230°C were 

observed on the fibers using an Amprobe IR608A infrared thermometer. After passing 

through the fibers, effluent was initially routed into a 500 mL Erlenmeyer flask to 

condense water vapor. Condensate was assumed to contain negligible chromium, in line 

with previous unpublished results. The effluent is then directed to a fume hood for 

venting. See Figure 50 for clarification. 

 

 

Figure 50 – Schematic illustration of the experimental setup in XPS Characterization of 
Aluminosilicate Fibers Post Interaction with Chromium Oxyhydroxide at 100-230°C [2].  

 
The furnace ramp rate was 30°C/min and exposure time at 700°C was 150 hours. 

After the exposure period elapsed, power to the furnace was discontinued and dry air was 

used during cool down. Upon cooling to room temperature, steel strips and fiber were re-

massed. A Physical Electronics 5600 X-ray Photoelectron Spectrometer (XPS) system 

was used to characterize discolored regions on aluminosilicate fibers. To compensate for 

the insulating nature of these samples, a stainless-steel mesh screen was placed over fiber 

samples, and an electron flood gun was used. The stainless steel mesh screen is attached 

to a conductive metal frame, which is grounded to the sample mount. Emission of 

photoelectrons from insulating samples may lead to differential charging due to a buildup 
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of positive charges on the surface. Using a stainless steel mesh screen, in addition to a 

flood gun supplying low energy electrons, allows for a more uniform electric potential at 

the sample surface, and swift supply of electrons to areas beginning to accumulate 

positive charges. It will be noted that chromium signal from the mesh was precluded, as 

the mesh consists of 2 mm × 2 mm square sizes, with an analysis area of 1 mm × 1 mm 

which is marked on the sample image screen for easy targeting. The reliability of this 

targeting is checked by Image and Chemical Analysis Laboratory staff at Montana State 

University. Spectra were adjusted as necessary by setting Al 2p to 74.4 eV. A pass energy 

of 46.95 eV was used with 0.2 eV/step and 40 ms/step, and the collection area was set to 

a +/−7° solid angle. 

It will be noted here that some compounds to be examined, such as Cr2O3, may 

have a finely structured multiplet splitting pattern [180, 181]. These structures are 

uncovered through XPS examination of a high purity compound. In the analysis of 

surfaces with mixtures of compounds which follows, these structures would quickly 

become numerous and unwieldy, and so broad Gaussian-Lorenzian (GL) peak fits are 

used instead. It may be imagined that convolution of the finely structured multiplet 

splitting structures would result in the displayed broad GL peaks. This is demonstrated 

visually in Figure 51, where work from Biesinger et al. [181] (left), and Pradier et al. 

[169] (right) is compared. The left spectrum is high purity Cr2O3, whereas the spectrum 

on the right consists of a mixture of chromium containing oxides. The boxed broad GL 

peak in the right spectrum can be imagined to be a convolution of the multiplet splitting 

structure of the high purity Cr2O3 spectrum on the left. 
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Figure 51 - Comparison of high purity Cr2O3 multiplet spliting structure (left) [181] 
with broad GL peak fit representation for mixed Cr oxides (right) [169]. 

 
Observations and Interpretations 

 
 Aluminosilicate fibers were observed to discolor upon exposure to volatile 

chromium species for 150 hours at 100-230°C. Figure 52 displays a color gradient of 

what appears to be dark brown to light brown (right to left) corresponding with high to 

low temperature. 
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Figure 52 - Representative staining observed on aluminosilicate fibers post exposure. 

 
When the fiber sample displayed in Figure 52 was broken up, three distinct colors were 

observed: brown, green, and yellow. These discolorations are displayed in Figure 53.  

 

 
Figure 53 - Stained regions on aluminosilicate fibers examined using XPS. From left to 
right: brown (a), green (b), and yellow (c). 

 
As mentioned in Chapter four, certain colors have been attributed to different 

chromium oxidation states and compounds. Brown and yellow have been attributed to the 
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presence of hexavalent chromium and green to the presence of trivalent chromium [45, 

48, 170]. While this visual inspection may give some insight into chromium oxidation 

state and speciation on a given surface, the human eye is inadequate for discerning subtle 

mixtures of color. For example discerning “pure” brown from “mixed” brown. It is 

therefore reasonable to expect to see a mixture of compounds in all spectra performed.  

 Figures 54-56 are Cr 2p3/2 energy windows ranging from about 572-582 eV for 

brown, green, and yellow staining, respectively. Tables 3-5 give peak information for 

Figures 54-56, respectively.  

 

 
Figure 54 - Cr 2p3/2 energy window for brown staining on aluminosilicate fibers. Peaks 1, 
2, 4, and 5 are trivalent multiplet-split components. Peak 3 is the hexavalent component.       
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Table 3 – Peak information for brown staining on aluminosilicate fibers (Figure 54). 
Secondary inferred compounds are compounds which are believed to contribute to some 
extent to the peak signal, but to a lesser degree than the primary inferred compound.  
Peak Area 

% 
Peak 
Position 

Oxidation 
State 

Primary 
Inferred 
Compound(s) 

Secondary 
Inferred 
Compound(s) 

Intensity FWHM % 
Gauss 

1 19.1 577.79 +3 Cr2O5 and/or 
Cr3O8 

- 390 1.2 70 

2 22.8 576.10 +3 Cr2O3 - 280 2 70 
3 30.6 579.92 +6 CrO3 Chromate 

species, 
Cr2O5 and/or 

Cr3O8 

375 2 70 

4 16.1 578.80 +3 Cr2O5 and/or 
Cr3O8 

- 330 1.2 70 

5 11.4 577.06 +3 Cr2O5 and/or 
Cr3O8 

- 234 1.2 70 

 

 

Figure 55 - Cr 2p3/2 energy window for green staining on aluminosilicate fibers. Peaks 1 
and 2 are trivalent multiplet-split components. Peak 3 is the hexavalent component. 
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Table 4 - Peak information for green staining on aluminosilicate fibers (Figure 55). 
Secondary inferred compounds are compounds which are believed to contribute to some 
extent to the peak signal, but to a lesser degree than the primary inferred compound.  

