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Chapter 1 
 

 

Introduction 
 

 

1.1 Research background 
 

It is a matter of common knowledge that anthropogenic sources of green house 

gases like carbon dioxide (CO2), methane, chlorofluocarbons and nitrous oxide are 

changing the climate of the world. Due to their propensity to insulate the earth like a 

blanket, the increasing emission of these gases increasingly cause retention of heat in 

the upper atmospheres and average global temperatures. Earlier, having realized the 

impending consequences of global warming, around 160 nations of the world had 

jointly implemented the UN Framework Convention on Climate Change (UNFCCC) by 

signing the Kyoto Protocol in December 1997. Although the protocol did not become 

legally binding due to non-involvement of U.S. and Australia, most of the remaining 

industrialized nations had set targets to reduce green house emissions and achieve their 

preset reduction goals by 2010. However, the European commission has recently issued 

warning that 13 of the EU’s 15 member states were set to miss their emission targets by 

a huge margin. Thus the Kyoto Protocol, which was widely considered to be the only 

feasible opportunity to address the impending environmental disaster appears to be off 

the track. 

Figure 1.1 shows the concentration of CO2 in the global atmosphere from 1000 

to 2000 A.D [1]. Pre-industrial CO2 levels hovered around 280 ppm until 1850. Human 

activities pushed those levels up to close to 370 ppm by early 2000.The rate of increase 
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in CO2 concentrations accelerated over recent decades along with fossil fuel emissions. 

Since 2000, annual increases of 2 ppm or more have been common, compared with 1.5 

ppm per year in the 1980s and less than 1 ppm per year during the 1960s. Global 

temperatures have been recording a steady rise along with the quantities of CO2 and 

methane in the atmosphere.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.1 The increase of CO2 concentration in the atmosphere from 1000 to 2000 A.D [1]. 

 

 

 

 

 

 

 

 

 

Fig. 1.2 Trend of world’s energy consumption to 1997 and a projection to 2020. 

EE/FSU : Eastern European and former Soviet Union countries [4]. 
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The Intergovernmental Panel on Climate Change (IPCC) has forecast in its 

Fourth Assessment Reports, 2007 [2] that global warming is set to intensify in the 

coming years, the long range effects of which would be unprecedented phenomena like 

rising oceans, melting of glaciers, dissolution of polar caps, extreme weathers, rise in 

tropical diseases, changes of seasons and disruption of ecosystems. Reports from 

different parts of the world already hint at the possibility that global warming may be 

slipping out of human control due to the fact that CO2 has crossed over its delicate 

threshold value of around 380 ppm in the earth’s atmosphere in the year 2006. 

The world fossil fuel emission of CO2 exceeded 20 billion tons annually during 

the late 1990s [3]. Available statistics of that time indicate that fossil fuelled combustion 

accounted for 89% of the commercial energy consumption in the U.S. and 80% of total 

energy consumed worldwide. The demand for energy was then growing, at around 3% 

per annum among the industrialized countries, while it had touched around 7% in the 

Third World whose population is three times that of the developed countries [3]. Figure 

1.2 depicts the world energy consumption from 1970 to 1997, and a projection to 2020 
[4]. Projection of energy consumption in 2020 shows that less developed countries will 

consume larger percentage of the world’s energy than the industrialized countries.  

In 2002 about 40% of carbon dioxide emissions in the U.S. came from the 

burning of fossil fuels for the purpose of electricity generation. Even by the end of the 

second decade of 21st century, 90% of energy worldwide would still be supplied by 

fossil fuels. Thus, there appears to be no end in sight, in the near future, to the 

compounding environmental problems caused by rising global demands for energy and 

industrialization. 

International community has comes up with strategies to countermeasure this 

problem. A certain approach is to increase the efficiency of power generation in 

conventional power plant. While others propose to fully implement new technology in 

power generation such as solid oxide fuel cells (SOFCs). The primary constraint to 

realize these strategies is due to the lack of materials for high temperature environment. 

Materials problems for high temperature are associated with high oxidation rate, phase 

stability, void formation and exfoliation of oxide scale. Moreover, oxidizing 
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environments, such as the existence of water vapor in conventional power generation 

and electrodes of SOFCs, accelerates the oxidation rates of employed materials. 

Overcoming these problems is crucial in order to achieve higher efficiency in energy 

generation. 

A reduction up to one million tons of CO2 emission can be achieved in the 

lifetime of an 800MW fossil fuel power plant by increasing its efficiency by 1% [6]. 

While the utilization of SOFCs offers emission free and higher energy conversion 

efficiency up to 60%. This energy conversion efficiency is higher about 20% compared 

to conventional fossil fuel power plant. This obviously necessitates the development and 

use of suitable high temperature materials that can comply with the elevated 

temperature service. In both conventional power plant and SOFCs, it has long been 

known that steam oxidation greatly reduces the oxidation resistance of the alloys. 

Materials with better resistance to steam oxidation and improved properties of creep 

rupture strength are obviously the need of the hour to facilitate such elevated 

temperature operations of power plants dictated by the crucial considerations of global 

warming. 

 
 
1.2 Fossil fueled power plants 
              

The energy crisis of the 1970s triggered the first global attempt on improving 

thermal energy conversion efficiency of power plants. The worldwide interest in 

improving energy efficiency was necessitated mainly by an increasing consensus that all 

anthropogenic sources of green house gases should be trimmed to keep global climate 

changes in check. The increasing cost of natural gas was another compelling factor to 

that effect.  

The energy conversion efficiency of a thermal power plant depends on its 

ability to operate at higher steam temperatures and pressures. Carnot cycle is the most 

efficient cycle possible for converting a given amount of thermal energy into work. A 

thermodynamic cycle occurs when a system is taken through a series of different states, 
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and finally returned to its initial state. In the process of going through this cycle, the 

system may perform work on its surroundings, thereby acting as a heat engine. A heat 

engine acts by transferring energy from a warm region to a cool region of space and, in 

the process, converting some of that energy to mechanical work. The cycle may also be 

reversed. The Carnot energy conversion efficiency is shown as below. 

2 1
car

2

T T
T
−

=η                  (1.1) 

where T1 is the absolute temperature of the cold reservoir, T2 is the temperature of the 

hot reservoir. Larger difference between the low-temperature heat source and 

high-temperature heat source will results an increase of Carnot efficiency. Figure 1.3 

shows the Carnot cycle efficiency as a function of maximum process temperature [5]. 

Some examples of current high efficiency power plant are included in the figure. There 

is a gap between the Carnot efficiency and the efficiency of currently operating power 

plant due to internal losses and lack of completeness of water/steam cycle 

(Carnotisation gap). The gap is decrease with increase of temperature. Therefore, in the 

thermal power plant, gas turbines, aircraft engines, high-temperature equipments in 

chemical industry, municipal incinerators, many efforts have been done aiming to 

achieve higher operating temperature, and further increase thermal efficiency output.  

Advance steam power plant has been a main subject of research in Japan, US 

and Europe. Overview of recent research and development project is shown in Fig. 1.4 
[7]. Numerous heat-resisting steels of ferritic 9-12%Cr have been developed to achieve 

supercritical steam condition. 

Supercritical (SC) and ultra super critical (USC) steam power plants are widely 

recognized as the main viable options for future energy generation in many countries. 

SC in thermodynamics means the state of a substance where there is no clear distinction 

between liquid and gaseous phases. Water reaches this state at a temperature of 373°C 

and a pressure of 22.1 MPa. In power plant, SC or USC is always referring to turbine 

inlet steam condition for main steam pressure and reheat steam. 
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Fig. 1.3 Carnot efficiency and some power plant efficiency as a function of process 

temperature [5]. 

 

 

 

 

Fig. 1.4 Recent research and development projects on steam power plant [7]. 
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Fig. 1.5 Increase of steam temperature and pressure of power plant in Japan [8]. 

 

 

Figure 1.5 shows the increase of service temperature and pressure of steam 

power plant in Japan. Modern USC power plant began in the early 1980s with operating 

temperature of 829 K at 24.6 MPa. Currently, the operating steam condition of fossil 

power plant with Fe-Cr ferritic steels has successfully increased to 883 K at 31 MPa. 

Now the target has been set to achieve a goal of 973 K at around 38 MPa pressure [8]. 

Figure 1.6 shows a schematic diagram of steam power plant. In the combustion 

chamber, fuel is burned to generate heat. Superheater, reheater etc are installed as heat 

exchanger to efficiently transfer the heat energy to the steam. The heat is used to boiled 

water in boiler to produce steam. Superheated steam is then circulated through steam 

piping to turbine to rotate it and then converted to electric energy by power transformer. 

The steam from turbine is cooled back to water in condenser, which is fed back to boiler 

to repeat the cycle again.  

To achieve high temperature and high pressure steam condition, components 

such as boiler tubes or pipeline with higher creep strength and oxidation resistance is 

required because it is the major determinant the maximum operating temperature and 

pressure of power plant. Ferritic steels are preferred for heavy, thick-walled components 

 



 8

due to their smaller coefficient of thermal expansion, which reduces significantly 

thermal stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Schematic diagram of steam power plant. 

 

 

1.2.1 Ferritic steels for boiler used in fossil fueled power plant 
            

High-pressure steam piping and heater, superheater tubing and waterwall 

tubing are the key components in USC plants. Ferritic steels include carbon steels 

(C-Mn, etc.), low alloy steels (0.5% Mo, ~2.25 % Cr-1% Mo), intermediate alloy steels 

(5 – 10% Cr) and high alloy steels (12% Cr martensitic steels and 12 – 18% Cr ferritic 

steels of the AISI400 series). 

Steels are designed by taking great consideration of their service condition and 

environments. When a new alloy is modified from existing steels, their general 

properties such as oxidation resistance are expected to be close to the original steels. 

Hence, chemical compositions and heat treatment conditions are examined in particular 
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to improve the creep strength. Figure 1.7 shows the general concept of alloy design to 

improve creep strength by the modification of existing steels [7].  

Figure 1.8 shows a flow chart of alloy design of 12% Cr steels[7]. Primary 

properties of this steels are oxidation resistance, creep strength, weldability and 

toughness because these steels are mainly used in large diameter and thick–walled pipes. 

9% Cr would be insufficient in terms of oxidation resistance if the steel to be used up to 

923 K, therefore, 12% Cr must be used.  

Many studies have been done on the effects of alloying elements on the creep 

strength of 9 – 12% Cr steels. Cr is a basic alloying element in ferritic steels, and 

increase Cr concentration improves oxidation resistance. Cr percentage near 2% and 9 – 

12% gives high creep strength. However, the strength is decreases at Cr concentration 

between the two ranges.  

Table 1.1 shows nominal chemical composition of ferritic steels for boilers[7]. 

Figure 1.9 shows the development of ferritic steels of 2% Cr, 9% Cr and 12% Cr with 

105 h creep rupture strength at 873 K[7]. Steels with 9% and 12% Cr are relatively good 

in corrosion resistance. The thickness of pipe wall of these steels can be reduced 

compared to conventional 2.25% Cr – 1% Mo steels. 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.7 General concept of alloy design to improve creep strength by the modification 

of existing steels [7]. 
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Fig 1.8 Flow chart of alloy design of 12Cr0.4Mo2WcuVNb steel [7]. 

 

 

Table 1.1 shows nominal chemical composition of ferritic steels for boilers [7]. 
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Fig 1.9 The development of ferritic steels of 2% Cr, 9% Cr and 12% Cr with 105 h creep 

rupture strength at 873 K [7]. 

 

 
1.2.2 Steam oxidation of ferritic alloy steel used in boiler 
           

In a boiler operating at high temperature, steam dissociates into its constituent 

elements hydrogen and oxygen when it comes into contact with metal surfaces, which is 

followed by a severe oxidation of the metal surface. Steam oxidation has been widely 

recognized as one of the stumbling blocks to any further improvements in the ferritic Cr 

steels as they exist today. Oxide films formed on the steam side of boiler tubes can 

cause major failures. Main problems due to steam oxidation are the exfoliation of oxide 

scale and solid-particle erosion of turbine components caused by exfoliated scale. 

Moreover, increased stresses can cause premature failures due to local stress induced 

creep. Oxide films cause thermal insulation effect on tubes due to their low thermal 

conductivity thereby impeding heat transfer resulting in higher component temperatures. 

