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ABSTRACT 

 

The oxidation behavior of three high Cr ferritic steels designated 1Al, RA and 5Al 

with different levels of Al, Si, Mn and Hf has been investigated in the present work. 

These steels have been developed as candidates for Solid Oxide Fuel Cell (SOFC) 

interconnect. Specimens of these alloys have been subjected to isothermal as well as 

cyclic oxidation in air. Isothermal oxidation tests are conducted in the temperature range 

800 – 10000C for time periods up to 1000 h. cyclic oxidation tests were carried out at 800 

and 10000C for twenty 25 – h cycles giving a total cyclic exposure time of 500 h. The 

growth rate of the oxide scales was found to follow a parabolic law over a certain 

oxidation period which changed with alloy composition and oxidation temperature. The 

value of the parabolic rate constant increased with increasing oxidation temperature. At 

800 and 9000C alloy 1Al exhibited higher oxidation resistance compared to the other two 

alloys. Alloy RA showed spalling behavior when oxidized at 9000C and the extent of 

spalling increased with increasing the oxidation temperature to 10000C. Alloy 5Al 

oxidized at 10000C showed the highest oxidation resistance among the investigated 

alloys. Alloy 1Al and RA showed similar scale morphology and composition. X- ray 

diffraction analysis revealed that the scales developed on these alloys consist of Cr2O3 

with an outer layer of MnCr2O4 and a minor amount of FeCr2O4 spinels. Alloy 5Al 

developed scale consisting of γ- Al2O3 at 8000C and γ- and α- Al2O3 at 9000C. Oxidation 

of alloy 5Al at 10000C led to formation of a scale consisting mainly of the protective 

phase α- Al2O3. The presence of 0.84wt%Al and 0.95wt%Si in alloy 1Al enhanced its 

oxidation resistance compared to alloy RA which contains only 0.29wt%Si and is Al – 

free. This enhancement was attributed to formation of internal oxidation zone in alloy 

1Al just beneath the oxide / alloy interface. This zone contains networks of Al2O3 and 

SiO2 particles which decrease the outward diffusion of Cr and Mn leading to reduced 

oxide growth kinetics of this alloy compared to alloy RA. The presence of 0.05wt%Hf in 

alloy 5Al assists in improving scale adhesion, plastic relaxation of the oxide growth 

stresses and enhancing the oxidation resistance of this alloy at 10000C. 

The electrical properties of the oxide scales formed on these alloys when they are 

in contact with the SOFC cathode material, LaSrMnO3 (LSM) have been studied in this 
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work. LSM – coated specimens of the investigated alloys were given isothermal 

oxidation treatment in air at 800 and 10000C for time periods of 150, 400 and 700 h at 

each temperature. The area – specific resistance, ASR, of the oxide scales increased with 

increasing oxidation time and temperature. This was ascribed to increased oxide 

thickness and development of interdiffusion zone at the LSM / oxide interface. The 

activation energy, Ea, for the conduction process increased with oxidation time for alloy 

1Al oxidized at 8000C and alloy 5Al oxidized at 800 or 10000C while it remained almost 

unchanged for alloy 1Al oxidized at 10000C and alloy RA oxidized at 8000C. These 

changes in Ea were attributed to time – dependent changes in the composition of the 

oxide in contact with the LSM at the oxide / LSM interface for each alloy. 
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1- Introduction 

Over the last three decades Solid Oxide Fuel Cells (SOFCs) have been 

extensively investigated and developed as new, clean and efficient electric power 

generating systems. These energy conversion systems operate at about 10000C and 

use hydrogen or hydrocarbons as fuel. Due to the high operating temperature, 

material selection for SOFCs is an important issue. Among the four principal 

components of the SOFC; anode, cathode, electrolyte and interconnect, material 

selection for interconnects is a critical factor. 

Interconnects in SOFC, provide electrical contact between the electrodes     

(cathode and anode) of neighboring cell in the stack as well as separation of air 

and gaseous fuel passing to the cathode and anode, respectively. Conventionally, 

conductive ceramics such as (La, Ca) CrO3 were mainly used as interconnect 

material for planar type SOFCs operating at about 10000C. In recent years great 

efforts have been made towards developing reduced temperature SOFCs that 

operate at ≤ 8000C and keep the power density and durability of the cells at the 

same level as those now operating at about 10000C using the ceramic interconnect. 

The achievement made in this respect was basically through reducing the 

thickness of the electrolyte and developing new electrolytes with higher ionic 

conductivity. This lower operating temperature made it possible to consider 

oxidation resistant alloys as interconnect materials. The advantages of metallic 

interconnects are higher electronic conductivity, higher heat conductivity, better 

mechanical stability, lower cost and easier fabrication compared to the ceramic 

interconnects. Therefore, SOFC developers and steel producers have shown an 

increasing interest to develop new stainless steel grades for application as SOFC 

interconnect materials. Attention has been directed towards heat resisting high Cr 

ferritic steels which have thermal expansion coefficients matching these of the 

ceramic components of the SOFC and are less expensive compared to other high 

temperature Ni – base or Co – base alloys. Minor alloying elements such as Al, Si, 
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Mn, Ni, Ti and Hf are expected to have an influence on the oxidation behavior of 

Fe – Cr ferritic steels. 

One of the major concerns that is associated with the use of Fe – Cr ferritic 

steels as SOFC interconnect is the development of semiconducting oxide scales 

during their exposure to SOFC operating conditions. Hence, a contact resistance 

arises between the steel interconnect and the ceramic electrode of the SOFC. On 

the cathode side (air side) of the SOFC, Fe – Cr alloy interconnect is in contact 

with the LaSrMnO3 (LSM) cathode. It is, therefore, important to study the 

electrical properties of the LSM – coated ferritic steels after exposure to oxidizing 

atmosphere. 