Peak Area 
% 

Peak 
Position 

Oxidation 
State 

Primary 
Inferred 
Compound(s) 

Secondary 
Inferred 
Compound(s) 

Intensity FWHM % 
Gauss 

1 40.4 577.64 +3 Cr2O5 and/or 
Cr3O8 

- 280 2 90 

2 40.9 576.30 +3 Cr2O3 - 260 2 70 
3 18.7 579.00 +6 Chromate 

species 
CrO3, Cr2O5 

and/or Cr3O8 

130 2 90 

 
 
 

 
Figure 56 - Cr 2p3/2 energy window for yellow staining on aluminosilicate fibers. Peaks 
1 and 3 are trivalent multiplet-split components. Peak 2 is the hexavalent component. 
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Table 5 - Peak information for yellow staining on aluminosilicate fibers (Figure 56). 
Secondary inferred compounds are compounds which are believed to contribute to some 
extent to the peak signal, but to a lesser degree than the primary inferred compound. 
Peak Area 

% 
Peak 
Position 

Oxidation 
State 

Primary 
Inferred 
Compound(s) 

Secondary 
Inferred 
Compound(s) 

Intensity FWHM % 
Gauss 

1 48.5 577.25 +3 Cr2O5 and/or 
Cr3O8 

- 197 1.2 90 

2 26.9 579.10 +6 Chromate 
species 

CrO3, Cr2O5 
and/or Cr3O8 

100 2 70 

3 24.6 576.00 +3 Cr2O3 - 100 2 90 
 
 

Prior to providing spectra interpretation, a sequence of events will be proposed 

based on the literature review in the previous section to better understand why regions 

may be differently discolored. This sequence of events is illustrated below in Figures 57-

59. Chromium oxyhydroxide, the dominant volatile chromium product formed in air and 

water vapor, comes into contact with aluminosilicate fiber surfaces over 100–230°C. At 

this temperature range, the volatile chromium species is likely physisorbed to the surface. 

Physisorption is likely as the temperature is near/below the condensation point of the gas, 

and since this deposition has been precluded in literature if the temperature rises too far 

above the upper limit on the range [31]. Physisorbed CrO2(OH)2 may dehydrate to form 

CrO3. Chromate species may form from CrO3 through an esterification reaction with the 

surface [149-155]. Hydroxyl groups act as anchoring points which allow for stabilization 

and dispersion of hexavalent chromate [46, 48, 147, 149, 156, 166]. Up to this point, 

monolayer coverage of the surface has not been achieved, as an insufficient amount of 
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chromium has been loaded. The color of the material loaded with these well dispersed 

chromate species would appear to be yellow [46].  

 

 

r1:  
1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) ⇌ 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔)  

𝑟𝑟2:𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) ⇌ 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑎𝑎) 

𝑟𝑟3:𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑎𝑎) + 2𝑀𝑀 − 𝑂𝑂𝑂𝑂(𝑠𝑠) ⇌ 𝑀𝑀2𝐶𝐶𝐶𝐶𝑂𝑂4(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂(𝑔𝑔) 

Figure 57 - Sequence of steps illustrating the formation of chromate species on 
aluminosilicate fibers. Volatile chromium species CrO2(OH)2 is generated from T409 
(r1), and subsequently undergoes physisorption (r2), dehydration and esterification (r3) to 
yield chromate species. Formation of these species would lend the fibers a yellow color. 

 
As chromium loading increases, hydroxyl groups diminish and chromate species 

may form O-Cr-O bonds resulting in polychromated species, and eventually CrO3 [153, 

182]. The agglomerated chromate species are minimally anchored to the surface and 

therefore are minimally stabilized. At this stage the color would appear to be brown 

[157].  
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𝑟𝑟4: 2𝑀𝑀2𝐶𝐶𝐶𝐶𝑂𝑂4(𝑠𝑠) ⇌ M2Cr2O7(s) + 1
2

O2(g) 

𝑟𝑟5 → 𝐶𝐶𝐶𝐶𝑂𝑂3(𝑠𝑠) 𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑛𝑛 

Figure 58 - Sequence of steps illustrating the formation of CrO3 on aluminosilicate 
fibers. Monochromate species form O-Cr-O bonds resulting in polychromated species (r4, 
r5), and eventually CrO3. Formation of this species would lend the fibers a brown color. 
Middle and right illustration taken from Liu et al. [182]. Note that “n” represents an 
integer value.  

 
Thermal decomposition of CrO3 would ensue. Oxygen is lost over time which may result 

in the formation of Cr3O8, then Cr2O5, followed by CrO2, and lastly Cr2O3. At this stage 

the color would appear to be green [178]. Decomposition of CrO3 to Cr2O3 would likely 

leave remaining surface chromate species as the primary hexavalent species. Figures 54-

56 will now be discussed given this proposed sequence of events.  
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𝑟𝑟6: 3CrO3(s) ⇌ Cr3O8(s) + 1
2

O2(g) 

𝑟𝑟7: Cr3O8(s) ⇌ 3
2

Cr2O5(s) + 1
2

O2(g) 

𝑟𝑟8: Cr2O5(s) ⇌ 2𝐶𝐶𝐶𝐶O2(s) + 1
2

O2(g) 

𝑟𝑟9: 2𝐶𝐶𝐶𝐶O2(s) ⇌ 𝐶𝐶r2O3(s) + 1
2

O2(g) 

Figure 59 - Sequence of steps illustrating the formation of Cr2O3 on aluminosilicate 
fibers. Thermal decomposition of CrO3 results in loss of oxygen over time as shown in r6, 
r7, r8, and r9. Deoxygenation of surface chromium species gives rise to Cr2O3. Formation 
of this species would lend the fibers a green color. Left illustration taken from Liu et al. 
[182].   