This causes scaling, deposit formation, reduction in cross sectional area of load bearing 

sections. 
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Ueda [9] has analyzed the tube material of JIS火STBA27 steel (9% Cr – 2% 

Mo) which was exposed to steam condition up to 70000 hours. The estimated 

temperature is 828 K to 848 K. Figure 1.10 shows the fracture surface of cross section 

of the oxide scales that exposed to steam condition. The scale is consists of outer scale, 

inner scale and intermediate layer between outer and inner scales. Internal oxide 

precipitates between inner scale and alloy substrate. In the outer scale, Fe2O3 and Fe3O4 

is formed, while in the inner scale (Fe,Cr)3O4 is formed. Interestingly, in the 

intermediate layer, a great volume of void was observed. The formation of void leads to 

the exfoliation of outer scale.  

Many investigations were carried out on ferritic Cr alloys oxidized in steam 

condition and dry condition [10 – 15]. It was unequivocally established that wet oxygen is 

far more corrosive than dry oxygen. In dry oxygen, the chromium in steel initially forms 

a protective chromium rich oxide film over the entire surface of the metal component, 

protecting it from any further rapid oxidation. However, in the presence of water vapor, 

rapid oxidation is observed. This matter attracts special interest from many researchers, 

however their explanations remain in qualitative manner and there is no consensus 

regarding the cause of accelerated oxidation in steam condition.  

Essuman[16] has studied the oxidation of Fe-10% Cr and Fe-20% Cr alloys in 

Ar-20% O2, Ar-4% H2-7% H2O and Ar-7% H2O mixed gaseous. Internal precipitates of 

oxide were formed in the presence of water vapor, which change the oxidation 

mechanism. This shows that water vapor affects the transport processes in the alloy. Cr 

is oxidized internally and not forming protective external scale. They speculated that 

water vapor affects the solubility and/or diffusivity of oxygen in the alloy. However no 

quantitative analysis was done. 

Exfoliation of oxide scale is a main problem in the high temperature oxidation 

of ferritic steel. The presence of steam in the oxidation environment accelerates the 

oxidation rates. From the point of practical view, it is very important to control the 

oxide scale from exfoliation and establish protective scale during early stage of 

oxidation. In order to solve above issues, it is essential to understand the effect of steam 

on the mechanism of high temperature oxidation. In this study, the oxidation mechanism 
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steam condition was clarified in the view of mass transport process in the alloy and was 

compared to dry condition. 
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1.3 Solid Oxide Fuel Cells 
 
 The development of Solid Oxide Fuel Cells (SOFCs) attracts a lot of attention 

and has been a subject of intensive research due to its potential to convert chemical 

energy (fuel sources) to electrical energy directly without combustion. In conventional 

steam power plant, the chemical energy is first converted to mechanical energy to rotate 

the turbine, and later converted to electrical energy. This intermediate step of conversion 

into mechanical energy is one of the reason that conventional power plant having a 

lower efficiency in energy conversion. 

The electric generation base on theoretical solid-state energy conversion is a 

promising technology to cope the crucial problem of global warming. Energy generation 

from SOFCs offers a lot of advantages such as zero emission, high efficiency, low 

environmental impact and zero noise pollution. It is a promising technology as a power 

sources to households, commercial buildings, vehicles and aircraft systems. These 

applications will give great impacts to the energy industry worldwide. 

 The main parts of SOFCs are ion conducting electrolyte, anode, cathode and 

interconnector. Schematic diagram of SOFCs is shows in the Fig. 1.11. A single cell of 

SOFC generates only about 1 V. In a planar type SOFC, the cell parts are stacked 

together and later connected into siries to generate sufficient high power output. 

Interconnector material plays an important role as it enables the electric connection 

between anode of a unit cell to cathode of the other cell. It also separates fuel in anode 

from air in cathode. For that reason, interconnector material is exposed in severe 

oxidizing and reducing environments at each side. For example, Kurokawa [17] has 

summarized the oxygen, water vapor and hydrogen potential in anode and cathode. The 

results are shown in the Table 1.2. The oxygen potential for anode and cathode is around 

4.1 x 10-17 Pa and 2.1 x 104 Pa, respectively. Many challenges to commercialize SOFCs 

are due to materials related issues. 

 In early development of SOFCs, the operating temperature is set to be around 

1273 K due to limited conductivity of solid electrolyte at that time. However, recently 

the development of thin-electrolyte cells with improves cathode materials enables the 
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operating temperature to be reduced around 923 K ~ 1073 K. Lower operating 

temperature of SOFCs permits the use metallic interconnector. Zhu and Deevi[20] have 

summarized the characteristics that been required for interconnector.  

i) High electronic conduction, low ohmic loss. 

ii) Adequate stability of dimension, microstructure, phase and chemistry. 

iii) Low permeability of oxygen and hydrogen to minimize direct 

combination of oxidant and fuel during cell operation. 

iv) Thermal expansion coefficient should comparable to electrodes and 

electrolyte to avoid the generation of thermal stress during start-up and 

shut down process. 

v) No reaction between interconnect and anode/cathode. 

vi) Good thermal conductivity. 

vii) Excellent oxidation, sulfidation and carburization resistance. 

viii) Easy to fabricate. 

ix) High temperature strength and creep resistance. 

Metallic materials fit above characteristics and have been intensively studied to evaluate 

their potential as interconnector material. The successful development of competent and 

affordable metallic interconnect is essential to the commercialization of SOFCs.  

 

 

 

 

 

 

 

 

 

Fig 1.11  Schematic diagram of SOFCs and oxidizing conditions of each electrodes [17]. 
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Table 1.2  The oxygen, water vapor and hydrogen potentials in anode (fuel side) and 

cathode (air side) [17]. 

 Anode Cathode 
PO2 / Pa 4.1 x 10-17 2.1 x 104

PH2O / Pa 3.0 x 103 6.0 x 102 ~ 2.0 x 103

PH2 / Pa 1.0 x 105 - 

 

 Japan, US and European countries have been actively developing SOFCs. In 

Japan, New Energy and Industrial Technology Development Organization (NEDO) is 

overseeing the commercialization of national SOFCs project. The project is divided into 

phases, and has started since year 1989 with cooperation of corporate companies such 

as Hitachi, TOTO, MMC, Mitsubishi Heavy Industry (MHI) and others. The tasks [18] of 

each company are show in Fig. 1.12. NEDO has planned the commercialization of 

SOFCs earliest by the year 2008. The project schedule is shows in Fig. 1.13. It intends 

to develop full system and basic technology of SOFCs for the future. Among the 

important tasks are including designing new materials and high performance stack 

technology.  

Intermediate Temperature SOFCs (IT-SOFCs) with operating temperature 

below 1073 K and ferritic alloys as interconnectors is definitely an attractive and 

promising technology that needs to develop further. As the consequences, the basic 

knowledge of steam oxidation on ferritic alloys used as interconnectors in anode and 

cathode condition is essentials to better evaluate the performance of SOFCs. Ferritic 

alloy with substantial amount of Cr is a prospective candidate as it nearly fit the above 

characteristics for interconnector materials.  
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Fig 1.12  Task of each company to commercialize SOFCs in Japan under coordination 

of NEDO [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.13  The SOFCs project’s progress and plan until year 2010 in Japan [18]. 
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1.3.1 Ferritic alloys for SOFCs interconnector 

 

 Lower operating temperature of SOFCs allows the use of alloys in the cell 

stacks. As alloys could easily be manufacture compared to ceramic materials, it greatly 

contributes to the reduction of fabrication cost which is one of important factor to 

commercialize SOFCs technology. Perry and Tuller [19] have reported that the main 

challenges of lowering the operating temperature are reducing the ohmic losses, 

electrolyte stability and cathode polarization. The using of thinner interconnector helps 

in achieving acceptable conductance. Recently, many works [20-24] have been done 

aiming to explore the possibility of metallic alloys as interconnector. Alloys design for 

interconnector is differ from alloys for power plant in a manner that electrical 

conductivity of oxides formed in both side of anode and cathode is given a top priority 

since it will affect the cell’s performance. Moreover, studies of steam oxidation on 

metallic interconnect emphasis on its’ effects on electrical conductivity in longer cell’s 

running time rather than to clarify the oxidation mechanism. 

 Ferritic Cr2O3-forming [24 - 25] alloys are promising candidates as interconnector 

because the Cr2O3 scale has suitable properties of low growth rate and reasonable 

electronic conductivity. Table 1.3 shows the electrical resistivity and thermal expansion 

coefficient of some oxide scales [20]. Among the inert oxides, i.e SiO2, Al2O3 and Cr2O3, 

Cr2O3 shows an extremely low electrical resistivity by a few magnitudes compared to 

the other two oxides at 1073 K. This fact has been well understood since Cr2O3 is an 

intrinsic semiconductor at high temperature, while SiO2 and Al2O3 are insulators. Due to 

this crucial property, the development of new ferritic alloys for SOFCs interconnects 

always concentrate on Cr2O3 forming alloys rather than SiO2 or Al2O3 forming alloys, 

although both the latter oxides have excellent oxidation resistance. 

 Fergus [25] has summarized metallic alloys used for interconnector as shown is 

Table 1.4. The properties of each alloy are compared including oxidation resistance, 

volatility, electrical resistance and thermal expansion. In developing alloys for 

interconnector, Cr composition was altered from 10 wt % up to 30 wt % with very small 

alloying elements such as Si and Al. Some of the alloys have been developed as 
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commercial alloys such as Hitachi ZMG232 (Hitachi Metals), E-brite (Allegheny 

Ludlum) and Crofer 22 APU (ThyssenKrupp VDM).  

 

 

Table 1.3  Electrical resistivity and thermal expansion coefficient of Cr2O3 scale and 

some others oxide scales [20]. 

 

 

Table 1.4  Chemical composition of alloys for SOFCs. 

 

 

Oxide Electrical resistivity / 
(Ωcm) 

Electrical resistivity at 
25 ℃ / (Ωcm) 

Thermal expansion 
coefficient (25 ~1000℃) 

x 10-6 per ℃ 
SiO2 7 x 106 at 600℃ 1 x 1014 0.6 
Al2O3 5 x 108 at 700℃ 3 x 1014 8 
Cr2O3 1 x 102 at 800℃ 1.3 x 103 9.6 
NiO 5~7 at 900℃ 1 x 1013 14 
CoO 1 at 950℃ 1 x 108 - 
MgO 1.8 x 107 at 800℃ 5.5 x 1014 15.6 
TiO2 1 x 102 at 900℃ 1 x 1011 7~8 
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Alman and Jablonski [26] have measured the area specific resistance (ASR) of 

Crofer 22 APU coupons (Fe-22Cr-0.5Mn-0.1Ti-0.1La-<0.1Al-<0.1Si (wt%)) in moist 

air at 1073 K. The samples were divided into treated sample with Ce and untreated 

sample. Sample treated with Ce was preheated at 673 K and sprayed with cerium-nitrate 

salt slurry. After deposition, samples were oxidized at 673 K to decompose 

cerium-nitrate salt and deposit CeO2 on the surface. The result of ASR measurement is 

showed in Fig. 1.14. Sample treated with Ce on the surface has a lower ASR compared 

to untreated sample. Moreover, Alman and Jablonski [26] have reported that sample with 

Ce surface treatment shows lower mass gain as untreated sample, which reflects to 

better oxidation resistance. Surface treatment on interconnector alloys is an important 

and challenging task because it requires that the alloys must not degrade the electrical 

performance as well as effectively reducing oxidation. For example, alloys with dilute 

alloying elements are having a tendency to form internal oxide of SiO2 or Al2O3. These 

two oxides are insulators, and their present in alloy matrix may increase the alloy ASR. 

The results of Alman and Jablonski [26] show that surface treatment suppress the 

formation of internal oxide, thus decrease the ASR value.  

 Titanium was added into ferritic steel to improve the performance of oxide 

layer [27]. The formation of TiO2 at the oxide-alloy interface improves the scale 

adherence and mechanical properties of the scale. Mn was added to obtain better 

electrical conductivity of the scale. The formation of Mn spinel at the scale surface is 

beneficial to block the formation of volatile Cr species gas [25,27-28]. Moreover, some 

studies have reported that the addition of reactive element such as La, Nd and Y may 

also enhance the electrical properties as well as increase the scale adherence [29-31]. The 

selection of alloying element for SOFCs interconnector mainly relies on their properties 

to improve electrical conductivity and scale adherence. 