The objective of the present work is to study the oxidation kinetics and the 

microstructure of the oxide scales formed in the temperature range 800 – 10000C 

on three Fe – Cr ferritic steels with different levels of the minor alloying elements. 

The area – specific resistance of the oxide scales formed on LSM – coated 

specimens of these alloys after oxidation at 800 or 10000C for different time 

periods is in the focus of our interest. 
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2- Literature Survey 

2-1 Solid oxide fuel cell 

Solid oxide fuel cells (SOFCs) have experienced a growing interest in the 

last decades. This is probably attributed to their low warm-gas emission, high fuel 

to electricity conversion efficiency, good fuel flexibility, and high system 

compactness. SOFCs are all solid-state energy conversion devices that produce 

electricity by electrochemically combining a hydrogen-containing fuel and an 

oxidant such as oxygen or air across an ionic conducting electrolyte. A solid oxide 

fuel cell stack principally comprises the cathode, the electrolyte, the anode, and 

the interconnect. Each component serves several functions in SOFC and must 

fulfill certain requirements: the proper stability (chemical, phase, morphological, 

and dimensional) in oxidizing and/or reducing environments; chemical 

compatibility with other components; proper conductivity; and similar coefficients 

of thermal expansion to avoid separation or cracking during fabrication and 

operation. Especially, the electrolyte and interconnect must be dense to avoid gas 

mixing, and the electrodes must be porous to allow gas transport to the reaction 

sites [1].  

2-1-1 Thermodynamic principles 

The principle of an SOFC is illustrated in figure 2.1, two electrodes (the 

anode and cathode) being separated by a solid electrolyte. The oxidant is reduced 

at the cathode and the fuel is oxidized at the anode. 

If hydrogen and oxygen are used as fuel and oxidant, respectively, in an 

SOFC with an oxygen ion conducting electrolyte, the reactions in the fuel cell 

involve the oxidation and reduction of oxygen at the electrodes. At the cathode the 

reduction of oxygen is given as  

O2c + 4e- = 2O2-
e                                                                              (1) 
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Where the subscripts c and e refer to states at the cathode and in the electrolyte, 

respectively. 

At the anode the reverse reaction of (1) takes place: 

 2O2-
e = O2a + 4e-                                                                                       (2) 

Where the subscript a refers to states at the anode. Consequently, the overall cell 

reaction (which determines the cell voltage) can be represented by the following 

equation 

O2c = O2a                                                                                                                                     (3) 

 

 

                                                 H2 + O2-  = H2O + 2e- 

 

Anode 

Electrolyte 

Cathode 

 

                                                     O2 + 4e- = 2 O2- 

 

Figure 2.1: Schematic diagram for the operating principle of a Solid Oxide Fuel 

Cell 

O
�- 

Fuel: H� Excess fuel to 

burner 

Cathode exhaust Oxidant: Air 

EXTERNAL load 
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The SOFC is therefore considered to be an oxygen concentration cell and the 

electromotive force (emf) or reversible (thermodynamic) voltage, Er is given by 

the Nernst equation:  

Er = RT/4F ln  Po2e / Po2a                                                                          (4) 

Where R is the gas constant, T the temperature, F the faraday constant and Po2 the 

partial pressure of oxygen at the electrode and 4 refers to the number of electrons 

participating at the cathode side. At the standard state, Er equals Eo, and the 

following equation is established for any fuel  

E0 = - ∆G0/zF = - { ∆H0-T∆S0 / zF }                                                             (5) 

Where ∆G0 is the standard Gibbs free energy change of the combustion reaction of 

the fuel, ∆H0 the standard enthalpy change, ∆S0 the standard entropy change and z 

the number of electrons involved in the reaction to convert a single fuel 

molecule.[1] 

2-2 High – Temperature Oxidation 

Almost all metallic materials are subject to deterioration in air or where 

oxygen exists. Deterioration at low temperature is usually referred as corrosion 

and at high temperature it is called oxidation. The nature of corrosion and 

oxidation is the same, i.e. metals reaction with oxygen to form an oxide layer on 

the surface. 

xM + y/zO2 = MxOy                                                                                       (6) 

In general, the oxidation rate increases rapidly with the temperature due to the 

large diffusion coefficient of oxygen at high temperatures. Therefore, only 

specially selected alloys can be used at high temperatures. High – temperature 

oxidation is an extensively investigated subject of material engineering. In this 
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section, we will briefly introduce the basic thermodynamic and mechanisms of 

high-temperature oxidation of metals and alloys [2]. 

2-2-1 Thermodynamics properties. 

Gibbs free energy (G) of a system is usually used to determine whether 

oxidation can occur or not. 

For a chemical reaction: 

aA + bB = cC + dD                                                                                         (7) 

The change of Gibbs free energy (G0) at the equilibrium state can be expressed by: 

∆G0 = - RT lnKeq                                                                                               (8) 

Where Keq is the reaction equilibrium constant, which represents: 

Keq = ac
C ad

D  / a
a

A a
b

B                                                                                        (9) 

Where ai is the thermodynamic activity of i species. It is a dimensionless number 

and expressed by: 

ai = Pi / P
0

i                                                                                                            (10) 

Where Pi is the vapor pressure over a condensed species or the partial pressure of a 

gaseous species and P0
i is the same quantity corresponding to the standard state   

of i. 