 
In Figures 54-56 and subsequent spectra to be presented in the following section, 

the highest binding energy peak was assigned as hexavalent chromium. The greatest 

proportion of hexavalent chromium was observed in the brown staining, followed by the 

yellow staining, with the least observed on the green staining. This aligns with what one 

might expect based on the colors. Literature reports a range of binding energies for 

chromate and chromium trioxide, from 578.3-581.1 eV [155, 169, 180, 181, 183-185]   

with some studies reporting chromate higher and others reporting chromium trioxide 

higher. These overlapping binding energies make it impossible to differentiate which 

compound is present based on binding energy alone, but on the basis of color one will 

expect yellow staining to be associated more with hexavalent monochromate and brown 

staining with hexavalent chromium trioxide.  
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 The lowest binding energy peak has been assigned as Cr3+. This peak is inferred 

to represent a contribution from chromia given the proposed sequence. The binding 

energy range of 576-576.3 eV matches well for literature reporting of Cr2O3 [139, 183, 

185]. It is possible to propose this peak contribution represents Cr4+ likely in the form of 

CrO2 given the proposed sequence of events. The Cr 2p3/2 peak for CrO2 is anticipated to 

appear around 575.2 eV [184, 186]. While this value may seem to be in contradiction 

with the chemical shift theory, CrO2 has been observed to have a lower binding energy 

than Cr3+ species repeatedly [177, 169, 184, 186]. This peak does not appear to be present 

with appreciable intensity for any of the stains, but it is possible that the binding energy 

of CrO2 may be inflated due to dehydroxylation of silica/alumina surfaces as the 

temperature increases. As more hydroxyl sites are lost, the electron density of the surface 

diminishes. This decreased electron density likely results in a decrease in electron density 

of anchored chromium species, thereby increasing the binding energy. The impact of this 

effect and the influence of temperature has been reported by Liu et al. [155] for 

hexavalent species from 100–800°C, over which the binding energy rises approximately 

3 eV. The effect of this potential confound may be tested by examining the binding 

energy of Cr6+. The binding energy of Cr6+ presented in this study ranges from 579–

579.92 eV. These values are well within known norms for the binding energy of Cr6+ 

species [158, 180, 181, 183]. It seems that for these conditions, the extent of 

dehydroxylation was minimal. This in turn means the peaks observed to range from 576–

576.3 eV (lowest binding energy peak in each spectrum) are not due to an inflated Cr4+ 

signal, but rather from Cr3+. 
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 Ruling out an inflated signal from Cr4+ as the lowest binding energy peaks holds 

implications for the middle peaks in the spectra. If the lowest binding energy peaks were 

Cr4+ then the middle peaks would be reasonable assigned as an inflated Cr3+ signal also 

due to the dehydroxylation effect. Instead the lowest were assigned as Cr3+ and inferred 

to represent Cr2O3 with the highest binding energy peaks assigned to Cr6+. Peaks in the 

Cr2O3 multiplet splitting structure have been observed to span approximately 3 eV, but 

the two major peaks in the structure are located near 576–577 eV [180, 181]. Given these 

facts, the presence of a compound other than Cr2O3 or Cr6+ appears necessary. All of the 

spectra have significant peak contributions at binding energies exceeding the dominant 

multiplet components of Cr2O3. It is in this way that one may infer the middle peak(s) are 

attributable to Cr2O5 and/or Cr3O8, as these compounds are commonly observed in 

literature under these conditions [48, 172, 174, 187, 188] and have been observed to 

possess Cr3+ peak contributions near those reported here [173] . Alternatively, one might 

assign the middle peak as chromium hydroxide since the binding energy matches 

literature reporting [181] and it is a possible reaction product from chromate and water. 

To the knowledge of the authors, however, no publications have claimed to observe 

chromium hydroxide in similar conditions. Therefore, it seems more reasonable to assign 

this middle peak to the Cr3+ contribution of mixed valence Cr3+/Cr6+ species.  

 
Interactions on Alumina, Quartz Wool, and Mica 

 
The following data was taken from Investigation of Surface Interactions between 

Volatile Chromium Species and Ceramics. This work was submitted to Surface and 
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Interface Analysis in July 2018 and is currently under review [3]. The data was also 

presented in oral format at the 233rd ECS Conference in May 2018. This study expands 

on XPS Characterization of Aluminosilicate Fibers Post Interaction with Chromium 

Oxyhydroxide at 100-230°C by exposing alumina, quartz wool, and mica to humidified 

air ranging from 150-900°C for 24 and 100 hour exposures with subsequent XPS 

analysis. The influence of temperature, material, and exposure time was observed to be 

determinative of surface chromium speciation and the extent of chromium deposition.  

 
Methods 
 

The experimental setup used in this study is similar to the previous study, but 

differs in the chromium source, exposed ceramics, temperatures, and times. Chromia 

powder of purity ≥98% was used to generate volatile chromium species to contaminate 

quartz wool, mica wafers (KAl3Si3O10(OH)2), and alumina (99.69% purity α-Al2O3) 

wafers. In each experiment, ceramic samples were placed both in the center of the 

furnace, designated as the “hot zone”, and just outside the furnace, designated as the 

“cold zone”. Three furnace temperatures were used: 500, 700, and 900°C. This resulted 

in three hot zone exposures at temperature (500, 700, and 900°C) and three 

corresponding cold zone temperatures of 250-300°C, 200-250°C, and 150-200°C, 

respectively. The cold zone temperature ranges were determined using an Amprobe 

IR608A infrared thermometer. The same exposure gas, furnace system, and method of 

analysis as the previous study was used in this study. Figure 60 displays the change in 

chromium source and clarification of sample positioning.    
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Figure 60 - Schematic illustration of the experimental system used in Investigation of 
Surface Interactions between Volatile Chromium Species and Ceramics. 

 
Observations and Interpretations 
 
 Interpretation of spectra is in line with the previous study interpretations and is 

summarized in Figure 61. Table 6 is a record of which exposures possessed detectable 

levels of chromium using XPS (threshold ≈ 0.1 at%).  