 It is clear that the oxidation of metallic interconnector directly affects the 

performance of SOFCs. Further studies to understand the steam oxidation mechanism, 

particularly the formation of protective Cr2O3 scale, the formation of internal oxide and 

the transition form internal to external scale are urgently needed. Understanding of these 
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subjects will pave a way to design improved alloy for interconnector. 

 

 

 

 

 

 

 

 

 

 

Fig 1.14  The results of area specific resistance (ASR) of Crofer 22 APU alloys with 

untreated surface and Ce treated surface in moist environment at 1073 K [26]. 

 

 

1.3.2 Oxidation of ferritic alloys for SOFCs interconnector 

 

The oxidation of metallic interconnector is another important aspects as it 

significantly affects the cell’s performance [32]. An oxide scale forms on the surface of 

metallic interconnects at high temperature may reduces the electric conductivity of the 

material and thereby SOFC power output. Chromia-forming ferritic stainless steels are 

currently well known as a promising alloy group for SOFC interconnects because an 

electrically conductive oxide scale forms at high temperature. Nevertheless, in water 

vapor containing environment, many studies reported that the formation of protective 

Cr2O3 scale is retarded [10-16]. The reasons of the increase of oxidation rate in water 

vapor environment are remains unclear. However, some studies suggest that ferritic 

alloy have low resistance to Cr2O3 evaporation in the SOFCs operating environment. 

Evaporation of Cr species results in continuous removal of protective Cr2O3 scale. 

Moreover, Volatile Cr species such as CrO3 and CrO2(OH)2 can contaminate the 

cathode and cause rapid degradation of cell performance [28].  
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Many studies has been done to investigate the oxidation of metallic 

interconnector in water vapor condition [25-35], yet little has clarified about the 

mechanism. Hammer et. al. [28] has has extensive summarize the results of cyclic 

oxidation of ferritic steels at 973 K – 1173 K in simulated SOFCs atmosphere. At 

temperature above 1073 K, 10% of water vapor significantly degrades the performance 

of the alloys, which leads to excessive spallation of Fe-26Cr, Crofer 22APU, E-brite 

and AL43 alloys. Moreover, a very small variation of minor element or impurities such 

as Si and Al greatly changes the oxidation behaviors. Alman and Jablonski [26] also have 

commented on the presence of such minor element as it could decrease the area contact 

resistance (ASR). From these works, it is apparent the importance to form protective 

Cr2O3 scale at very early stage of oxidation as it could retard the formation of insulating 

internal oxides such as SiO2 and Al2O3. Moreover, the mechanism of Cr evaporation 

needs to be clarified in order to sustain the SOFCs performance in longer run. 

 
 
1.4 Objective and overview of the thesis 
            

 It is in the backdrop of global warming and the consequent need for reduction 

in CO2 emissions, that operation of steam power plant at higher temperature is essential 

to improve the energy conversion efficiency. Notwithstanding to the advancement of 

ferritic alloy development, steam oxidation has been identified as one of the limiting 

factors to operate steam power plant at higher temperature due to it behavior is not fully 

understand. 

 Furthermore, the trend of lower operating temperature of SOFCs around 1073 

K enables ferritic alloys to be used as interconnector. But this has rises the concern 

about the cell performance in the existence of oxide scale. In the SOFCs oxidizing 

environment, Cr may evaporate and deposited in cathode side, which degrade the cells. 

Moreover, the presences of insulating internal oxides also have detrimental effects on 

generated cell’s power. 

 In both cases, power plant and SOFCs, the formation of protective Cr2O3 scale 
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is the keyword to achieve higher energy conversion efficiency. However, the role of 

water vapor in accelerating oxidation rates is still not well explained. Understanding of 

this matters are important to counterattack above problems, hence improve the energy 

generation in both system. 

The objective of this study is to inspect the effects of water vapor on the rapid 

oxidation of ferritic steels with special attention to the transition from internal oxidation 

to the formation of protective Cr2O3 scale at early stage of oxidation. However, 

conventional inspection method to clarify the internal-external oxidation requires 

laborious works and time consuming. Hence, in addition to above objective and in 

industrial viewpoint, a new method was developed to continuously monitor the 

formation of protective scale by monitoring the surface oxygen potential. Akiba [36] was 

previously measured the oxygen potential on FeO surface successfully. This is an 

extension works to apply the method into ferritic alloys. 

 

This thesis is concerned with the transition from internal to external oxidation 

of ferritic Fe-Cr alloys in steam condition compared to dry condition. By inspecting the 

formation of internal-external scale at early stage in dry and humid condition, the effects 

of water vapor could be clarified. Figure 1.15 shows the overview of this thesis. 

In Chapter 1 ; “Introduction”, the background of this study was presented with the 

emphasis to increase power generation efficiency. Recent trend in steam power plant, 

the roles of ferritic alloys, and the problems encountered by ferritic alloy in power plant 

was reviewed. Moreover, the development of metallic interconnector of SOFCs with 

special attention to ferritic alloys was highlighted. The problems on high temperature 

oxidation of interconnector were reviewed. The objectives of this study were cited from 

the standpoint of conventional power plant and metallic interconnector of SOFCs. 

In Chapter 2 ; “High temperature oxidation of Fe-Cr alloy at 1073 K in dry and 

humid atmospheres with the oxygen partial pressure of the Fe-FeO coexistance”, 

the effect of water vapor on the oxidation of the alloys in Fe/FeO oxygen partial 

pressure at 1073 K was clarified base on Wagner theory of transition from internal to 

external oxidation. The formation of internal precipitated oxide and external scale in 
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both conditions was given special attention.  

In Chapter 3 ; “Oxygen permeability in internal oxidation zone of Fe-Cr alloys at 

1073 K under dry and humid conditions”, the permeability of oxygen was measured 

form internal oxidation of Fe-0.5 ~ 2.25% Cr alloys in dry and humid condition. The 

oxygen permeability change in both conditions was inspected. The microstructure 

change of internal precipitated oxide was observed and the effect of humidity on high 

temperature oxidation was clarified. 

In Chapter 4 ; “Measurement of surface oxygen potential on Fe-Cr alloys in dry 

and humid atmospheres”, a new method was proposed to monitor the formation of 

protective scale on Fe-Cr alloys at early stage of oxidation by continuously measuring 

the surface oxygen potential. Protective scale consumes less oxygen and the surface 

oxygen potential is almost similar to oxygen potential in the environment. While if 

non-protective scale is formed, the surface oxygen potential is decreases significantly 

compared to oxygen potential in the environment. The change in surface oxygen 

potential in dry and humid conditions was evaluated and discussed.  

In Chapter 5 : Conclusion, the results from this study was summarized.  
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Fig. 1. 15  Overview of the thesis. 
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Chapter 2  
 

High temperature oxidation of Fe-Cr alloys 

at 1073 K in dry and humid atmospheres 

with the oxygen partial pressure of the 

Fe-FeO coexistence 
 

 

2.1 Introduction 
 

It was obvious from Chapter 1 that water vapor significantly affects high 

temperature oxidation of ferritic alloy, contributes to the scale exfoliation and 

accelerates the reaction rates. Many works have been done to investigate the oxidation 

in water vapor containing environment, however their explanation remain in qualitative 

manner and there is a lack of concrete consensus.  

Figure 2.1 summarizes the possible effects of water vapor on the high 

temperature oxidation. Water vapor may affect the oxidation behaviors of alloys in the 

form of water molecules, hydrogen atoms or protons. The possible effects of water 

vapor are ; 

(i) Impedes the formation of protective scale by promotes the formation of internal 

oxides with the present of water vapor species. To understand this subject, a 

details study in the transition from internal to external oxidation is required.  

(ii) Water vapor accelerates the vaporization of Cr2O3 scale by forming volatile 
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species of CrO2(OH)2. The evaporation of Cr2O3 makes the scale thin, resulting 

in rapid oxidation. 

(iii) Water vapor dissolves in the Cr2O3 scale as proton and alters the defect 

chemistry of Cr2O3 scale. This may lead to an increase of mass transport in 

Cr2O3 scale. The increase of mass transport in Cr2O3 scale will directly increase 

the oxidation rates. 

(iv) Water vapor increases the mass transport in gaseous. The formation of void is 

always observed in the scale on ferritic alloys. Water vapor in the void enhances 

the mass transport within the void. This result in overall increase of mass 

transport in the scale, hence increase the oxidation rates. 

Among 4 effects mentioned above, the transition from internal to external oxidation is 

probably the main causes.  

In this chapter various Fe-Cr alloys was oxidized in dry and humid 

environment under same oxygen partial pressure of the Fe/FeO coexistance at 1073 K to 

clarify how water vapor affects the oxidation behaviors.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1  The possible effects of water vapor on the high temperature oxidation. 
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2.2 The formation of Cr2O3 external scales on Fe-Cr 
alloy 

 

Water vapor is speculated to retard the formation of protective oxide scale. In 

this chapter, Wagner’s [1] treatment of the formation of external scale in binary alloy was 

applied. Figure 2.2 shows the schematic diagram of the formation of internal oxide and 

external scale in Fe-Cr alloy. If Cr concentration in Fe-Cr alloy is low, then the internal 

precipitates of Cr2O3 in the alloy matrix (Fig. 2.2(a)). The growth rate of internal 

oxidation zone (IOZ) is shown as below. 

(s)
O O

(0)
Cr

1N DdXV
dt N Xν

= =                            (2.1) 

where NO
(s) is the mol fraction of oxygen at the metal surface, NCr

(0) is the concentration 

of Cr in the alloy, DO is the diffusion coefficients of oxygen in the alloy, X is the 

thickness if IOZ and v is the atomic ratio of O to Cr in Cr2O3 (v  = 1.5).  

 From the equation (2.1), the growth rate of IOZ is decrease with the increase of 

Cr concentration in the alloy and the decrease of oxygen permeability, NO
(s)DO in the 

alloy. By increasing the Cr concentration, the outward flux of Cr in the alloy is 

sufficiently high compare to the inward flux of oxygen. More Cr will be oxidized 

underneath the alloy surface, which leads to the formation of Cr2O3 external scales as 

illustrated in Fig. 2.2(b).  
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Fig. 2.2 Schematic diagram of the formation (a) internal oxide and (b) external oxide in 

Fe-Cr alloy. 

 

 

 Wagner has derived a minimum concentration for solute element B in a general 

A-B binary alloy to form external scales. In case of Fe-Cr alloy, the minimum 

concentration of Cr is shown as below. 

1.5

1
* (s) 2

O O Alloy*
Cr (External)

Cr CrO2
g N D V

N
D V

π
υ

⎡ ⎤
> ⎢ ⎥

⎢ ⎥⎣ ⎦
                      (2.2) 

where DCr is diffusion coefficients of Cr in the alloy, VAlloy and VCrO1.5 are molar volumes 

of alloy and CrO1.5. g* is the volume fraction of internal oxide precipitates at which 

external oxidation takes place. Rapp [2] has evaluated the transition from internal to 

external oxidation of In2O3 in Ag-In binary alloys and proposed that the value of g* is 

0.3. In this work, the value proposed by Rapp [2] was adopted. 

 Therefore, if the concentration of Cr in Fe-Cr alloy is higher than the minimum 

concentration stated in equation 2.2, external Cr2O3 scale form at the early stage of 

oxidation.  
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 However, during a long exposure of oxidation condition, it is necessary for the 

Cr2O3 scale to maintain it protectiveness. After the formation of external scale, the Cr 

concentration in alloy matrix beneath the scale is depleted as it is consumed during the 

oxidation. Slight damage on the scale leads a rapid progress of oxidation of the Fe 

matrix. Consequently, higher Cr flux, JCr at the metal/oxide interface compare to the 

flux of Cr in Cr2O3, JCr > J`Cr is prerequisite to maintain the protectiveness of Cr2O3 

scale. Atkinson [3] has proposed the minimum concentration to maintain the protective 

external scale base on the Wagner’s treatment. The minimum concentration to maintain 

Cr2O3 scale is shown as below. 
1
2

Alloy p*

Cr ( Maintain )

CrO1.5

~
4

V k
N

V D

π⎡ ⎤
= ⎢ ⎥

⎣ ⎦
                         (2.3) 

where kp is the parabolic rate constant of the growth of Cr2O3 scale,  is the 

inter-diffusion coefficient in the alloy.  