Plots of standard free energy of oxide formation versus temperature, 

commonly known as Ellingham diagrams, can be used to compare the relative 

stabilities of oxides under a particular environment. Figure 2.2 is an Ellingham 

diagram of some simple oxides. One can use it to determine which reaction 

products are possible, whether or not significant evaporation or condensation of a 
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given species is possible, and the conditions under which a given reaction product 

can react with a condensed deposit, etc. [2]. 

 

 

 

Figure 2.2: Ellingham diagram for some selected simple oxides [2] 
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2.2.2 Mechanism of oxidation  

Initially, oxidation occurs by a series of reactions involving the adsorption 

and dissociation of the oxygen molecules in the gas, leading to the incorporation 

into the metal lattice. Oxide nuclei then form and grow [3]. The adsorption and 

initial oxide formation are functions of the metal surface and impurities in both the 

metal and gas [4].  

To keep the oxidation process to continue after a continuous oxide layer is 

formed, one or both reactants (metal and oxygen) must penetrate the oxide scale to 

react with each other. Clearly, this is a diffusion process and is controlled by the 

diffusion coefficients of the atoms. This transport of oxygen anions inwards or 

metal cations outwards is driven by a chemical potential gradient that is created 

across the scale. The ions transport across the oxide layer as shown in Figure 2.3. 

The activities and partial pressures at both interfaces are fixed by thermodynamic 

equilibrium. As the oxide layer thickness increases, the diffusion distance of ions 

consequently increases, leading to a decreasing growth rate of the oxide layer. 

Wagner [2] found that under some conditions, the growth of the oxide could be 

characterized by a parabolic equation:  

X2 = 2Kpt                                                                                                         (11) 

Where X is the oxide thickness, kp is the parabolic rate constant and t is the 

oxidation time.  
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Figure 2.3: Schematic diagram for the mechanism of oxidation [2] 
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2.2.3 Oxidation of alloys  

Although the general principle is the same, oxidation of alloys is much 

more complicated than that of pure metals. This is due to the following 

considerations [2, 4].  

1. Each element in an alloy has different chemical properties and the reaction with 

oxygen is different;  

2. A degree of solid solubility may exist between the oxides;  

3. Dissolution of oxygen into the alloy may result in sub-surface precipitation of 

oxides due to the reaction of oxygen with different alloying elements. 

4. The oxide may grow and consume one of the metals over the others and 

consequently concentration gradient of this element may exist in the alloy.  

Oxidation of alloys can be classified into two groups: (1) noble parent with 

base alloying elements and (2) base parent with base alloying elements [2]. The 

first group includes noble parent elements, such as Au, Ag, Pt etc., which cannot 

form stable oxides under normal conditions with alloying elements such as Cu, Ni, 

Fe, Co, Al, Ti, etc., which form stable oxides. At reduced oxygen partial pressure, 

elements such as Cu, Ni can act as noble-parent metals in the alloys.  

The second group of alloys consists of a base parent element which forms stable 

oxide, such as Ni, Fe, and Co, and an alloying element such as Cr, Al and Si, 

which also forms a highly stable oxide. This kind of alloys represents most of the 

commercially available alloys, such as Ni-Cr, Fe-Cr and Co-Cr alloys. 
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2.3 Solid Oxide Fuel Cell Interconnect. 

The interconnect is a critical component in SOFC. It provides electrical 

connection between the anode of one individual cell to the cathode of neighboring 

one. It also acts as a physical barrier to protect the cathode material from the 

reducing environment of the fuel on the anode side, and it equally protects the 

anode material from contacting with oxidizing atmosphere of the cathode side. 

The criteria for interconnect materials are the most stringent of all cell 

components. In particular, the chemical potential gradient stemming from 

considerable surface oxygen partial pressure differences between the oxidant and 

fuel places severe constraints on the choice of material for the interconnect [5].  

2.3.1 Requirements for SOFC interconnect  

In order to perform their intended functions, interconnects need to fulfill the 

following conditions [5]: 

1. Under the SOFC operating environments, interconnect must exhibit 

excellent electrical conductivity with preferably nearly 100% electronic 

conduction. In an ideal situation, the ohmic loss due to the introduction of 

interconnect is noticeably small so that the power density of a stack does not show 

profound drop as compared to that of an individual cell. A value of 1 S cm-1 is a 

well-accepted minimum electrical conductivity for the usefulness of interconnects 

in SOFC community. This value is almost one to two orders of magnitude larger 

than the electrical conductivity of yttria-stabilized zirconia (YSZ) which is 

typically 0.1 S cm-1 at 10000C and 0.02 S cm-1at 8000C. YSZ is by far the most 

widely used solid electrolyte due to its excellent stability in both reducing and 

oxidizing atmospheres. 

2. Interconnects should have adequate stability in terms of dimensions, 

microstructure, chemistry, and phase at operating temperature around 8000C in 

both reducing and oxidizing atmospheres, since they are exposed to oxygen on one 
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side and fuel on the other. The oxygen partial pressure on the cathode side ranges 

roughly from 10-4 to 10-7 atm, whereas on the anode side, it varies from 10-18 to10-

8 atm. Therefore, a significant oxygen partial pressure gradient builds up between 

the two sides of interconnect. Any dimensional change in the presence of 

oxidizing and reducing atmospheres is likely to yield mechanical stress that may 

be high enough to bring about cracking or warping to the sealing of the cell stack, 

thus drastically deteriorating the overall stack performance. The microstructure of 

interconnect should be relatively immune to chemical potential gradient so that no 

detectable variation of electrical conductivity develops during its expected lifetime 

service. From the standpoint of environment conservation, the interconnect should 

preferably not contain any volatile species that subsequently react with possible 

contaminant gases such as H2S or CO2 in fuel. Phase transformation in the 

interconnect during operation is inevitably, accompanied by drastic changes in its 

properties, and thus should be avoided. 