 

 
Figure 61 - Interpretation of spectra, with the highest binding energy peak representing 
Cr 6+, the lowest binding energy peak inferred to represent chromia, and the middle two 
peaks inferred to represent the trivalent multiplet splitting components of Cr 6+/Cr 3+ 
mixed valence species. 
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Table 6 - Record of which exposed samples possessed dectectable levels of chromium 
using XPS, where an “x” denotes Cr detection, a “-“ represents a sample which has not 
been characterized, and a blank represents undetectable levels of Cr.  

 Alumina – 
Top 

Alumina – 
Bottom 

Mica –  
Top  

Mica –  
Bottom  

Quartz Wool 

900°C, 100 hr X X X   
900°C, 24 hr X  X X  
700°C, 100 hr X X X   
700°C, 24 hr X     
500°C, 100 hr X X    
500°C, 24 hr X -    
250-300°C, 100 hr X X X  X 
250-300°C, 24 hr X X X  X 
200-250°C, 100 hr X X X X X 
200-250°C, 24 hr X X X X X 
150-200°C, 100 hr X X X X  
150-200°C, 24 hr X -    

 
 
Examining Table 6, different behavior for each material is notable. Alumina appears to 

collect more chromium than mica, which appears to collect more chromium than quartz 

wool. Additionally, the bottom side of the wafers appear to collect less chromium than 

the top sides. This is the only trend which the authors could distinguish for chromium 

collection dependence based on which wafer side was used. It will be noted here, as was 

mentioned in the limitations section, that some anomalous behavior was observed for 

chromium deposition depending on flow conditions. For both the 100 and 24 hour 250-

300°C alumina exposures, green staining was observed on the bottom side, whereas 

brown/yellow staining was observed on the top side. Based on the experimental set up, 

the top side of the wafer has greater access to flow. Greater access to flow would suggest 

more Cr available to deposit, and based on the proposed mechanism one might expect 

green on top and brown on bottom, but the opposite was observed. None of the other 

wafers displayed this behavior and so, for this study at least, the observations were taken 

as anomalous. All subsequent discussion of wafers will be in regard to the top side. 
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Lastly, whereas alumina collects sufficient chromium at all temperatures and exposure 

times, mica and quartz wool do not collect enough chromium to meet the detection limit 

in 500°C hot and cold zones. Quartz wool shows negligible collection for both the hot 

and cold zones at 500°C, for both exposure times, whereas mica only differs in detectable 

chromium for the 150-200°C, 100 hour exposure. This may, in part, be attributable to the 

fact that the vapor pressure of chromium oxyhydroxide varies with temperature, with 

500°C having a partial pressure three orders of magnitude less than 900°C according to 

thermodynamic modeling of similar conditions [19, 32]. This explanation is not 

sufficient, however, as it can be seen from Table 6 that quartz wool exposed to volatile 

chromium at the 900°C vapor pressure collects less Cr than alumina at 500°C vapor 

pressure. This suggests an effect of “substrate material” on which Cr-vapor condenses. 

The influence of material, in addition to time, and temperature on chromium loading will 

now be explored in more detail.  

  Many of the same colors as were noted in the previous study appear on quartz 

wool and alumina wafers. Figures 62 and 63 display yellow, brown, and green 

discoloration present on quartz wool and alumina wafers. These colors were not observed 

on mica (Figure 64) which remained transparent below 700°C but became opaque, 

expanded in thickness, and given a silver luster above this temperature. This is likely due 

to a dehydroxylation effect in which hydroxyl groups interact to form water, which then 

generate sufficient pressure to cause delamination of muscovite sheets, subsequently 

accelerating water loss and resulting in the formation of muscovite dehydroxylate [189].  
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Figure 62 - Representative discoloration on quartz wool after exposures. From left to 
right: non-exposed quartz wool, yellow, light brown, and dark brown. 

 

 
 
Figure 63 - Representative discoloration on alumina after exposures. From left to right: 
non-exposed alumina, brown, and green.  

 

 
 
Figure 64 - Representative mica samples and thicknesses post exposure. From left to 
right: non-exposed mica, 150-500°C mica, and 700-900°C mica with top view (a) and 
side view (b). 
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In the previous section it was remarked that green is attributable to trivalent chromium 

species whereas brown and yellow are ascribed to hexavalent species. Compounds 

assigned to these colors in the last study included CrO3 (brown staining), chromate 

(yellow staining), and Cr2O3 (green staining). 

 Examination of exposed quartz wool, mica, and alumina XPS spectra in Figures 

65-68 reveals several general trends. Materials in hot regions collected less chromium 

than those in cold regions, and generally did not show a tendency to form one oxidation 

state over another at long times (Figures 66e,f and 68). Concerning hot regions, 

aluminum containing ceramics were observed to collect more chromium than silicon 

containing ceramics. This can be seen as silica (quartz wool) did not possess detectable 

levels of chromium for any hot zone exposure, mica possessed enough for 3/6 hot zone 

runs, and alumina did for all six exposures. The signal to noise ratio for cold zone spectra 

also appears to be higher than hot zone spectra. Short term (24 hour) exposures generally 

favored Cr6+ over chromia for all materials (Figures 65a,b, 66a,c,e, 67a,c,e, and 68a,c,e). 

Mica was observed to favor Cr3+ over time in cold zones (Figure 66a,b,c,d), but quartz 

wool developed Cr6+ over time (Figure 65). The behavior of alumina was observed to be 

more complicated and will be discussed after interpretation of these general trends.  
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Figure 65 - X-ray photoelectron spectra for quartz wool exposed at 250-300°C for: 24 
hours with yellow discoloration (a) and brown discoloration (b), and 100 hours with 
brown discoloration (c).  

 
Table 7 - Peak information for spectra shown in Figure 65. 