~
D

 Equation (2.2) and (2.3) was used to calculated the critical concentration of Cr 

in Fe-Cr alloy to form and to maintain the Cr2O3 external scale. Parameter in equation 

(2.2) and (2.3) that have been used in the calculation is shown in the Table 2.1 and 2.2 

respectively. The inter-diffusion coefficient in alloy was obtained from Darken equation 

as below. 
~
D  = NCrDFe + NFeDCr                     (2.4) 

 

 Figure 2.3 shows the minimum Cr concentration required to form Cr2O3 

external scale and to maintain the scale under oxygen partial pressure of dissociation of 

FeO. For reference, the target USC temperature and operating temperature of SOFCs 

interconnector, which are 973 K and 1073 K respectively, are included in the figure. The 

critical Cr concentration to form external Cr2O3 scale decreases with an increase of 

temperature. Similar tendency is observed on the Cr concentration to maintain the 

external scale. From the calculation, under currently operating USC temperature of 

883K and target USC temperature of 973 K, 19 mol% and 14 mol% Cr is needed to 

form external scale, respectively. At the temperature of this experiment, which is 1073 

K, 10.5 mol% of Cr is required to form external scale. The dashed line above the 

internal external transition line is the predicted transition line if the oxidation is 
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occurred in the humid condition. The dashed line is draws base on empirical fact that 

oxidation rate is higher in humid condition. Thus, the line does not represent the actual 

quantitative value. In this study, the shift from solid line to dashed line is investigated 

extensively. This constitutes the change of critical Cr concentration to form external 

scale in dry and humid condition. 

 Figure 2.3 is used as a reference to decide the alloy composition in the 

experiment. At 1073 K, the minimum Cr concentration needed to established external 

Cr2O3 scale is calculated to be 10.5 mol%, while 3.7 mol% Cr is required to maintain 

the Cr2O3 scale. 

 The presence of water vapor is speculated to accelerate the oxidation rates and 

retards the formation of protective external Cr2O3 scale. Accordingly, the minimum 

concentration to form and maintain external Cr2O3 scale is expected to shift into higher 

concentration.  

 In this chapter, the Cr concentration around the transition region of 

internal-external oxidation, which is 8 mol% to 12 mol% Cr was choose to study how 

water vapor retards the formation of external Cr2O3 scale. As a reference, Fe-0.5~5 

mol%Cr alloys that precipitate internal oxide and Fe-17 mol% Cr alloy that exhibits 

external scale in dry and humid condition were selected to compare the oxidation 

mechanism with the formers.  
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Fig. 2.3 Minimum Cr concentration needed to establish external Cr2O3 scale and 

maintain the scale as a function of temperature at oxygen partial pressure of 1.1 x 10-14 

Pa. 
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Table 2.1 Parameters for the calculation of critical bulk Cr concentration to form 

external Cr2O3 scale. 

Parameter for calculation References 
v 1.5  
   
g* 0.3 [2] 
   
NO (Fe/FeO) 0.381exp(-104kJmol-1 / RT) [4] 
   
DO / m2s-1 1.79 x 10-7exp(-85.7kJmol-1 / RT) [5] 
   
DCr / m2s-1 2.33 x 10-4exp(-238.8kJmol-1 / RT) [6] 
   
VFe / m3mol-1 7.09 x 10-6  
   
VCrO1.5 / m3mol-1 1.46 x 10-5  
   
R / Jmol-1K-1 8.315  

 

 

 

Table 2.2 Parameters for the calculation of critical bulk Cr concentration to maintain 

external Cr2O3 scale. 

Parameter for calculation References 
kp(Cr2O3) / m2s-1 2.7 x 10-8 exp (-202.2 kJmol-1 / RT) [7] 
   
DFe / m2s-1 2.0 x 10-7exp (-240.9 kJmol-1 / RT) [6] 
   
DCr / m2s-1 2.33 x 10-4exp (-238.8kJmol-1 / RT) [6] 
   
VFe / m3mol-1 7.09 x 10-6  
   
VCrO1.5 / m3mol-1 1.46 x 10-5  
   
R / Jmol-1K-1 8.315  
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2.3 Experimental Procedure 
 

2.3.1 Sample preparation 

  
 The Fe-0.5~17 wt% Cr binary alloys were prepared by argon-arc melting of the 

pure constituent metals of Fe (99.99%) and Cr (99.9%). The alloy ingots were 

homogenized at 1373 K in vacuum for 86.4 ks. Then, the alloys were sliced into 

coupons of 1 mm thick and grounded to 2000-grit finish using SiC abrasion paper. The 

samples were then finally polished with 4 μm diamond paste, followed by cleaning in 

ethanol with ultrasonic agitation.  

 Chemical composition and phases in the alloys were analyzed using Electron 

Probe Micro Analyzer (EPMA) and X-ray diffraction (XRD). The chemical 

compositions of Fe-Cr alloys are shown in Table 2.3. The XRD pattern of the samples in 

Fig. 2.4 confirmed that the samples are in single phase of α-Fe solid solution.  

  

Table 2.3 The chemical composition of the Fe-Cr alloys analyzed using EPMA. 

 

 

2.3.2 Oxidation of Fe-Cr alloys 
 

Figure 2.5 shows the experimental setup. The sample was placed in an air-tight 

apparatus. Two R-type thermocouples were placed at the top and bottom of the sample 

to monitor the temperature. The distance between sample and thermocouple is about 5 

mm. The isothermal zone is 30 mm range within temperature fluctuation of ±0.5 K.  

The oxygen partial pressure in the atmosphere was fixed by an Fe/FeO buffer 

 

Fe Concentration Cr Concentration Alloys 
mass % mole % mass % mole % 

Fe-0.5Cr 99.51 99.51 0.49 0.49 
Fe-2.25Cr 97.76 97.76 2.24 2.24 

Fe-8Cr 91.8 91.2 8.2 8.8 
Fe-10Cr 90.2 89.5 9.8 10.5 
Fe-12Cr 87.5 86.7 12.5 13.3 
Fe-17Cr 83.1 82.1 16.9 17.9 
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and was calculated by the standard Gibbs energy change of the reaction below.  

0.947 Fe + 1/2O2 → Fe0.947O                     (2.5) 

FeO was known as a non-stoichiometric oxide having a chemical composition of 

Fe0.947O at 1073 K. Figure 2.6 shows the non-stoichiometry in FeO as a function of 

temperature [8]. The standard Gibbs energy change of the equation (2.5) at 1073 K is 

-194.7 kJmol-1 from thermodynamic data compiled by Barin [9]. The calculated 

equilibrium oxygen partial pressure is 1.1 x 10-14 Pa.  

For the oxidation in dry environment, the apparatus was evacuated using a 

rotary pump for 1.8 ks and closed. The sample was heated to 1073 K and hold for 172.8 

ks to 691.2 ks. For the oxidation in humid environment, the apparatus was evacuated, 

filled with Ar - 5% H2 gas of 3 x 104 Pa and closed. The sample was heated to 1073 K 

and hold for 172.8 ks to 691.2 ks. Hydrogen in the chamber reacts with oxygen to form 

water vapor as the following manner, 

H2 + 1/2O2  →  H2O                     (2.6) 

At 1073 K, the measured total pressure of the apparatus was 4 x 104 Pa. Using 

the standard Gibbs energy change of -188.7 kJmol-1 at 1073 K compiled by Barin, the 

water vapor pressure is calculated to be 3.3 x 102 Pa. After oxidation, the samples were 

cooled to room temperature in the furnace.  

Oxide phases formed were analyzed by X-ray diffraction (XRD) using the 

divergence slit of 1 degree. A fluorescence plate was used to estimate the irradiation 

area of the x-ray. At low diffraction angle of 20°the irradiation area is 19 x 14 mm, and 

at high diffraction angle of 80°the irradiation area is 6 x 14 mm. To examine the oxide 

phases in the internal oxidation zone, a sample was tilted by 2 degree and polished. 

Distribution of elements was analyzed by EPMA. Surface morphology was observed by 

scanning electron microscopy (SEM). 
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Fig. 2.4 XRD patterns of Fe-Cr alloys before oxidation. 

 

 

 

Fig. 2.5 Schematic diagram of the oxidation apparatus. 
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Fig. 2.6 Non-stoichiometry of FeO as a function of temperature [8]. 
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2.4 Results 
 

2.4.1 Cross section of Fe-Cr Alloy 
 

Figure 2.7 shows typical cross sections of Fe-0.5Cr and Fe-17Cr alloys in dry 

and humid conditions at 1073 K. Internal oxides precipitate in alloy matrix of Fe-0.5Cr 

both in dry and humid environments. No external scale and grain boundary oxidation 

was observed on the sample. The internal oxidation was occurred uniformly through out 

the alloys without anomalous localized oxidation. The microstructure of internal oxide 

is similar both in dry and humid condition. On the other hand, Fe-17Cr alloy exhibits 

continuous external scale in both dry and humid conditions. Beneath the oxide scale, no 

precipitated internal oxides were observed. 

Figure 2.8 shows cross sections of Fe-8Cr, -10Cr and -12Cr in oxidized dry and 

humid environments. Alloys with these Cr concentrations are expected to exhibit the 

transition from internal to external oxidation. In dry environment, continuous oxide 

scales (external oxidation) without internal oxidation are observed on the alloys with Cr 

concentration higher than 10 mass%. The thickness of external oxide is about 2 μm. On 

the other hand, IOZ in which oxides precipitate is observed in the alloy with Cr 

concentration lower than 8 mass%. The thickness of IOZ is about 5 μm. In humid 

environment, IOZ is observed on both Fe-10Cr and Fe-12Cr alloy.  

Figure 2.9 shows various parts of cross section of Fe-8Cr and Fe-12Cr in dry 

and humid environments, respectively. The microstructures apparently show that 

internal oxidation and external oxidation occur simultaneously in one specimen, 

probably depending on the small difference of surface condition. Several parts of the 

samples show that internal oxide is formed beneath the continuous external scale 

(mixed oxide layer). The thickness of continuous scale is about less than 2 μm on both 

samples. Despite the difference in Cr concentration, both alloys exhibit almost an 

identical microstructure. These results indicated that the transition from internal 

oxidation to external oxidation occurred on Fe-8Cr in dry environment, while the 

transition took places on Fe-12Cr alloys in humid.  
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Figure 2.10 summarizes the mode of oxide morphology of Fe-Cr alloys in dry 

and humid conditions. Kodama [10] results of Fe-5Cr alloys are presented in the figure 

for reference. Kodama [10] did the oxidation experiment under the same conditions of 

this work. Higher Cr concentration, as such in Fe-17Cr alloy, exhibits an external 

oxidation on both samples in dry and humid conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7  Cross sectional micrograph of Fe-0.5Cr and Fe-17Cr alloys oxidized at 1072 

K showing the formation of internal precipitated oxide and external scale, respectively 

in both alloys. 
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Fig. 2.8 Cross sectional micrograph of Fe-Cr alloys oxidized at 1072 K for 172.8 ks. 

 

 

Fig. 2.9 Cross sectional micrograph of Fe-Cr alloys oxidized at 1072 K for 172.8 ks 

showing the simultaneous formation of internal oxide and external scale. 
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Fig. 2.10 Mode of oxidation of Fe-Cr alloys in dry and humid condition at 1073 K. 
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2.4.2 Oxidation Kinetic 
 

 Mass gain per unit area of the original sample is presented in Fig. 2.11 as a 

function of oxidation time. All the samples show rapid mass gain at the initial stage. The 

results show that the oxidation of the samples is following the parabolic rate law, which 

signifies that the diffusion of ion is the rate determining-step of the oxidation process.  

 The results show that all samples exposed in humid condition having higher 

mass change compared to the samples in dry environment. Mass gain of Fe-2.25Cr alloy 

is higher than that of Fe-0.5Cr alloy. Fe-2.25Cr shows the highest mass gain among the 

alloys, this shows that the internal oxidation was rapidly occurred in the alloy. Fe-0.5Cr 

shows a lowest mass gain among the alloys through out the oxidation time. Fe-17Cr 

alloys show lower mass gain at 172.8 ks compare to other alloys with Cr concentration 

of transition from internal to external (Fe-8~12Cr). This could be understood that 

relatively protective Cr2O3 scale was formed on the sample at this stage. Moreover, the 

mass gain of Fe-17Cr alloy gives almost constant value between sample oxidized at 

172.8 ks and 691.2 ks. This shows that the protective Cr2O3 scale was formed even at 

earlier than 172.8 ks. 