3. Interconnect should display exceptionally low permeability for oxygen and 

hydrogen to minimize the direct combination of oxidant and fuel during cell 

operation. It is clear from the Nernst equation that a small decrease in the partial 

pressure of oxygen and hydrogen, resulting from leakage of interconnects, may 

lead to a noticeable decline in the open circuit voltage [6]. 

E0 = (RT/4F) Ln {Po2 {oxidant}/Po2 {reduction}}                             (12) 

E0 open circuit voltage of the fuel cell, R is the gas constant, T is the cell 

temperature, F Faraday's constant, and Po2 is the oxygen partial pressure. Under 

cell operating conditions-that is, when a current passes through it – the cell voltage 

V is given by 

V = E0 –IR – ηA – ηF                                                                             (13)  

Where I is the current passing through the cell, R is the electrical resistance of the 

cell, and ηA and ηF are the polarization voltage losses associated with the air 
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electrode and the fuel electrode, respectively. This will significantly reduce the 

electrical efficiency of the cell. 

4. The thermal expansion coefficient (TEC) of interconnect should be 

comparable to those of electrodes and electrolyte between ambient and operating 

temperatures, so that the thermal stress developed during stack startup and 

shutdown could be minimized. Since YSZ electrolyte shows a TEC around 10.5 x 

10-6 per 0C, the TEC of an interconnect is preferably close to this value. This 

constraint is more rigorous for ceramic interconnects than metallic ones as 

metallic materials are generally more compliant and flexible to somehow 

accommodate stresses than their ceramic counterpart. 

5. No reaction or interdiffusion between interconnect and its adjacent 

components, specifically, anode and cathode, is allowed to occur under operation 

conditions. Reasonably good chemical compatibility is of extreme importance and 

constitutes a challenging task for SOFC stack development given its notably 

higher service temperature than other fuel cells. Any unexpected intermediate 

layers present at boundaries between interconnect and its neighboring electrodes 

tend to not only substantially increase ohmic loss, but also markedly promote 

polarization losses. As a consequence, stability of interconnect with respect to its 

contacting materials is crucial to ensuring a sustained desirable stack performance. 

6. The interconnect should possess a fairly good thermal conductivity. 5 Wm-

1K-1 is considered to be the low limit. Especially in the case of planer stack 

configuration, excellent thermal conductivity is highly desired and its advantage 

can be fully demonstrated. An interconnect with high thermal conductivity allows 

the heat generated at the cathode to be conducted to the anode where the 

endothermic fuel reforming reaction takes place, which greatly facilitates the 

replacement of external reforming with internal reforming. The immediate benefit 

will be a measurable cost decrease of the stack as a whole. 
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7. Excellent oxidation, sulfidation and carburization resistance are required 

attributes for an interconnect to qualify for application in SOFC- like 

environments. These doses not pose any concern as long as provskite-type ceramic 

oxides are utilized as interconnect material since the lattice diffusion coefficients 

of sulfur and carbon are negligibly small. The issue does arise as metallic 

interconnects are considered because formation of metal oxide scales in SOFC 

gases is a thermodynamically favored inevitable process. Presence of sulfur and 

carbon- bearing gas species might exacerbate the issue. Comparatively, resistance 

to CO2 and CO gas attack is of more significance since the sulfur-containing gases 

can be largely eliminated by prior desulphurization treatment.  

8. The interconnect should be easy to fabricate. This plays a key role in 

promoting mass production. The costs of raw materials as well as manufacturing 

processes for interconnect are also supposed to be as low as possible so that they 

will not present barrier to commercialization.  

9. The interconnect should also show adequate high temperature strength and 

creep resistance. This requirement is of special relevance to the planar SOFC 

where interconnect serves as a structural support [5].  

 

    2.3.2 Metallic interconnect  

Metallic interconnects were originally developed to get around the 

difficulties encountered in the design of planar SOFC, in particular, the 

electrolyte-supported planar SOFC. One of the motivating forces behind the 

revolution in interconnect stems from the advent of an anode-supported planar 

SOFC design that has progressed substantially over the past several years. The 

concept of an anode-supported SOFC, in principle, enables the doped LaCrO3 

interconnect to be replaced by a metallic one due to the reduction of operating 

temperature below 8000C. To promote voltage output for practical applications, a 

number of individual cells consisting of a porous anode, a dense thin-film 
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electrolyte, and a porous cathode are connected in series to form a stack requiring 

metallic interconnects. Essentially, an interconnect physically separates and yet, 

electronically connects the anode of one cell with the cathode of adjacent cell. It 

also serves as a transport channel to provide fuel to the anode and oxidant to the 

cathode, and remove reaction products from the cell so that electrochemical 

reaction can proceed. To prevent direct mixing of fuel and oxidant gases, the 

interconnect should preferably be impermeable to the reactant gases. This feature 

of gas- impermeability can be readily fulfilled by metals because they are much 

easier to be fabricated to full density than ceramics. To minimize the internal 

resistance of the interconnect itself; it should be an excellent electronic conductor. 

Metallic interconnects are intrinsically preferred over ceramic interconnects since 

their bulk electrical conductivities are usually several orders of magnitude greater. 