Figure 
65a 

Area 
% 

Peak 
Position 

Oxidation 
State 

 Figure 
65b 

Area % Peak 
Position 

Oxidation 
State 

1 39.4 580.36 +6  1 44.9 579.05 +6 
2 18.0 576.51 +3  2 21.3 577.65 +3 
3 23.1 577.67 +3  3 24.5 576.14 +3 
4 19.5 578.88 +3  4 9.3 577.00 +3 
Figure 
65b 

    Figure 
65c 

   

1 44.9 579.05 +6  1 14.9 578.70 +3 
2 21.3 577.65 +3  2 18.9 577.02 +3 
3 24.5 576.14 +3  3 52.9 579.89 +6 
4 9.3 577.00 +3  4 13.3 578.00 +3 
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Figure 66 - X-ray photoelectron spectra for mica exposed at: 250-300°C for 24 hours (a) 
and 100 hours (b), 200-250°C for 24 hours (c) and 100 hours (d), and 900°C for 24 
hours (e) and 100 hours (f). 
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Table 8 - Peak information for spectra shown in Figure 66. 

Figure 
66a 

Area 
% 

Peak 
Position 

Oxidation 
State 

 Figure 
66b 

Area % Peak 
Position 

Oxidation 
State 

1 54.4 579.69 +6  1 20.4 576.00 +3  
2 13.0 576.17 +3  2 29.2 579.86 +6 
3 9.7 578.68 +3  3 29.7 577.08 +3 
4 22.9 577.36 +3  4 20.7 578.29 +3 
Figure 
66c 

    Figure 
66d 

   

1 20.9 576.05 +3   1 27.2 576.21 +3  
2 21.8 579.44 +6  2 18.1 580.05 +6 
3 30.2 576.91 +3  3 22.8 578.12 +3 
4 27.0 577.89 +3  4 31.9 577.14 +3 
Figure 
66e 

    Figure 
66f 

   

1 37.2 579.50 +6  1 17.7 576.70 +3  
2 14.3 576.15 +3  2 17.7 578.03 +3 
3 31.6 577.30 +3  3 32.5 580.34 +6 
4 16.9 578.55 +3  4 32.2 579.00 +3 
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Figure 67 - X-ray photoelectron spectra for alumina exposed at: 250-300°C for 24 hours 
(a) and 100 hours (b), 200-250°C for 24 hours (c) and 100 hours (d), and 150-200°C for 
24 hours (e) and 100 hours (f). 
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Figure 68 - X-ray photoelectron spectra for alumina exposed at: 900°C for 24 hours (a) 
and 100 hours (b), 700°C for 24 hours (c) and 100 hours (d), and 500°C for 24 hours (e) 
and 100 hours (f). 
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Table 9 - Peak information for spectra shown in Figures 67 and 68. 

Figure 
67a 

Area 
% 

Peak 
Position 

Oxidation 
State 

 Figure 
67b 

Area % Peak 
Position 

Oxidation 
State 

1 26.3 575.78 +3   1 26.9 577.57 +3  
2 30.9 579.93 +6  2 46.4 579.83 +6 
3 29.8 577.11 +3  3 7.9 578.58 +3 
4 13.0 578.28 +3  4 18.8 576.45 +3 
Figure 
67c 

    Figure 
67d 

   

1 11.2 578.70 +6  1 10.9 578.72 +6 
2 42.0 575.97 +3  2 39.0 575.95 +3 
3 12.6 577.55 +3  3 28.9 577.48 +3 
4 34.2 577.08 +3  4 21.2 576.81 +3 
Figure 
67e 

    Figure 
67f 

   

1 23.0 580.31 +6  1 16.3 576.61 +3  
2 13.5 576.00 +3  2 32.0 577.36 +3 
3 29.8 578.61 +3  3 27.8 578.29 +3 
4 33.6 577.37 +3  4 24.0 579.30 +6 
Figure 
68a 

    Figure 
68b 

   

1 17.1 576.40 +3   1 28.7 579.07 +6 
2 26.9 579.00 +6  2 25.7 576.70 +3 
3 35.6 577.20 +3  3 33.7 578.05 +3 
4 20.4 578.05 +3  4 12.0 577.28 +3 
Figure 
68c 

    Figure 
68d 

   

1 18.6 576.30 +3   1 20.5 576.30 +3  
2 27.0 579.93 +6  2 32.4 579.60 +6 
3 25.0 577.52 +3  3 23.0 578.52 +3 
4 29.5 578.43 +3  4 24.1 577.53 +3 
Figure 
68e 

    Figure 
68f 

   

1 13.6 576.37 +3   1 34.2 575.95 +3  
2 21.8 579.60 +6  2 29.8 579.07 +6 
3 35.6 577.25 +3  3 26.9 577.10 +3 
4 29.0 578.32 +3  4 9.1 577.83 +3 

 
 
 Short term exposures, to various extent, tended to favor Cr6+ species over 

chromia. This is congruent with the general mechanism proposed in the previous study, 

where at low surface loading, surface chromium takes the form of monochromate. Also 

in line with the proposed mechanism is the trend for mica to develop Cr3+ to a greater 
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extent when comparing the short and long term exposures (Figure 66a,b,c,d). As the 

exposure time increases, the amount of chromium loading will also increase which has 

been noted to favor Cr2O3 formation. This trend was not observed on quartz wool, but it 

is likely due to a difference in surface area of approximately five orders of magnitude 

between the mica wafers (≈1 cm2) and quartz wool [190]. Chromium collected on quartz 

wool may still be relatively well dispersed, leaving chromium at an intermediate stage in 

the proposed mechanism of CrO3 formation. Given the literature background on silica 

supporting chromium, it is assumed that given a longer exposure time Cr2O3 formation 

will predominate, though additional testing is required to verify this assumption.  