 

 

 

 

 

 

 

 

 

 

 

 

 



    47

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Mass gain of the alloys, (a) Fe-0.5Cr and Fe-2.25Cr, (b) Fe-8~17Cr oxidized 

at 1073 K. 

 

 

(a) 

(b) 
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2.4.3 Phase identification 

 

Figure 2.12 shows the XRD patterns of the sample surfaces oxidized in dry and 

humid conditions for 172.8 ks. The XRD patterns are similar both in dry and humid 

conditions. All samples show the peaks of α-Fe, which means that the oxide scales are 

thin enough for x-ray to penetrate into alloy substrate. Alloys with Cr concentration 

from 8 to 12 wt% formed FeCr2O4 and Cr2O3. The peaks of Cr2O3 are less intense than 

of FeCr2O4. The results of Fe-17Cr show only Cr2O3 was formed. Alloys that exhibit 

internal oxidation, such as Fe-0.5Cr and Fe-2.25Cr, only the peak of α-Fe was observed. 

This could be understands from the facts that the precipitated oxides particles are too 

small to be detected by the XRD.  

Figure 2.13 presents the morphology of unpolished and polished (tilted by 2 

degree) surfaces of an Fe-12Cr alloy in humid environment. Unpolished surface shows 

that the oxide structures are undulating with some coarse oxide particles (Fig. 2.12(a)). 

From the elemental analysis, it is clear that Cr and Fe are enriched at the surface. 

Oxygen also was detected at this surface. On the contrary, the polished surface shows 

that Cr and oxygen enriched in oxide scale (Fig. 2.12(b)). In some parts of the oxide, 

metallic Fe was observed in oxide close to the alloy due to uneven alloy/oxide interface. 

The intensity of Fe in the oxide decreases gradually from alloy/oxide interface toward 

the oxide scale. XRD results show that only Cr2O3 is detected at alloy/oxide interface. 

 From the results mentioned above, it is confirmed that the oxides at surface is 

FeCr2O4 and Cr2O3 scale is formed at the alloy/oxide interface.  
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Fig. 2.12 XRD patterns of Fe-Cr alloys oxidized at 1073 K for 172.8 ks 
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Fig. 2.13 Morphology of unpolished and 2 degree polished Fe-12Cr oxidized in humid 

condition and their XRD results. 

 

 

 

 

 



    51

2.5 Discussion 
 

2.5.1 Transition from internal to external scale 

 

Equation (2.2) shows the minimum concentration of Cr in Fe-Cr alloys to form 

external Cr2O3 scale. Cr concentration higher than this value will exhibit external scale, 

while below this value will form internal oxide. From the equation (2.2), it is clear that 

2 variables may affect the minimum Cr concentration to form external scale, namely 

oxygen permeability in the alloy, NO
(s)DO and interdiffusion coefficient of Cr in the alloy, 

DCr.  

The ratio of minimum Cr concentration to form external scale in humid to dry 

condition could be derived from the equation (2.2). The ratio is shows in equation (2.5) 

as following.  

1
* (s) 2
Cr(humid) O O(humid) Cr(dry)

* (s) 1.5
N N D D
N N D D

⎡ ⎤
= ×⎢

⎢ ⎥⎣ ⎦Cr(dry) O O(dry) Cr(humid)

≈⎥           (2.5) 

where  and  is critical Cr concentration to form external scale in 

humid and dry condition, respectively.  is oxygen permeability in Fe-Cr 

alloy oxidized in humid condition,  is oxygen permeability in Fe-Cr alloy 

oxidized in dry condition.  and  is the diffusion coefficient of Cr in 

dry and humid condition, respectively.  

*
Cr(humid)N *

Cr(dry)N
(s)
O O(humid)N D

(s)
O O(dry)N D

Cr(dry)D Cr(humid)D

The ratio of Cr concentration required to form external scale in humid to dry is 

about 1.5, which is evaluated from the fact that transition from internal to external 

oxidation occurs on Fe-8Cr and Fe-12Cr alloy in dry and humid condition, respectively.  

 

Equation (2.5) clearly gives an explanation that higher Cr concentration is 

required to form external oxide in humid compared in dry condition is due to the change 

of oxygen permeability, NO
(s)DO and/or Cr diffusion coefficient, DCr in the alloy. On 

other words, humidity somehow affects the transport mechanism of oxygen or/and the 

Cr. From this point of view, the effect of water vapor on the high temperature oxidation 

of Fe-Cr alloys can be quantitatively evaluated by measuring the change of oxygen 
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permeability and Cr diffusion coefficient in dry and humid condition. 

 

 

2.5.2 Diffusion coefficient of Cr in α-Fe in dry and humid conditions 

 
 Cr diffusion in Fe base alloy has been studied extensively because of 

technological interest in high temperature kinetic processes. Oikawa [6] has reviewed 

lattice diffusion of various solute elements in Fe. Figure 2.14 illustrates diffusion 

coefficients of substitutional solutes in α-Fe and γ-Fe. The diffusion coefficient of 

substitutional solutes in α-Fe is a few magnitudes lower than the diffusion coefficient of 

oxygen in α-Fe. Oikawa [6] has shows the diffusion coefficient of Cr in α-Fe as a 

function of temperature as below. 

DCr = 2.33 x 10-4exp (-238.8kJmol-1 / RT)               (2.6) 

At 1073 K the diffusion coefficient of Cr in α-Fe is reported to be 5.5 x 10-16 m2s-1. In 

order to clarify which factor, i.e oxygen permeability or Cr diffusivity is responsible to 

the effect of water vapor as proposed in equation (2.5), it is important to verify the 

change of the parameters both in dry and humid condition. However, almost no work 

has been reported on the effect of water vapor on diffusivity of Cr. Kodama [10] has 

extensively study the diffusivity of Cr in α-Fe at 1073 K using Fe/Fe-16Cr diffusion 

couples in dry and humid condition. The diffusion couples was reacted up to 691.2 ks in 

vacuum for sample in dry condition and in Ar-20%H2 mixed gas for samples in humid 

condition. The diffusion couples then was analyzed using point analysis of EPMA. 

Figure 2.15 shows the calculated diffusion coefficient of Cr at 1073 K as a function of 

Cr concentration. Kodama [10] has shown that the results are in conformity with the 

results of Oikawa [6], with the value of Cr diffusion coefficient is scattered from 8 x 

10-16 m2s-1 to 10 x 10-16 m2s-1. Moreover, it has shows that no significant difference 

between the diffusion coefficient of Cr in dry and humid condition. 

 From the works of Kodama [10] and compiled data of Oikawa [6], it could be 

concluded that the effects of dissolved hydrogen arised from water vapor on Cr 

diffusivity in α-Fe is negligible. The ratio of Cr diffusion coefficient in dry condition to 
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humid condition in equation (2.5) is nearly unity. The equation (2.5) could be rewrite as 

below. 

1
* (s) 2
Cr(humid) O O(humid)

* (s) 1.5
N N D
N N D

⎡ ⎤
= ⎢ ⎥

⎢ ⎥⎣ ⎦Cr(dry) O O(dry)

≈                   (2.7) 

It is clear from the equation (2.7) that the increase of the critical Cr concentration to 

form external Cr2O3 scale in humid condition compared to dry condition is solely due to 

the increase of oxygen permeability in α-Fe in the presence of water vapor. How the 

water vapor enhances the oxygen permeability is the keyword to understand the effect 

of water vapor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.14 Diffusion coefficient of substitutional solutes in α-Fe and γ-Fe [6]. 
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Fig. 2.15 Diffusion coefficient of Cr in dry and humid conditions at 1073 K as a 

function of Cr concentration [10]. 
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2.6 Conclusion 
 

 The oxidation of Fe-0.5~17 wt% Cr alloys were investigated in dry and humid 

environment with oxygen partial pressure of 1.1 x 10-14 Pa, and water vapor pressure of 

3.3 x 102 Pa. The oxidation rate of the samples in humid condition is higher than in dry 

condition. The transition from internal to external oxidation occurs on Fe-8Cr and 

Fe-12Cr in dry and humid condition, respectively. The minimum Cr concentration 

required to form external scale is increase by 1.5 factor in humid condition compared to 

dry condition. The hydrogen in alloy, which is generated from water vapor may 

enhances the oxygen permeability in alloy. 
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Chapter 3 
 

Oxygen permeability in internal oxidation 

zone of Fe-Cr alloys at 1073 K under dry and 

humid conditions 
 

 

3.1 Introduction 
 
 In Chapter 2, it was discussed based on Wagner [1] treatment of binary alloys 

oxidation and showed that water vapor significantly affects the oxygen permeability in 

α-Fe, which leads to higher oxidation rates in water vapor environment. Many works 

have been done to investigate the oxygen permeability in dry condition, however no 

work has been reported on the increase of oxygen permeability in humid condition. In 

this chapter, Fe binary alloys with dilute Cr concentration were oxidized in dry and 

humid environment under same oxygen partial pressure of Fe/FeO mixed powder as a 

buffer at 1073 K. The changes of oxygen permeability both in dry and humid 

environment was investigated. 
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3.2 Experimental Procedure 
 

3. 2. 1 Sample preparation 

  
 The Fe-0.5 and 2.25 wt% Cr binary alloys were prepared by argon-arc melting 

of Fe (99.99%) and Cr (99.9%). The alloy ingots were homogenized at 1373 K in 

vacuum for 86.4 ks. Then, the alloys were sliced into coupons of 1 mm thick and 

grounded to 2000-grit finish using SiC abrasion paper. The samples were then finally 

polished with 4 μm diamond paste, followed by cleaning in ethanol with ultrasonic 

agitation.  

 Chemical composition and phases in the alloys were analyzed using Electron 

Probe Micro Analyzer (EPMA) and x-ray diffraction (XRD). The chemical 

compositions of Fe-Cr alloys are shown in Table 3.1. The samples were confirmed to be 

a single phase of α-Fe solid solution. 

 

Table 3.1 The Chemical composition of the Fe-Cr alloys analyzed using EPMA. 

Fe Concentration Cr Concentration Alloys 
mass % mole % mass % mole % 

Fe-0.5Cr 99.51 99.51 0.49 0.49 
Fe-2.25Cr 97.76 97.76 2.24 2.24 

 

 

3. 2. 2 Internal oxidation of Fe-Cr alloys 

 
 Figure 3.1 shows the experimental setup. The sample was placed in an airtight 

apparatus. Two R-type thermocouples were placed at the top and bottom of the sample 

to monitor the temperature. The distance between sample and thermocouple is about 5 

mm. The isothermal zone is 30 mm range with temperature fluctuates ±0.5 K. 
The oxidation procedure is the same as described in 2.3.2. The samples were 

oxidized in Fe/FeO mixed buffer with oxygen partial pressure of 1.1 x 10-14 Pa. For the 

oxidation in dry environment, the apparatus was evacuated using a rotary pump for 1.8 
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ks and closed. The sample was heated to 1073 K and hold for 172.8 ks to 691.2 ks. For 

the oxidation in humid environment, the apparatus was evacuated, filled with Ar - 5% 

H 4 gas of 3 x 102  Pa and closed. The sample was heated to 1073 K and hold for 172.8 ks 

to 691.2 ks. The water vapor pressure is calculated to be 3.3 x 102 Pa. After oxidation, 

the samples were cooled to room temperature in the furnace.  

 After oxidation, cross section of the sample was examined and the depth of 

internal oxidation zone (IOZ) was measured. The depth of IOZ was measured randomly 

on both sides of the samples’ surface for at least 75 readings of each sample. The mean 

value of the depth was determined. The oxygen permeability was determined from the 

parabolic rate constant, K  of the samples. p

 

 
Fig. 3.1 Schematic diagram of the internal oxidation apparatus. 