However, one of the major concerns that is associated with the use of metallic 

interconnects is the development of a semi-conducting, or even insulating, oxide 

scale during their extended exposure to the SOFC operating environment. The 

contact resistances between an interconnect and its neighboring components 

become so dominant that the electrical efficiency of the stack drops sharply, 

despite a fairly high efficiency of the individual cells. As a result, stable operation 

of a SOFC stack can be difficult to sustain at a working current density. 

Minimizing the contact resistance is vital to the development of competitive 

metallic interconnects, and holds the key to the successful commercialization of 

the anode-supported planar SOFC stack design for a variety of applications in 

power industry. 

Other attractive attributes of metallic interconnects include high thermal 

conductivity, that eliminates the presence of thermal gradient both along the 

interconnect plane and across the components; enhanced ability to accommodate 

thermal stresses, which relaxes to some extent the constraint imposed by the need 

to match thermal expansion coefficients of interconnect and its adjoining ceramic 
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components; chemical compatibility with respect to the components with which it 

is in contact; reasonable mechanical strength and acceptable creep resistance at 

elevated temperatures; ease of fabrication; and low cost [7]. 

2.4. Alloy development for metallic interconnect 

2.4.1. Cr base alloys 

Chromium-based alloys have been developed as interconnect materials 

owing to their moderate oxidation resistance and fairly good corrosion resistance. 

More importantly, Cr2O3 is reported to have a comparatively low electrical 

resistivity at elevated temperatures among metal oxides as listed in table 2.1. TECs 

and maximum scaling temperatures of various oxides are also provided along with 

the electrical resistivity data in the table. Maximum scaling temperature refers to 

the theoretical temperature above which the oxide scale starts to disintegrate. 

Apparently, the scaling temperature of Cr2O3 (11000C) is much higher than the 

targeted application temperatures. It is also noted that Al2O3, SiO2, and MgO are 

three most insulting oxides at elevated temperatures, hence their formation on the 

metallic interconnect is the least desired. 
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Table 2.1.Oxide imposed limitation for metallic interconnects [5]. 

oxide Thermal 

expansion 

coefficient (25-

1000C)X10-6per0C 

Maximum scaling 

limit (0C)  

Electrical 

resistivity(Ω Cm) at 

250C 

Electrical resistivity 

At high temp. 

(Ω Cm) 

SiO2 

Al2O3 

Cr2O3 

NiO 

CoO 

MgO 

TiO2 

 

0.5 

8 

9.6 

14 

- 

15.6 

7-8 

1750 

1450 

1100 

850 

700 

1500 

600 

 

1x1014 

3x1014 

1.3x103 

1x1013 

1x108 

5.5x1014 

1.1011 

7x106 at 6000C 

5x108 at 7000C 

1x102 at 8000C 

5-7 at 9000C 

1 at 9500C 

1.8x103 at 8000C 

1x 102 at 9000C 

 

Another attractive feature of chromium-based alloys as interconnects is that 

they possess a thermal expansion coefficient close to that of ceramic components 

(for instance, YSZ) in SOFC. The thermal expansion of different alloys as a 

function of temperature is depicted in Fig2.4. For comparison, the thermal 

expansion behavior of YSZ is also plotted on the same figure. Clearly, Cr-

0.4La2O3 and Cr-5Fe-1Y2O3 demonstrated thermal expansion response similar to 

YSZ. The stainless steels exhibit appreciably larger expansion than YSZ upon 

heating. Less thermal mismatch between interconnect and other SOFC component 

holds the potential of reducing thermal stresses. 

The advantage of the high electronic conductivity of Cr2O3, however, is in 

part offset by its rapid growth rate which is usually four orders of magnitude larger 
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than that of Al2O3. In particular, the diffusivity of Cr in Cr2O3 is more significantly 

promoted than that of Al in Al2O3 at temperatures higher than 7000C. Therefore, 

an enhancement of electrical conductivity and a drop of oxide growth rate are 

contradicting goals and an acceptable compromise should be sought. To promote 

their oxidation resistance as well as the adherence of the scale to the metallic 

substrate, the commercially available high- temperature, oxidation-resistant 

chromia-forming alloys invariably contain trace amounts of reactive elements such 

as Y, Ce, La, and Zr, in the form of either metals or their oxides. With particular 

reference to the chromium-based alloys, oxide additives are increasingly favored. 

The incorporation of these oxide dispersoids is effective in enhancing the 

oxidation resistance by retarding kinetics of the scaling process. Some studies 

even indicate [5] that oxide additives are rather effective in refining the grain size 

of the surface scales, substantially reducing the scale spallation tendency by 

improving the cohesiveness of interface between the oxide scale and metallic 

substrate. Fig.2.5 presents the corrosion response of Cr-5Fe-1Y2O3 (in mg/cm2) 

and Cr3 Co alloys in different atmospheres. Cr-5Fe-1Y2O3 alloy was developed to 

match the TEC of other ceramic components in planar SOFC. Obviously, the 

effect of yttria is rather remarkable. Significant mass gain is observed for Cr3Co 

alloy exposed to air at 9500C, and the scale starts to spall off after 1500 h 

exposure, as indicated by the weight loss. In contrast, the mass gain of the Y2O3 

containing alloy after being exposed to air is sharply reduced, and scale 

delamination is virtually eliminated. 

 Of particular importance is the observation that scales thicken faster in the 

presence of water plus hydrogen than in the presence of pure air for chromium-

based alloys. The addition of CO into fuel atmosphere aggravates the corrosion 

process, thus leading to more pronounced weight gain [5]. 
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Fig.2.4 Comparison of the thermal expansion of chromium-based alloys with those 
of ZrO2 (8 mol % Y2O3) electrolyte and stainless steels [5]. 