 Some trends are not immediately reconciled by the proposed mechanism and so it 

must be adjusted. In the proposed mechanism volatile chromium species first physisorb 

and then chemisorb to a ceramic surface via esterification reactions with hydroxyl 

groups. These species are chemisorbed as chromate, which may then decompose with 

increased Cr loading to form several Cr compounds, with Cr2O3 formation at the end of 

the pathway. This mechanism must be adjusted at high (≥500°C) temperatures, as the 

equilibrium of the adsorption step will shift to favor desorption. For Cr surface species to 

form at high temperature, volatile chromium must collide, with sufficient energy and the 

correct orientation, with hydroxyl groups. Since hydroxyl groups act as Cr anchors, their 

properties will impact Cr collection and stabilization. Alumina, mica, and quartz wool 

will have different hydroxyl group properties, some beneficial for Cr uptake and some 

detrimental. Alumina has more hydroxyl groups which are of greater basicity, and more 

resistant to dehydroxylation than those found on silica [46-51]. This is in line with the 
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HSAB theory, as aluminum is a harder acid than silicon and is therefore predicted to form 

a more stable, higher ionic content bond with oxygen acting as a hard base. This results in 

a higher electron density for hydroxyl groups on alumina which translates to enhanced 

Lewis basicity. More hydroxyl groups mean more interaction area on the surface for 

volatile Cr to anchor. The more basic nature of these hydroxyls will allow for a stronger 

bond to form with volatile Cr acting as a Lewis acid. Additionally, since silica surfaces 

dehydrate more easily and to a greater extent than alumina surfaces, Cr uptake is 

diminished. Lastly, the volatility of silica is greater than that of alumina given these 

conditions [191, 192]. Volatilizing silica would require volatile Cr to counter diffuse past 

in the boundary layer and would likely disrupt surface hydroxyl sites. These 

considerations lead to an adjustment of the general mechanism, illustrated in Figure 69. 

The top pathway, involving physisorption, is precluded at or above 500°C. The pathways 

requiring direct collisions are the middle and bottom, where the bottom pathway is less 

favorable for the reasons given above. 
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𝑟𝑟1:  
1
2
𝐶𝐶𝑟𝑟2𝑂𝑂3(𝑠𝑠) +

3
4
𝑂𝑂2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂(𝑔𝑔) ⇌ 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) 

𝑟𝑟2:𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) ⇌ 𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑎𝑎) 

𝑟𝑟3:𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) + 2𝐴𝐴𝐴𝐴 − 𝑂𝑂𝑂𝑂(𝑠𝑠) ⇌ 𝐴𝐴𝐴𝐴2𝐶𝐶𝐶𝐶𝑂𝑂4(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂(𝑔𝑔) 

𝑟𝑟4:𝐶𝐶𝐶𝐶𝑂𝑂2(𝑂𝑂𝑂𝑂)2(𝑔𝑔) + 2𝑆𝑆𝑆𝑆 − 𝑂𝑂𝑂𝑂(𝑠𝑠) ⇌ 𝑆𝑆𝑆𝑆2𝐶𝐶𝐶𝐶𝑂𝑂4(𝑠𝑠) + 2𝐻𝐻2𝑂𝑂(𝑔𝑔) 

Figure 69 - Adjusted mechanism for samples exposed at 500°C and above where 
physisorption (top pathway) is precluded. The other two pathways, without physisorption, 
show negligible collection of volatile chromium species on silica compared to collection 
on alumina. 

 
The trends for alumina at long times have not yet been discussed as they don’t 

exhibit a general trend. Long term exposures for alumina favor Cr 6+ for 250-300°C 

(Figure 67a, b), Cr 3+ for 200-250°C (Figure 67c,d), and no oxidation state preference 

for the other temperatures (Figures 67 e,f and 68). Due to the stabilizing influence of Al 
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discussed previously, surface chromate species on alumina may remain stable at higher 

Cr loadings than chromate species anchored with Si. This would explain the trend 

observed for alumina at 250-300°C, but not for the other two temperature ranges. This 

latter temperature range is unique for this system, as CrO3 melts at approximately 200°C, 

and decomposes around 250°C [193]. It is likely that CrO3 would exist as a liquid in this 

temperature range, increasing the contact area of CrO3 with the alumina lattice. 

Chromium is completely soluble in α-Al2O3 [194], with a similar valence, atom size, 

crystal structure and electronegativity. Given this solubility and enhanced diffusion over 

the solid state, Cr 3+ may become stabilized in the alumina lattice, resulting in a 

corundum type solid solution in the form of (Al,Cr)2O3 near the surface. This is 

supposition, and will need to be supported using complementary techniques such as XRD 

to observe the suspected lattice distortion, or time of flight secondary ion mass 

spectroscopy (ToF-SIMS) elemental depth profiling.  

While the previous two temperature ranges strongly favored an oxidation state 

over time, the 150-200°C did not. One might expect this temperature range to favor Cr 6+ 

as the 250-300°C range did, since CrO3 is only assumed to exist in the liquid state from 

200-250°C. The difference in behavior may be attributable to the decomposition 

temperature of CrO3, previously noted as 250°C. The 250-300°C range exists above the 

decomposition point of CrO3, which would result in a high energy intermediate 

compound when progressing from surface chromate to chromia, as illustrated in Figure 

70. This high energy intermediate would serve to stabilize surface chromate, thereby 

stabilizing Cr 6+. Higher temperatures (500-900°C in Figure 71) likely provide sufficient 
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energy to proceed past this high energy intermediate, but as chromate species have been 

observed to be stable up to 1000°C, neither end of the pathway may be favored. At 150-

200°C CrO3 is neither above its decomposition point, nor in a liquid state. Chromium 

incorporation into the lattice would likely be negligible, and CrO3 would be a stable 

surface species. This may allow for a stable equilibrium which does not strongly favor 

either end of the pathway, surface chromate or chromia, over time.  

 

 

Figure 70 - Mechanisms for each material exposed in cold zones. Note that dashed 
arrows represent a qualitatively slower reaction rate in the forward direction.  
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Figure 71 - Mechanisms for each material exposed in hot zones. Note that dashed arrows 
represent a qualitatively slower reaction rate in the forward direction. 

 
 While the mechanisms presented in Figures 70 and 71 are useful to gain a general 

understanding of how chromium vapor species interact with these surfaces, there is 

additional nuance which may be noted. As has been discussed, surface hydroxyl groups 

serve as anchoring points for chromium vapor species. The hydroxyl populations and 

their basicity vary by material, but also vary on each material. Infrared spectroscopy of 

alumina surfaces typically reveals at least five OH stretching bands [195] with more basic 
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OH groups at higher stretching frequencies [196], supported by preferential consumption 

of OH groups upon chromium loading [166] and stability at elevated temperatures [46]. 