 
 
3.3 Results 
 

3. 3. 1 Cross section 
 

 Figure 3.2 shows the optical microscope images of the internal oxide formed 

on Fe-Cr alloys in dry and humid condition for 691.2 ks. No grain boundary oxidation 

and anomalous localized oxidation were observed on the cross section of the samples.  
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 Figure 3.3 shows the higher magnification of optical microscope image of 

Fe-0.5Cr and Fe-2.25Cr alloys in dry and humid condition for 345.6 ks. In dry condition, 

the oxide precipitates in Fe-0.5Cr is fine particles around 1 μm in size near the shallow 

sub-surface zone at the early stage of oxidation. However, in Fe-2.25Cr, the oxide 

precipitates is relatively larger and longer. The precipitated oxide grows towards the 

alloy/IOZ front. In humid condition, the size of oxides precipitates in Fe-0.5Cr is almost 

same as in dry condition. However, near the alloy/IOZ front, the oxide size increase by 

2 times. The shape of precipitates oxides of Fe-2.25Cr is similar as in dry condition. The 

IOZ of Fe-0.5Cr is almost 1.5 times thicker than that of Fe-2.25Cr.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Optical microscope images of the internal oxide formed on Fe-Cr alloys in dry 

and humid condition for 691.2 ks. 
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Fig. 3.3 Optical microscope image of Fe-0.5Cr and Fe-2.25Cr alloys in dry and humid 

condition for 345.6 ks. 

 

 

3. 3. 2 Thickness of IOZ 
 

Figure 3.4 shows the thickness of IOZ of Fe-0.5Cr and Fe-2.25Cr alloys 

oxidized in dry and humid condition as a function of the oxidation time. The growth of 

IOZ follows basically the parabolic rate law.   
2x  = 2K t                            (3.1) p

where x is the depth of IOZ, t is the oxidation time and Kp is the parabolic rate constant. 

The parabolic rate constant was determined from the slope of Fig. 3.5. The parabolic 
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rate constant of each sample is shown in Fig. 3.5. The Kp in the humid conditions is 

higher than in dry condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Thickness of IOZ of Fe-0.5Cr and Fe-2.25Cr alloys oxidized in dry and humid 

condition as a function of the oxidation time. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 64

3.4 Discussion 
 

3. 4. 1 Oxygen permeability in α-Fe 
 

 The oxidation kinetics for growth of IOZ is parabolic, indicating that diffusion 

is the rate controlling process. Wagner [1] has proposed theoretical expression for the 

kinetics of internal oxidation.  

(s)
2 O O

Cr

2N Dx t
Nν

=                            (3.2) 

where NCr is the original concentration of Cr. From equations (3.1) and (3.2), it is well 

understood that the parabolic rate constant, Kp is proportional to the oxygen 

permeability, N

 

O
(s)DO. In this way, the permeability of oxygen in α-Fe in dry and humid 

condition could be determined. Figure 3.5 shows the oxygen permeability as a function 

of Cr concentration. Kodama [2] has measured the oxygen permeability in Fe-5Cr under 

similar condition of this work. The data by Kodama [2] is included in Fig. 3.5. The 

oxygen permeability increases with the increase of Cr concentration.  

 Figure 3.6 shows the plot of log (NODO/ms-2) versus log (NCr/mol%). The plot 

shows linear lines with a slope of 2/3 both for dry and humid condition. From the value 

of slope, the oxygen permeability is plotted as a function of NCr
2/3 as shown in Fig. 3.7. 

The linear lines of the plot pass through origin when the Cr concentration is zero.  

 The critical Cr concentration to form external Cr O2 3 scale is stated in the 

equation (2.2). Since the Cr concentration is only depends on the oxygen permeability, 

the equation (2.2) could be written as below. 

1
* (s 2
Cr (External) O OAN N )D⎡ ⎤≥ ⎣ ⎦                       (3.3) 

where A is independent of the concentration of Cr shown below. 

1.5

*
Alloy

Cr CrO

A
2

g V
D V

π
υ

⎡ ⎤
= ⎢ ⎥
⎢ ⎥⎣ ⎦

                         (3.4) 

From the Fig. 3.7, the dependency of oxygen permeability to Cr concentration in dry 

and humid could be showed as following 
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(s) 2 3
O O (dry) dry Cr( ) bN D N=                         (3.5) 

  
(s) 2 3
O O (humid) humid Cr( ) bN D N=                       (3.6) 

where bdry and bhumid is the slope in dry and humid respectively. Equations (3.5) and 

(3.6) are substituted in equation (3.3). The critical Cr concentration from the Wagner 

equation may be describes as function of added Cr in the alloy. The modified equations 

of critical Cr concentration in dry and humid, respectively are showed as following. 

1
* 2
Cr (External)(dry) dry CrAbN 2 3N⎡ ⎤≥ ⎣ ⎦                      (3.7) 

 

1
* 2
Cr (External)(humid) humid CrAbN 2 3N⎡ ⎤≥ ⎣ ⎦                    (3.8) 

Therefore, from the equations (3.7) and (3.8), the increase of Cr concentration to form 

external scale in humid is solely depend on the value of b. Equations (3.7) and (3.8) 

could be simplified and re-arranged as below. 
2
Cr CrAbN N≥ 2 3                            (3.9) 

Then, NCr could be showed as a simple function of A and b. 
4 3
Cr AbN ≥                              (3.10) 

 

( )3 4
Cr AbN ≥                           (3.11) 

The increase of critical Cr concentration required to form external scale in humid 

condition could be showed as a ratio of b in dry and humid condition. The ratio is 

showed as following. 
3 4*

Cr (External)(humid) humid
*
Cr (External)(dry) dry

b
b

N
N

⎛ ⎞
= ⎜ ⎟⎜ ⎟
⎝ ⎠

                  (3.12) 

 

The values of bhumid and bdry could easily determined from the Fig. 3.7, which 

is 3.75 x 10-15 m2 -1 -15s  and 3.04 x 10  m2 -1s , respectively. Calculation using equation 

(3.12) and respective b value shows that the ratio of Cr concentration to form external 

scale in humid environment increases by a factor of 1.2.  
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. The increase of oxygen permeability is always associated with fast-path for 

oxygen to diffuse such as along grain boundary and metal/precipitated oxide interfaces. 

In section 3.3.1, no grain boundary oxidation was observed. Thus, Figure 3.7 suggests 

that oxygen transport along the metal/precipitated oxide interfaces is further increased 

with the present of humidity by a factor of 1.2. This increases the critical Cr 

concentration need to form external scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Oxygen permeability as a function of Cr concentration in dry and humid 

condition at 1073 K. 
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Fig. 3.6 Semi log plot of the oxygen permeability versus Cr concentration in dry and 

humid condition at 1073 K. 
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2/3Fig. 3.7 Oxygen permeability as a function of Cr concentration, (NCr)  in dry and 

humid condition at 1073 K. 
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3. 4. 2 Enhancement of oxygen transport 
 

In the IOZ, oxygen could be transported through lattice alloy, alloy/precipitated 

oxide interface and oxide. The oxygen diffusivity in oxides such as FeCr2O4 and Cr2O3 

is negligible compare to the diffusivity in lattice of α-Fe and along alloy/precipitated 

oxide interface. Thus, it is postulated that the enhancement of oxygen transport with the 

increase of the concentration of alloying element is due to the rapid diffusion of oxygen 

alloy/ precipitated oxide interface. 

Kodama [2] has shown that the shape of oxide precipitates in Fe-5Cr alloy is 

changed from globular particles in dry to spike particles in humid condition. The cross 

section of Fe-5Cr [2] is shown in Fig. 3.8. The oxide morphology changes to spike 

particle, and it increase the IOZ thickness. This is clear evidence that water vapor 

affects the oxygen transport along the alloy/precipitated oxide interface. However, the 

mechanism on how water vapor enhances the oxygen transport along alloy/precipitated 

oxide interface is still unknown and need further investigation. 

Many works has been done in dry condition to investigate the enhancement of 

oxygen diffusivity along the alloy/precipitated oxide interface in IOZ [3–12]. Figure 3.9 is 

a schematic diagram of internal oxide morphology of Fe and Ni base alloys with dilute 

Al or Cr content in Fe/FeO pack (Fe base alloys) and Ni/NiO pack (Ni base alloys). 

Under identical oxidation condition (i.e same oxygen partial pressure and solute atom 

concentration), a very different morphology was observed. In Fe-Al and Ni-Al alloys, 

the internal oxide grew perpendicular to the alloy/IOZ front. The oxide grew 

continuously from the surface to alloy/IOZ front with rod-like shape. This type of oxide 

shape enhances the oxygen diffusivity in alloy/precipitated oxide interface. However, in 

Fe-Cr and Ni-Cr alloys, the oxide is relatively coarser and more spherical. The oxide 

forms was discrete particle dispersed throughout the IOZ.  

Above studies show that the morphology of precipitated oxide is various 

depends on the alloy system, and cannot be predicted easily. No systematic work has 

been done to explain and understand the change of oxide morphology from one alloy 

system to the other. Understanding this subject is important to pave the way to 



Chapter 3 70

 

quantitatively explain how water vapor affects the oxygen transport along 

metal/precipitated oxide interfaces.  
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Fig. 3.9 Schematic diagram of internal oxide morphology of Fe and Ni base alloys with 

dilute Al or Cr content.  

 

 

3.5 Conclusion 
 
 The internal oxidation of Fe-0.5 wt%Cr and Fe-2.25 wt%Cr alloys were 

investigated in dry and humid environment with oxygen partial pressure of 1.1 x 10-14 

Pa, and water vapor pressure of 3.3 x 102 Pa. Water vapor enhances the oxygen 

transport along the metal/precipitate oxide interface. The increase of oxygen 

permeability increases the critical Cr concentration to form external scale in humid 

condition by 1.2 times. 
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Chapter 4 
 

Measurement of surface oxygen potential on 

Fe-Cr alloys in dry and humid conditions 
 

 

4.1 Introduction 
 

It was clear from chapter 2 and 3 that the presence of water vapor in oxidation 

environment enhances the oxygen transport along the precipitates oxide/metal interface. 

This explains the reason of accelerated oxidation rates and anomalous oxidation 

behavior in water vapor condition. In industries, various ferritic Cr alloys were used 

with small amount of alloying elements as shown in Table 1.1. Moreover, the alloys are 

subjected to wide-range of oxidation condition. Therefore, the oxidation resistance of 

the alloys cannot be solely determined by mass gain in isothermal oxidation. Evaluation 

of the oxidation resistance of an alloy is always required a laborious and 

time-consuming efforts.  

It is imperative to develop an in-situ method to continuously monitoring of the 

formation of protective scale. Akiba et. al [1] have successfully monitor the oxygen 

chemical potential on growing oxide scales during high temperature oxidation of Fe, Ni 

and Co at 1373 K. The authors have showed that in case of oxidation kinetic is 

controlled by diffusion in the scale (parabolic rate law) as such on NiO and CoO scale, 

the surface chemical potential is almost identical to that in the atmosphere. The 

schematic illustration of the chemical potential distribution in and outside scale is 

showed in Fig. 4.1. However, if the oxidation kinetic is controlled by surface reaction 
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(linear rate law) as such on FeO scale, a boundary layer is developed and the surface 

oxygen chemical potential is much lower than in the atmosphere Fig. 4.1(b). 

In chapter 2, it is clear that the formation of protective scale is affected by 

water vapor. The Cr concentration needed to form external scale is increase from 8 wt% 

in dry to 12 wt% in humid condition. The objective of this study is to measure the 

surface oxygen potential on Fe-Cr alloys in dry and humid environment, and distinguish 

the formation of protective scale from non-protective scale at early stage of oxidation. 

 

 

 

Fig. 4.1 Schematic diagram of potential distribution of oxygen in oxide scale. 

 

 

4.2 Principle of measurement 
 
 Calcia-stabilized zirconia (CSZ) is well known as an ionic conductor, and is 

widely used as solid electrolyte in oxygen sensor / pump at high temperature. Figure 4.2 

shows a schematic diagram of an oxygen sensor using CSZ as an electrolyte. If one side 

of oxygen partial pressure,  is known value, the oxygen partial pressure in the other 

side,  can be measured. The electromotive force (emf) of this cell is expressed as 

Nernst equation below. 

2

I
OP

2

II
OP

2 2

2

II I II
O O O

I
O

ln
4 4

PRTE
F F

μ μ−
= = 2

P
                     (4.1) 
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where R, T and F denote gas constant, temperature and Faraday constant, respectively. 