 

Fig.2.5 Corrosion response of Cr3Co and Cr-5Fe-1Y2O3 alloys at 9500C in different 
atmospheres [5]. 
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The oxidation process on metal surfaces is well established to be a diffusion-

controlled one that can be approximated by the parabolic law: 

X2 = KP t + C                                                                                                     (14)     

Where X can be expressed in terms of either the thickness of the oxide 

scale or the weight gain per unit area, KP is the parabolic rate constant. 

Incorporation of reactive elements has been shown to lower the parabolic rate by a 

factor of 10-100. The mechanical properties at elevated temperature can also be 

improved by Y2O3 addition as evidenced by Cr-5Fe-1Y2O3 alloy compared to pure 

chromium [7]. The direction of mass transport in the chromia scales is altered 

from predominantly outward chromium diffusion for alloys without reactive 

elements to inward oxygen diffusion for alloys with reactive elements. The 

morphology of the growing chromia scales is also improved by the presence of 

reactive elements as these scales are of fewer cavities, denser, and more 

homogenously distributed. The underlying mechanism is revealed to be the 

segregation of the elements to the grain boundaries of the chromia scale. 

Despite the fact that considerable efforts have been expended towards the 

commercialization of chromium-based alloys (for instance, Cr-5Fe-1Y2O3) as 

interconnect materials in SOFCs, their application is still limited to intermediate 

temperature operation (< 7000C). The long-term stability problem is yet to be 

solved since the oxidation resistance, even in the presence of reactive element, is 

inadequate for operation above 8000C. For instance, the thickness of oxide scale 

on Cr-5Fe-1Y2O3 alloy is estimated to be around 10 µm after 1 year and 23 µm 

after 5 years operation at 9000C. Such a layer is considered to be too thick for 

reliable operation [5]. 

An inherent weakness of chromium-based alloys, and in general, of all 

chromium-containing alloys, is the formation of volatile Cr (VI) species under 
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operating environments of SOFC. Chromium-based alloys like Cr-5Fe-1Y2O3 are 

protected by a layer of oxide scale. Under cathodic conditions, volatile Cr (VI) 

species is generated simultaneously with the formation of Cr2O3 layer: 

2Cr2O3(s) + 3O3(g)  ↔ 4CrO3(g)                                                (15) 

2Cr2O3(s) + 3O2(g) + 4H2O(g)   ↔ 4CrO2(OH)2(g)                   (16) 

Cr2O3(s)   + O2(g)   +H2O(g) ↔ 2CrO2OH(g)                             (17) 

All of the above processes are reversible; therefore, the high-temperatures 

oxidation of chromia-forming alloys involves both scale formation and 

volatilization of oxides and oxyhydroxides. The electrochemical performance of 

SOFCs is severely damaged due to the presence of gaseous chromium oxides and 

chromium oxyhydroxides at the cathode side of the fuel cell. The reduction of 

volatile Cr (VI) species to solid Cr2O3 is deemed to be responsible for the property 

degradation. The gaseous diffusion of Cr (VI) species can be further validated by 

the fact that the reaction product Cr2MnO4 spinel was found within the lanthanum 

manganite after exposure of Cr-5Fe-1Y2O3 / LaMnO3 interface at 9500C in air 

after 3000 h. A recent study [7] indicates that when the chromium-based alloys are 

used as separators, the performance of SOFC cathodes degrades rapidly. The 

Cr2O3 deposition at the interface between the La0.85Sr0.15MnO3 (LSM) and the 

YSZ electrolyte causes an increase in both concentration and activation 

polarizations. 

Water vapor pressure is more influential than temperature in affecting the 

volatility of Cr (VI) species, in particular that of CrO2 (OH) 2 (g) as illustrated in 

Fig.2.6 and Fig.7. The vapor pressure of various Cr-O-H species as a function of 

water vapor pressure is depicted in fig.2.6. The vapor pressure of each chromium 

oxyhydroxide increases with increasing water vapor pressure, though the extent of 

increase varies. Among all the species, CrO2 (OH)2 (g) exhibits the largest vapor 

pressure over an entire range of water vapor pressure. Fig.2.7 presents temperature 
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dependence of the vapor pressure of different volatile chromium species. It is clear 

that CrO2 (OH) 2 (g) shows the largest vapor pressure in the temperature range of 

800-10000C. Studies revealed that small amounts of H2O (g) significantly increase 

the Cr vaporization because the formation of CrO2 (OH)2 (g) is heavily favored 

from the standpoint of vapor pressure. This feature is especially harmful to the 

performance of SOFC since the fuel gases invariably involve certain amount of 

H2O (g) that is explicitly added to enhance the activity of electrochemical 

reactions. Additionally, H2O (g) is always a main byproduct of fuel cell reactions. 

Increased water vapor pressure or temperature accelerates the volatilization 

process. Coating with doped LaCrO3 perovskites appears to be a promising 

solution to inhibit the volatilization, reduces the thickness of oxide scale and 

improves the chemical compatibility with other SOFC components .It has been 

shown that Sr-doped LaCrO3 ceramic protective layer of 30 µm thickness 

deposited on the Cr-5Fe-1Y2O3 interconnect by vacuum plasma spraying can 

reduce the volatilization rate of chromium by a factor of 100 at 9500C [5].    
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Fig.2.6 Vapor pressure of different Cr-O-H species as a function of water vapor  

pressure [5]. 