Three OH stretching bands have been identified using the same technique on silica [197]. 

Infrared spectroscopic observations of hydroxyl group differences on alumina and silica 

surfaces are supported by measurement of pKa values. Silica is observed to have bimodal 

behavior with pKa values of 4.5 and 8.5 [198], with more complex behavior on alumina 

showing pKa values ˂ 3 and of 4.5, 6.7, and 9.5-9.8 [196]. 

 Including these observations to describe Figures 70 and 71, it may be clarified 

that each material surface does not possess homogeneous, interchangeable hydroxyl 

groups. As a result, chromium deposition on these surfaces is not equally likely for any 

hydroxyl group. This would likely result in preferential attachment on more basic 

hydroxyl groups first and least basic hydroxyl groups last, in accordance with literature 

observations [166].   

 The work presented above comprises a distillation of roughly 70 years of 

literature relevant to chromium speciation on ceramic surfaces into a general mechanism 

in which chromium compounds undergo the following: esterification reactions with 

surface hydroxyl groups to form monochromate, interact as chromium loading increases 

to form polychromate up to CrO3, and subsequently decompose into Cr2O5, Cr3O8, CrO2, 

and end at Cr2O3. This general mechanism was expanded upon to incorporate the impact 

of varied temperature ranges for chromium vapor species on silica, mica, and alumina.  
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CHAPTER SIX 

 
CONCLUSION  

 
Summary and Implications 

 
Work performed regarding the condensation of volatile chromium species on 

ceramics and XPS characterization thereof highlighted the importance of material, 

temperature, and chromium loading on surface compound speciation. Speciation was 

linked to different colors observed on regions of ceramic substrates which were isolated 

and characterized using XPS. Examination of Cr 2p3/2 peaks revealed distinct Cr6+ 

content and Cr3+ multiplet-split behaviors for each stain color. Brown staining was 

attributed to CrO3, yellow to monochromate, and green to Cr2O3. The presence of mixed 

valence Cr3+/Cr6+ species were also inferred based on the spectra and relevant literature 

observations. These compounds were proposed to anchor to ceramic surfaces first by 

physisorption and subsequent chemisorption (≤300°C) or by only chemisorption 

(≥500°C) with surface hydroxyl groups. Chemisorbed chromium species originate as 

monochromate species, which with increased chromium loading may polymerize to form 

CrO3. Chromium trioxide may melt and decompose at 200 and 250°C, respectively, 

resulting in an effervescence of oxygen and formation of Cr3O8, Cr2O5, CrO2, and lastly 

Cr2O3.    

The material which volatile chromium deposited on was observed to significantly 

impact collection and speciation of Cr surface compounds. The greater the aluminum 

content in a ceramic, the more capable that surface was of collecting chromium from 
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150-900°C. Silicon containing ceramics were only observed to collect chromium up to 

300°C, and ceramics containing both were observed to have mixed behavior, collecting at 

temperatures ≤300°C or ≥700°C. Speciation on silicon containing ceramics was in part 

observed, and in part assumed in accordance with evidence from relevant literature to 

favor the formation of Cr2O3 with increased Cr loading. This was observed on mica, and 

assumed to be true for silica which, in the form of quartz wool, had a large surface area 

on which Cr deposition could occur. Compound formation was observed to be highly 

temperature dependent on alumina with 250-300°C stabilizing Cr 6+, 200-250°C 

stabilizing chromia, and 150-200°C, in addition to hot zones, not favoring either side of 

the pathway. These differences were hypothesized to arise due to the melting and 

decomposition temperature of CrO3 being at 200 and 250°C, respectively. As a liquid, 

CrO3 would have enhanced contact and diffusion of Cr3+ into the corundum type lattice. 

Above its decomposition temperature CrO3 would exist as a high energy intermediate, 

stabilizing the hexavalent chromate species. At temperatures below melting neither side 

of the pathway has reason to be favored, likewise at temperatures well above the 

decomposition point sufficient energy to progress beyond the high energy intermediate 

would prevent favoring of either side of the pathway. 

 Hydroxyl group population/properties on a ceramic appear to be an important 

consideration for the reactive condensation of volatile chromium species. Materials with 

numerous tightly bound hydroxyl groups, such as alumina, allow for numerous anchoring 

points which have been observed to be stable up to 1000°C. Materials with hydroxyl 

groups which are more susceptible to dehydroxylation with increased temperature, such 
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as silica, lose their anchoring points and were observed to collect negligible amounts of 

chromium. The relative stability of hydroxyl groups for various ceramics was rationalized 

using hard soft acid base theory. Aluminum is a harder acid than silicon, and thus the 

ionic content and electron density of hydroxyl groups on aluminum will be greater. This 

allows for a more stable bond to the support and enhanced Lewis basicity allowing for a 

more stable bond with chromium acting as a Lewis acid.     

The impact of the generation of volatile chromium species from FSS 409 was also 

examined with and without aluminosilicate fiber contact. The fibers were observed to 

have a substantial impact on corrosion behavior. Smaller oxide nodules were observed in 

contacting regions, and evidence of localized breakaway corrosion in moist air was no 

longer evident in the contacting condition. The effect was attributed to the fibers acting as 

a mass transport barrier to corrosive gas species, resulting in a decrease in pO2 and an 

increase in the H2/H2O ratio in the fiber contacting regions. This behavior could prove 

valuable to attenuate oxide scale formation and the reactive evaporation of chromium if 

getter materials on fibrous supports are implemented in SOFCs.  