In this study, the surface oxygen potential on growing oxide scale was measured 

applying above principle.  

Figure 4.3 (a) shows a schematic diagram of oxygen concentration cell for the 

measurement of surface oxygen potential. The cell is expressed as below 

 

(-) Pt | Metal | oxide scale, gas( ) | CSZ | Pt, gas(
ad

*Sur
Oμ

2

Atm
Oμ ) (+)     (4.2) 

 

where and 
ad

*Sur
Oμ

2

Atm
Oμ are chemical potentials of adsorbed oxygen atom at scale surface 

and of oxygen molecule in the atmosphere, respectively.  

 A sample was spot-welded with Pt wire is placed on CSZ that connected with 

Pt lead on the other side as shown in Fig. 4.3 (a). If the sample is exposed in oxidizing 

condition, oxide scale grows on the sample. In case of the growth of oxide scale is due 

to outward diffusion of metal ions, the tip of CSZ is embedded in the scale as shown in 

Fig. 4.3 (b). On the other hand, if the growth of oxide scale is due to inward diffusion of 

oxide ion, the CSZ tip is always contacting with the surface of the oxide scale as shown 

in Fig. 4.3 (c).  

 In the case that the oxide scale is an electronic conductor, it behaves itself as an 

electrode of the cell. Then, an electronic circuit is formed. The oxidation-reduction 

reaction of oxygen is mostly occurred at the triple phase boundary of CSZ, electrode 

(oxide scale) and gas phase. Accordingly, an emf is generated corresponds to the 

difference between oxygen potential on the oxide scale,  and in the atmosphere, 
ad

*Sur
Oμ

2

Atm
Oμ . Anode reaction occurs on the oxide scale. First, the oxygen is adsorbed in the 

oxide scale and expressed as below. 

O2  →  2Oad                             (4.3) 

Then, adsorbed oxygen is reacted with electron to become oxide ion as following. 

2Oad  + 4e-  →  2O2-                     (4.4) 

At the contact point of CSZ and Pt lead that located in the gas atmosphere. The reaction 

is expressed as below. 

 

O2  + 4e-  →  2O2-
                           (4.5) 
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Applying the eq. (4.1) the emf of this cell could be written as 

2 ad 2 2 2

2

Atm Atm *Sur Atm
O O O O O

cell *Sur
O

2
ln

4 4 4
PRTE

F F F
μ μ μ μ− −

= = =
P

                 (4.6) 

From this equation, oxygen potential on the oxide surface could be determined by 

measuring the Ecell and oxygen partial pressure at the atmosphere, . 
2

Atm
OP

 The possible rate determining steps of the growth of oxide scale are 1) 

diffusion of ions, and 2) surface reaction of oxygen. In the former case, the oxygen 

supply on the surface is fast enough compared to relatively slow ionic diffusion in the 

scale. This results in the surface oxygen potential to be almost equal to the atmosphere 

as schematically shown in Fig. 4.1(a). Thus, the emf is close to zero. The growth of 

protective scale of Cr2O3 is known be controlled by the diffusion of ions in the oxide 

scale. While in the latter case, oxygen is consumed rapidly on the scale surface as 

shown in Fig. 4.1(b). This results in a decrease of oxygen potential at the surface. The 

difference of oxygen potential between atmosphere and scale surface generates 

substantial amount of emf. The growth of non-protective scales such as iron oxides is 

known to be in this category. Therefore, by measuring the emf of the cell, the formation 

of protective scale could be distinguished from the non-protective scale at early stage of 

oxidation. 
 

 

 

 
 
 
 
 
 

Fig. 4.2 Schematic diagram of an oxygen sensor. 
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Fig. 4.3 Schematic diagram of oxygen concentration cell for the measurement of surface 

oxygen potential. 

 
 
4.3 Experimental Procedure 
 

4. 3. 1 Sample preparation 
 

For experiment in dry condition, Fe (99.99%) plate purchased from Nilaco 

Corporation and Fe-5~22 wt% Cr was employed. Fe was cut into coupons of 10 mm x 5 

mm x 1 mm. The Fe-5~17 wt% Cr binary alloys were prepared by argon-arc melting of 

the pure constituent metals of Fe (99.99%) and Cr (99.9%). The alloy ingots were 

homogenized at 1373 K in vacuum for 86.4 ks. Then, the alloys were cut into coupons 

of 10 mm x 5 mm x 1 mm. While Fe-22 wt%Cr steels was supplied by Hitachi Metal 

Co. The samples were grounded to 2000-grit finish using SiC abrasion paper, and 

finally polished with 4 μm diamond paste. Then, the samples were cleaned in ethanol 

with ultrasonic agitation.  

For experiments in humid condition, arc melted Fe-5-17 wt%Cr alloys and 

Fe-22 wt%Cr steel was used in the experiment. The chemical composition of Fe-5~17 

wt%Cr alloys and Fe-22 wt%Cr is shown in table 4.1 and 4.2 respectively.  
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Table 4.1 The chemical composition of the Fe-5~17 wt% Cr alloys analyzed using 

EPMA. 

Fe Concentration Cr Concentration Alloys 
mass % mole % mass % mole % 

Fe-5Cr 94.9 94.5 5.1 5.5 
Fe-8Cr 91.8 91.2 8.2 8.8 
Fe-10Cr 90.2 89.5 9.8 10.5 
Fe-12Cr 87.5 86.7 12.5 13.3 
Fe-17Cr 83.1 82.1 16.9 17.9 

 

 

Table 4.2 The chemical composition of Fe-22 wt% Cr steels. 

 

 

4. 3. 2 Emf measurement procedures 
  

Figure 4.4 shows the schematic illustration of experimental apparatus and the 

setup of the oxygen concentration cell. The CSZ tube was cut into the shape as shown in 

Fig. 4.5, which has 3 legs to support a sample and ensure free gas flow. The 2 legs of 

the CSZ are coated with insulating materials of Al2O3 cement. This assures that 

oxidation-reduction of oxygen occurs only at one contact point between the CSZ and 

the sample. Moreover, in order to ensure that gas supply is enough at triple phase 

boundary, the surface area of CSZ tip that contacted with the sample was fabricated as 

small as possible. Figure 4.6 shows the optical microscope image of the CSZ tip. The 

area of the top of the leg is estimated around 0.0025 mm2. 

The platinum electrode detecting the oxygen potential in the atmosphere is 

attached 20 mm away from the sample. This makes sure that the detecting electrode is 

outside of gas boundary layer. 

 A CSZ oxygen sensor is located 5 mm below the cell to continuously monitor 

 

Element C Si Mn P S Ni Cr Al Fe 
Mass % 0.023 <0.01 0.01 0.004 0.002 0.01 21.93 0.01 Bal. 
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the oxygen partial pressure in the atmosphere, . The sensor measured the emf 

generated from the difference of oxygen partial pressure in the experimental apparatus 

and in the air. The emf of this oxygen sensor is expressed as  

2

Atm
OP

2 2 2

2

Air Atm Air
O O O

sensor Atm
O

ln
4 4

PRTE
F F P

μ μ−
= =                    (4.7) 

where 
2

Atm
Oμ  and  is oxygen chemical potential and oxygen partial pressure in air, 

respectively. The cell and CSZ oxygen sensor must be located in the isothermal zone to 

minimize the errors by thermo-electromotive force of CSZ and temperature dependence 

of gas phase equilibrium. The isothermal zone was determined to be 30 mm. The 

temperature of the sample, Pt electrode 20 mm below the sample and CSZ oxygen 

sensor was monitored during the experiment by an R-type thermocouple. Due to the 

difficulty to maintain the wide isothermal zone, the temperature of oxygen sensor is 

always below the temperature of the cell by around 10 K. The temperature on the 

sample surface and oxygen sensor was used respectively to calculate the surface oxygen 

potential and oxygen potential (oxygen partial pressure) in the atmosphere. 

2

Air
OP

 The cell was heated to 1073 K with flowing Ar-21%O2 or Ar-20%O2-20%H2O 

mixed gas for experiment in dry or humid conditions, respectively. The heating rate is 

2.9 x 10-1 Ks-1 and the gas flowing rate is 1.67 x 10-6 m3s-1. The experiment was carried 

out up to 20 ks. After the experiment, the cell was cool down in the furnace. To 

investigate the change of surface oxygen potential with the presence of water vapor, in 

addition to above experiments, Fe-10Cr was also oxidized in dry-humid and humid-dry 

sequenced conditions. 

 A blank experiment using Pt foil as a sample was carried out to investigate the 

surface oxygen potential, where no oxygen was consumed. Principally, without oxygen 

consumption the surface oxygen potential is equivalent to the atmosphere. 
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Fig. 4.5 Schematic diagram of CSZ tube and the side view. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Top view of CSZ tube and CSZ tip. 
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4.4 Results 
 

4.4.1 Blank experiment using Pt foil 

  
Figures 4.7 and 4.8 show the emf generated in the cell and oxygen sensor 

during the blank experiment using Pt foil as a sample in Ar-21%O2 (dry) and 

Ar-20%O2-20%H2O (humid) mixed gas. The temperatures of the sample, Pt electrode 

20 mm below the sample and CSZ oxygen sensor are also presented in both figures. The 

temperature difference between the sample and Pt electrode is around 5 K during the 

experiment. However, because of the position of the oxygen sensor that slightly out of 

the isothermal region, the temperature differs by 10 K from the sample temperature in 

dry condition. However, during the experiment in humid condition, the temperature of 

oxygen sensor is higher that the sample by 10 K. The temperature is stable during the 

experiment, and the fluctuation is within ±1 K. The temperature of sample was used to 

calculate the surface oxygen potential, and the temperature of CSZ oxygen sensor was 

used to calculate the oxygen potential at the atmosphere.  

 In Ar-21%O2 mixed gas, the emf of oxygen sensor is stable at 0.5 mV during 

the experiment, and the atmosphere oxygen partial pressure is 2.1 x 104 Pa calculated 

using Esensor and the equation (4.7). In Ar-20%O2-20%H2O mixed gas, the emf of 

oxygen sensor is around 1 mV, which gives the oxygen partial pressure of 2.0 x 104 Pa. 

The results assure that the CSZ oxygen sensor correctly monitor the oxygen partial 

pressure of the atmosphere. The emf of the cell is generated during the heating period, 

probably due to temperature difference between the two electrodes. After the heating 

period, when the temperature is stable the emf of the cell is almost 0 mV. These results 

assure that the emf caused by thermo-electromotive force is negligibly small. 
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Fig. 4.7 The emf of the cell and oxygen sensor during the blank experiment using Pt foil 

as a sample in Ar-21%O2 at 1073 K. 
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Fig. 4.8 The emf of the cell and oxygen sensor during the blank experiment using Pt foil 

as a sample in Ar-20%O2-20%H2O mixed gas at 1073 K. 
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4.4.2 Oxidation of Fe-Cr alloys in Ar-21%O2 mixed gas 
  

Figure 4.9 shows the temperature of each cell and oxygen sensor using Fe, 

Fe-5~17Cr as sample. All cells show a stable temperature after heating period. The 

temperature difference between sample surface and 20 mm below the sample is 

scattered from 2 K to 5 K. The temperature of oxygen sensor is lower by 10 K from the 

sample temperature. However, in case of Fe-17Cr alloy, the oxygen sensor temperature 

is almost same as the sample temperature. The fluctuation of temperature is within ±1 

K. 

Figure 4.10 shows the emf generated during the oxidation of Fe, Fe-5~17Cr 

alloys in dry condition. The emf of oxygen sensor and temperature also presents in the 

same figure. The emf of Fe, Fe-5Cr is largely positive during the initial stage of 

oxidation, and decrease with the increasing of oxidation time. The emf of the sample 

decreases with the increase of Cr concentration. In Fe-10~17Cr alloys, the emf drops 

sharply right after the temperature is stable. Fe-12Cr and Fe-17Cr shows lowest emf 

among the samples about 10 mV. The emf of sensor is around 0 mV to –1 mV. 
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Fig. 4.9 The temperature of each cell and oxygen sensor with Fe, Fe5-17Cr as the 

sample in Ar-21%O2 mixed gas. 
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Fig. 4.10 The emf of cell and oxygen sensor at 1073 K in Ar-21%O2 mixed gas. 
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4.4.3 Oxidation of Fe-10~17Cr alloys and Fe-22Cr steel in 

Ar-20%O2-20%H2O mixed gas 

  

Figure 4.11 shows the temperature of each cell and oxygen sensor using 

Fe-10~17Cr alloys and Fe-22Cr steel as the sample. The temperature is stable with 

fluctuation of ±1 K. The temperature of oxygen sensor is higher by 15 K compared to 

the sample temperature. The temperature difference between sample surface and 20 mm 

below the sample is scattered from 2 K to maximum 5 K.  