 

Fig.2.7 Vapor pressures of different volatile chromium species as a function of 

temperature [5]. 
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2.5 Suitability of Ferritic Steels as Construction Materials for SOFC 
Interconnects 

2.5.1. Philosophy of alloy development 

Some basic and important principles were taken into consideration 

throughout the development of alloy materials for construction of SOFC 

interconnect [6, 8].  

• Basically, the steel should form a protective surface scale during 

exposure in anode and cathode side gases. Therefore, the steel's 

chromium content should be higher than around 17wt%. However 

interaction with contact materials frequently leads to loss of 

chromium from the interconnect. Therefore, the chromium content 

should preferably be higher than approximately 22wt%. Since high 

chromium contents lead to a thermal expansion coefficient (TEC) 

which might be slightly lower than that of the Ni/ZrO2- anode. this 

has been overcome by additions of Mo, W, Nb, or  Ta [6]  

• Decreased oxide growth rates and improved adherence can be 

obtained by small amounts of oxygen active elements, such as Y, 

Ce, La, Zr, Hf. 

• Reduction of formation of detrimental volatile chromium species 

from chromia surface can be obtained with steel which forms a pure 

spinel type oxide or a spinel type oxide on top of an inner chromia 

layer. Such surface scales can be obtained, e.g. by suitable additions 

of Ti or Mn. 

• Enhanced electrical conductivity of the surface oxide scales can be 

achieved by suitable doping elements in chromia and spinel. 

• Al and Si contents should be as low as possible to avoid formation of 

electrically insulating alumina or silica layers [8]. 
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2.5.2. Oxidation of Fe-Cr Ferritic Steels. 

Recently, many efforts have been undertaken to apply iron-base scaling-resistant 

alloys (Fe-Cr) in interconnectors for the planar- type SOFC operating at 1073K, 

because of their advantageous properties (9-12), namely: 

• Chemical stability due to the formation of Cr2O3 on Fe-Cr alloys at 

elevated temperatures in air and oxygen, as well as in H2-H2O and H2-

H2O-H2S gas mixtures, 

• Thermal expansion coefficient close to that of other cell components, 

e.g. electrolyte material of ZO2/Y2O2 and Fe-Cr alloy have TEC values 

of    (10x10-6 and 9-12x10-6 [K-1], respectively) [12]. 

• Considerably lower cost of its fabrication compared with other Ni-or Co-

based alloys, 

• Excellent machinability and gas tightness  

Based on the above considerations, a series of model alloys [Table 2.2] was 

investigated by W.J.Quadakkers et.al. [8]. Oxidation studies up to 1000 hours were 

carried out in laboratory air and in Ar/4%H2/2%H2O at 8000C using a resistance 

heated furnace. Additionally, in situ high temperature conductivity studies were 

carried out using a standard four point method. For this purpose, rectangular 

specimens (10x10x2 mm) of the model alloys were preoxidized for 100 to 250 

hours and then covered with Pt-paste for connection with a standard Pt-mesh.           
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               Table 2.2: Alloy compositions [8]. 

1 Fe-17Cr-0.4Y-2Ni 8 Fe-25Cr-0.3Zr 

2 Fe-25Cr-0.1Y-2.5Ti 9 Fe-25Cr-0.2Y 

3 Fe-25Cr-0.2Y-1.6Mn 10 Fe-25Cr-0.07Y 

4 Fe-17Cr-0.2Y-1Mn 11 Fe-25Cr-0.4La 

5 Fe-20Cr-0.4Y 12 Fe-25Cr-0.05Y-2Ta 

6 Fe-17Cr-0.3Y 13 Fe-25Cr-0.05Y-2Ni 

7 Fe-17Cr-0.3Ce 14 Fe-17Cr-0.2Y 

 

 

 

Fig.2.8 Summary of weight change data of model alloys during exposure 

at 8000C in air [8]. 
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Figure 2.8 shows a summary of the weight change data of the various alloys 

during exposure at 8000C in air. Based on their scale growth rates, these alloys can 

be divided  into four groups: addition of nickel (alloy1, 13) leads to non-protective 

scale formation, in spite of the presence of an oxygen active element. Titanium 

additions result in formation of the desired Ti-rich outer sub-layer but at the same 

time they lead to an enhanced growth rate of the chromia scale (alloy2). Very slow 

oxide growth rates were obtained for pure Fe-Cr alloys with small amounts of 

oxygen active elements (alloys 5-11, 14). Thereby, the exact oxidation rates 

showed only a minor dependence on chromium content. The best result in respect 

to slow oxide growth rates were obtained for the alloy with La- addition (alloy 11, 

not denoted in the figure).It is believed that this is related to the fact that, contrary 

to the other oxygen active elements, lanthanum does not form intermetallic 

compounds with iron. This results in a very homogenous distribution of the 

lanthanum in the alloy thus enabling an easy incorporation into the surface scales. 

The rapid incorporation of the oxygen active element into the scale has been 

shown to be a necessary requirement for obtaining an optimum reduction in 

growth rate of the chromia based scale. Manganese additions (alloys 3 and 4) lead 

to an enhancement of the scale growth rates, even if an oxygen active element is 

present in the alloy. They also result in formation of surface scales consisting of 

the spinal Cr2MnO4 or a spinel layer on top of an inner Cr3O3 layer, depending on 

actual manganese content. 