A variety of ceramic materials in this work were observed to collect chromium 

vapor species. Collection of chromium was hypothesized to be facilitated by surface 

hydroxyl groups. This was supported by chromium collection on various ceramics at or 

below 300°C, a temperature condition in which hydroxyl groups are largely available on 

all materials, but negligible collection at or above 500°C for materials which are expected 

to be largely dehydroxylated. This suggests ceramics with a dearth of hydroxyl groups 

are less likely to collect chromium vapor species. Attached chromium species are also 
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dependent on hydroxyl groups, with surfaces densely populated with hydroxyl groups 

able to stabilize hexavalent chromate species at higher chromium loadings than surfaces 

sparsely populated with hydroxyl groups. The latter are less capable of dispersing 

chromium species, resulting in agglomeration and subsequent formation of chromia at 

lower chromium loadings.  

 
Limitations and Future Work 

 
There are several ways in which future work may test and expand on the claims 

made herein. Different phases of alumina (e.g. α, γ, η, θ, etc.) have been observed to 

possess similar hydroxyl populations [160, 195, 199] but varying acidity [160, 195, 200]. 

They also vary in surface area, but as was seen in this study between quartz wool and 

alumina, at temperatures of 500°C or greater the ability of a material to stabilize hydroxyl 

groups appears to be more important for Cr condensation. If more acidic alumina phases, 

such as γ-alumina [195, 200, 201], collect more Cr than less acidic phases, such as θ-

alumina [195, 200, 201], then this would support the claims of the importance of Lewis 

acidity made here. A similar experiment to the one pursued in this investigation could be 

performed. Various alumina phases may be exposed to volatile chromium species over a 

range of temperatures, such as 300, 500, 700, and 900°C for a time period of 50 hours. If 

Lewis acidity is an important factor, then one might not expect to see a difference in 

collection and/or speciation at low temperatures, but at higher temperatures, given the 

findings in this work, increased Lewis acidity should result in greater chromium 

collection at higher temperature.  
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Alternative materials with a lower hardness than Al3+, but hydroxyl populations 

greater than silica, such as ceria and titania [202], may be tested to see if these materials 

show intermediate behavior as the mica did in this study. It may also be of benefit to use 

aluminosilicates with a range of compositions (e.g. Al2O3, 20% SiO2 ∙ 80% Al2O3, 40% 

SiO2 ∙ 60% Al2O3, 60% SiO2 ∙ 40% Al2O3, 80% SiO2 ∙ 20% Al2O3, SiO2) as Weckhuysen 

et al. have repeatedly done [45, 49, 203]. If these materials do show intermediate 

behavior, then it would support the hypothesis and the broad applicability of the 

hypothesis. Reactive condensation on materials of interest to SOFCs such as LSCF and 

its constituent single element oxides, similar to the work performed by Tucker et al. [130] 

but more surface sensitive, may be of value to improve the mechanism proposed here. 

Chromium is not believed to react with quartz wool, mica, or alumina supports in this 

study to form a new phase. Constituents from LSCF (e.g. SrO, La2O3, etc.), however, 

have been observed to form FeCr2O4 above 600°C [204], SrCrO4 above 700°C [103], 

CoCr2O4 [27], and LaCrO3 800°C [23]. The mechanism proposed herein does not 

account for reaction with the substrate material. A possible experiment could include 

exposure of SrO, and varied compositions of SrO∙SiO2∙Al2O3 glass to varied temperature 

and chromium loading. There may also be value in varying the degree of crystallinity of 

SrO∙SiO2∙Al2O3 compounds to examine if the crystalline character of a ceramic has an 

impact of chromium collection or subsequent surface chromium compound speciation.  

The mobility of surface chromium species may also be explored further in the 

future. Mobility was examined for a chromium on a silica fixed bed and silica powder by 

McDaniel [164]. As alumina surfaces are proposed to stabilize surface chromium more 
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effectively than silica, it may be expected that the mobility of surface chromium species 

on alumina is lesser than on silica. This would have implications on the re-oxidation of 

chromium on alumina, as this mobility was noted to be an unloading mechanism for 

surfaces which possess chromium, and the degree of chromium loading has been 

observed to impact chromium speciation and oxidation state(s).  

Additionally, experiments varying the flow rate may be performed to test for 

potential impacts on chromium deposition and speciation. This may be done by using one 

low flow rate and one high flow rate. Varying the flow rate would also vary the amount 

of chromium transported, and so the experiment would have to compensate. For example 

if flow rate “A” is four times larger than flow rate “B”, then the exposure for flow rate 

“B” may be four times as long. This is assuming a linear relationship between flow rate 

and chromium transported. It would be prudent to test this by first running flow rates A 

and B for the time selected for the flow rate experiment and quantifying the chromium 

transported. This may be accomplished by using a quartz wool collector downstream of 

the chromium vapor species for ten hours in flow rate A, and a separate quartz wool 

collector for ten hours in flow rate B, both collecting at the same temperature. Quartz 

wool collectors may then be washed in 1% nitric acid and subsequently quantified using 

ICP-MS. The extra time which flow rate “B” would need to be exposed could be 

determined based on this quantification.  

The additional time at temperature is another confound in such an experiment 

which would need to be considered. To see if this additional time would be an issue, two 

equivalent samples could be run side by side in the furnace such that they should form the 
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same surface compounds. One may be removed, but the other held at temperature for the 

amount of additional time required in the experiment without any flow or chromium 

source. If the two samples still exhibit similar behavior despite one being held at 

temperature long after the other, then running flow rate “B” four times longer than flow 

rate “A” shouldn’t introduce a confounding factor. It may also be of value to perform 

high velocity flow rate testing, possibly in collaboration with the Opila research group at 

the University of Virginia which possesses a steam jet furnace capable of delivering flow 

rates of 150-200 m/s.  

Lastly, several limitations of this study may also be addressed in future work. 

Longer exposure times would be useful to ensure sufficient coverage for high surface 

area materials, such as quartz wool in this study, to check for adherence to the proposed 

mechanism, and to test if there is a long term saturation condition in which materials will 

no longer collect chromium. Chromium content could be checked using ICP-MS for 

exposure times of 200, 500, and 1000 hours, for example. Alternative characterization 

techniques, especially those capable of phase identification such as XRD or EBSD, may 

be pursued to support or contest findings here.  
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