Figure 4.12 shows the emf generated during the oxidation of Fe-10~17Cr 

alloys and Fe-22Cr steels in humid condition. The emf of oxygen sensor of the 

atmosphere also presents in the same figure. The emf of Fe-10~17Cr is largely positive 

during the oxidation and intensely fluctuates. The emf of the sample is decrease with the 

increase of Cr concentration. However, Fe-22Cr shows that the emf is around 0 mV. 
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Fig. 4.11 The temperature of each cell and oxygen sensor using Fe-10~17Cr alloys and 

Fe-22Cr steel as the sample during oxidation in Ar-20%O2-20%H2O mixed gas at 1073 

K. 
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Fig. 4.12 The emf generated during the oxidation of Fe-10~17Cr alloys and Fe-22Cr 

steel in Ar-20%O2-20%H2O mixed gas at 1073 K. 
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4.4.4 Surface of oxide scale contacted with CSZ 

  
The surface morphology of the samples oxidized in Ar-21%O2 and 

Ar-20%O2-20%H2O mixed gas is shown in Fig. 4.13. In Ar-21%O2 mixed gas, the 

surface of Fe-10~17Cr is flat covered with oxide. While in Fe-8Cr some part of the 

oxide surface is having a hemisphere shape. Fe-8Cr is probably the transition point 

between the formation of oxide scale that adheres to the alloy and the scale that 

exfoliates. The XRD patterns of the oxide surface shown in Fig. 4.14 confirms that 

Cr2O3 forms in the Fe-10~17Cr alloys. The oxide on Fe and Fe-5Cr alloys is severely 

exfoliated during cooling process. The XRD patterns of the samples on the exfoliated 

surface in Fig. 4.16 show that Fe2O3 and Fe3O4 were formed.  

 In Ar-20%O2-20%H2O mixed gas, the surface of Fe-10~17Cr alloys and 

Fe-22Cr steel is relatively flat and no exfoliation is observed. However, surface XRD 

patterns of Fe-10~17Cr in Fig.4.15 show that Fe2O3 and Fe3O4 were formed. It was 

confirmed that Cr2O3 is the only oxide phase presents in Fe-22Cr steel. 
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Fig. 4.13 Surface morphology of the samples oxidized in Ar-21%O2 and 

Ar-20%O2-20%H2O mixed gas at 1073 K. 
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Fig. 4.14 XRD patterns of Fe-10Cr alloys and Fe-22Cr steel oxidized in Ar-21%O2 

(dry) and Ar-20%O2-20%H2O (humid) mixed gas at 1073 K. 

 
 

 

 

 

 

 

 

 

 

 

 
Fig. 4.15 XRD patterns of Fe, Fe-5Cr and Fe-8Cr oxidized in Ar-21%O2 mixed gas at 

1073 K. 
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4.5 Discussion 
 

4.5.1 Oxygen chemical potential on the surface of oxide scale during 

oxidation in Ar-21%O2 and Ar-20%O2-20%H2O mixed gas 

  
Figure 4.16 shows the oxygen chemical potentials in the atmosphere, on the 

surface of respective oxide scale in the Fe, Fe-5~17Cr alloys calculated from the emfs 

of the cell and sensor during oxidation in Ar-21%O2 mixed gas. The oxygen chemical 

potentials on the surface of Fe-10~17Cr are close to oxygen potential in the atmosphere 

shortly after the heating period. The difference of generated emf is maintained during 

the oxidation. With the decrease of Cr concentration, such as in Fe-8Cr, the difference 

between surface oxygen potential and oxygen potential in the atmosphere becomes 

larger. In Fe-8Cr, the difference is slowly decreased with oxidation time. This indicates 

that oxygen consumption in Fe-8Cr is larger than Fe-10~17Cr especially at the initial 

stage. The growth of oxide scale is decreases as the scale thickness in increase, which 

gives the smaller difference between surface oxygen potential and oxygen potential in 

the atmosphere at longer oxidation time. The low surface oxygen potential on Fe and 

Fe-5Cr indicates the rapid consumption of oxygen and the rapid growth of iron oxides. 

 Figure 4.17 shows the surface oxygen potential on the Fe-10~17Cr alloy and 

Fe-22Cr steel in Ar-20%O2-20%H2O mixed gas at 1073 K calculated from emf 

generated in the cell and sensor shown in Fig. 4.12 at 1073 K. The oxygen chemical 

potential on the surface of Fe-10~17Cr is drastically decreased up to 4 order of 

magnitudes from the oxygen potential in the atmosphere. This is a remarkable 

difference from the same samples that oxidized in dry condition. Higher Cr 

concentration as such in Fe-22Cr steel indicates that the surface oxygen potential is 

close to the oxygen potential at the atmosphere. This could be understood that protective 

Cr2O3 scale is formed on the sample. 

 From the above results, it is obvious that Fe with 10wt% Cr and above gives 

the formation of protective Cr2O3 scale in Ar-21%O2 mixed gas. However, in 

Ar-20%O2-20%H2O mixed gas, up to 22wt% Cr is required to form protective Cr2O3 
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scale. These results conform that water vapor affects the formation of protective Cr2O3 

scale. This fact demonstrates that continuous monitoring of surface oxygen potential can 

be applied to distinguish the formation of protective scale in dry or humid condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.16 Surface oxygen potential of Fe, Fe-5~17Cr alloys at 1073 K in Ar-21%O2 

mixed gas. 
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Fig. 4.17 Surface oxygen potential of Fe-10~17Cr alloys and Fe-22Cr steel at 1073 K in 

Ar-20%O2-20%H2O mixed gas. 
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4.5.2 Increase of Cr concentration to form protective scale in 

Ar-20%O2-20%H2O mixed gas 
  

Figure 4.18 summarizes the scale morphology on the alloys that exposed in dry 

and humid condition. As could be observed from the Fig. 4.18, Cr concentration 

required to form protective scale in dry is 10wt%, while in humid condition is up to 

22wt%. In humid condition, the emf of cell of the alloys with Cr concentration below 

17wt% fluctuates significantly compared to the Fe-22Cr steels as shown in Fig 4.12 and 

Fig 4.10. The fluctuation of emf reflects to the rapid changes in oxygen potential on the 

triple phase boundary. This suggests that with the presence of water vapor cracks was 

actively generated. The oxygen uptake was very large at the crack formation. However, 

because the concentration of Cr is high, the crack was quickly healed by the formation 

of new Cr2O3 scale. During this time oxygen was less consumed until new crack 

propagated. The repeating formation of cracks and protective scale generates the 

fluctuation of the emf. 

 Renusch [2] and Schutze [3] have observed similar behavior on Fe-9Cr alloys 

that oxidized in humid condition by acoustic emission (AE) measurement. Figure 4.19 

shows the AE from samples oxidized in dry and humid conditions at 923 K. Sample in 

dry condition does not emit any signal, while the acoustic emission was detected on the 

sample in humid condition. Schutze [3] explains that cracks are generated in order to 

relieve the stress generated during oxidation. The generation of cracks gives the 

acoustic emission signal. Due to generation of cracks, the oxidation rate in humid 

condition was accelerated. 
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Fig. 4.18 Type of scale forms on the alloys in dry and humid condition. 

 
 
 
 
 
 
 
 
 
 
Fig. 4.19 Acoustic Emission signal of the samples oxidized in dry and humid condition 

at 923 K [3]. 
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4.6 Conclusion 

  

The oxygen chemical potential on growing oxide scale of Fe, Fe5~17Cr alloys 

and Fe-22Cr steel in Ar-21%O2 and Ar-20%O2-20%H2O mixed gas was monitored 

continuously using oxygen concentration cell of CSZ. In Ar-21%O2 mixed gas, the 

oxygen chemical potential of the oxide formed on Fe-10~17Cr alloys is slightly smaller 

than the atmosphere. This is due to the formation of protective Cr2O3 scale. The surface 

oxygen potential of Fe and Fe-5Cr is largely decrease due to the formation of 

non-protective Fe oxides. In Ar-20%O2-20%H2O mixed gas, the surface oxygen 

potential of Fe-22Cr steel is slightly smaller than the atmosphere. The surface oxygen 

potential of Fe alloys with Cr concentration up to 17wt% is largely decreased from the 

atmosphere due to the formation of Fe oxides. The presence of water vapor may 

enhances the crack formation of scales and results in the formation of non-protective Fe 

oxides. The measurement of surface oxygen potential can be applied to distinguish the 

formation of protective scale at early stage of oxidation. 
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Chapter 5 
 

 

Conclusion 
 

 

5.1 Summary 
 

The effect of water vapor on the transition from internal to external oxidation is 

an important aspect in the high temperature oxidation of ferritic Fe-Cr alloys. The 

objective of this study is to quantitatively clarify the water vapor effect using Wagner 

treatment of binary alloys oxidation. The study was focused on the transition from 

internal to external oxidation of ferritic Fe-Cr alloys in steam condition compared to dry 

condition. The results are summarized as below. 

 

In Chapter 1 ; “Introduction”, the background and objective of this study was 

presented with the emphasis to increase power generation efficiency in conventional 

fossil fuel power plant and SOFCs.  

 

In Chapter 2 ; “High temperature oxidation of Fe-Cr alloy at 1073 K in dry and 

humid atmospheres with the oxygen partial pressure of the Fe-FeO coexistance”, 

the effect of water vapor on the oxidation of the alloys in Fe/FeO oxygen partial 

pressure at 1073 K was clarified base on Wagner theory of alloy oxidation. It was 

showed that the transition from internal to external oxidation occurs on Fe-8Cr and 

Fe-12Cr in dry and humid condition, respectively. It was proposed that the increase of 

oxygen permeability under humid condition increase the Cr concentration required to 
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form external scale. 

 

In Chapter 3 ; “Oxygen permeability in α-Fe at 1073 K under dry and humid 

conditions”, the permeability of oxygen was measured form internal oxidation of 

Fe-0.5 ~ 2.25% Cr alloys in dry and humid condition. The increase of oxygen 

permeability increases the critical Cr concentration to form external scale in humid 

condition by 1.2 times. Microstructure change of internal precipitated oxide was 

observed on sample oxidized in humid condition. This is due to the existence of 

dissolved hydrogen in the alloy. 

 

In Chapter 4 ; “Oxygen potential on the surface of growing oxide scale during 

oxidation of Fe-Cr alloys at 1073 K in dry and humid atmospheres”, a new method 

was proposed to monitor the formation of protective scale on Fe-Cr alloys at early stage 

of oxidation by continuously measuring the surface oxygen potential. The oxygen 

chemical potential on growing oxide scale of Fe, Fe5~17Cr alloys and Fe-22Cr steel in 

Ar-21%O2 (dry) and Ar-20%O2-20%H2O (humid) mixed gas was monitored 

continuously using oxygen concentration cell of CSZ. In Ar-21%O2 mixed gas, the 

oxygen chemical potential of the oxide formed on Fe-10~17Cr alloys is slightly smaller 

than the atmosphere. This is due to the formation of protective Cr2O3 scale. The surface 

oxygen potential of Fe and Fe-5Cr is largely decrease due to the formation of 

non-protective Fe oxides. In Ar-20%O2-20%H2O mixed gas, the surface oxygen 

potential of Fe-22Cr steel is slightly smaller than the atmosphere. The surface oxygen 

potential of Fe alloys with Cr concentration 17wt% and below is largely decreased from 

the atmosphere due to the formation of Fe oxides. The presence of water vapor may 

enhances the crack formation of scales and results in the formation of non-protective Fe 

oxides. The measurement of surface oxygen potential can be applied to distinguish the 

formation of protective scale at early stage of oxidation. 

 

In Chapter 5 ; “Conclusion”, the results from this study is was summarized. 
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