Figure 2.9 shows electrical resistance data of oxide scales on selected alloys 

after pre-oxidation at 8000C for different time periods. The results are compared 

with those for a typical LaCrO3-based interconnect and data calculated for a 

commercial, pure chromia forming alloy. Comparison with fig.8 clearly shows 

that no simple correlation exists between electrical conductivity and oxide 

thickness; the very thin scale on alloy 14 has a substantially higher resistance than 

the much thicker oxide on alloy 3. Generally it can be said that surface scale which 
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consists to a large extent of Cr/Mn- spinel phase, exhibits relatively small 

electrical resistances.  

 

 

Fig.2.9 Electrical resistance at 8000C for selected model alloys compared with 

literature data for (La, Sr)CrO3 and calculated results for a commercial chromia 

forming alloy [8] 

Based on these findings of the model alloys, long term oxidation studies 

were performed with two larger batches of manganese containing model steels and 

manganese containing commercial high chromium steel, alloy 446. Results of 

oxidation tests in air and simulated anode side gas are presented in Fig.2.10.The 

weight changes in air appear to be similar to those observed for the model alloys 

containing 2wt% Mn (Fig.2.8). The metallographic cross sections showed that the 

thickness of the scales formed on the three materials hardly differs, however clear 

differences in morphology were observed. Alloy 446 shows a relatively dense 

oxide scale; however the surface exhibits a "wavy" structure, indicating relaxation 

of oxidation induced stresses by plastic deformation of the steel. The oxide scale 

on the Fe-Cr-Mn model steel is relatively thin; however it exhibits extensive void 
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formation, frequently encountered in chromia forming alloys without addition of 

oxygen active elements. Both effects might have significant implications for 

application in SOFC’s e.g. in respect to contact resistance and stability of the 

interface with contact materials. The steel on the basis of FeCrMn (La, Ti) seems 

to exhibit the best performance. The oxide scale formed on the alloy exhibits 

almost a similar thickness as that formed on FeCrMn alloy;  however the first 

alloy exhibits a better compactness and adherence compared to the latter. The 

weight gain values of the oxide scales formed in simulated anode gas are similar 

or slightly thinner than those found in air. 

 

Fig.2.10 Weight change data of model steels FeCrMn and FeCrMn (La, Ti) as 
well as commercial steel alloy 446 after 250 h oxidation at 8000C in air and 

Ar/H2/H2O [8]. 

Experimental data in on the electrical conductivity of the oxide scales of the 

three steels showed promising results, especially in case of the FeCrMn (La, Ti) 

steel. Also in connection with a lanthanum based contact layer this steel exhibited 

much lower values of contact resistance than the two other materials. 

Experimental results confirmed the assumption made above that evaporation of 
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volatile chromium species in case of Cr/Mn-spinel forming alloys was far less than 

for pure chromia forming materials [8]. 

The oxidation kinetics and electrical properties of oxide scales thermally 

grown on the surface of commercial ferritic alloy have been investigated by Keqin 

Huang et.al. [13] on the un-oxidized and pre- oxidized alloys as functions of 

temperature and time under oxidizing atmosphere with four different electrodes. 

The studied material is a commercial Fe-based alloy containing about 26wt%Cr 

and 1wt%Mo. Different electrodes Pt, Ag, La0.85Sr0.15MnO3 

(LSM)+La0.80Sr0.20Ga0.83Mg0.17O2.815 (LSGM) and La0.6Sr0.4CoO3-∂ (LSCo) were 

tried in order to study the effects of the electrodes. With platinum or silver 

electrodes, both surfaces of the pre-oxidized samples were covered by platinum 

paste or silver print respectively, followed by placing platinum meshes on top of 

the pastes as current collectors. Similarly, LSM+LSGM and LSCo electrodes were 

made by pasting an ink of each material made with an organic binder on both 

surfaces of the pre-oxidized samples before putting on platinum meshes. For long-

term area-specific resistance measurement of un-oxidized samples, the electrode 

paste and platinum meshes were put directly on the un-oxidized surface. To avoid 

further oxidation, the prepared sandwiches were placed directly into a furnace at a 

desired temperature without pre-calcination of the electrode pastes.  

Studies of the oxidation kinetics of the alloy in stagnant air at 8500C 

showed significant differences in the growth rate of the oxide scale for un-coated 

and coated alloys, although a parabolic dependence of the growth rate on time was 

found for both cases. An LSCo-coated alloy has a faster growth of oxide scale 

than samples coated with LSM+LSGM or Pt. In contrast, different coatings have 

relatively little effect on the growth of the oxide scale for the pre-oxidized alloys. 

Practical long-term measurements on un-oxidized alloys reveal a nearly parabolic 

dependence of area specific resistance (ASR) on time for the three different 

electrodes: LSCo, LSM + LSGM, and platinum. However, a higher rate of 
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increase of the ASR values has been found with the LSCo electrode, which has 

higher oxide-ion conductivity. Related SEM/EDS analyses indicated that an 

appreciable Co and Cr interdiffusion occurred across the interface.  

Nevertheless, similar long-term measurements on pre-oxidized alloys show 

an opposite result even though all the aforementioned electrodes yield a nearly 

parabolic dependence on time. Instead of the LSCo, the LSM + LSGM electrode 

has the highest ASR value among the three electrodes on a pre-oxidized sample 

because no insulating CoCr2O4 and CoFe2O4 spinel can be formed in this case A 

consistent result was also found for pre-oxidized alloys with a short-term 

measurement ASR vs. temperature. In order to fully utilize the advantage of mixed 

conductors as electrodes in a SOFC, a coating that is a solely electronic 

conducting oxide on the surface of the interconnect seems to be imperative. The 

roles of this coating should be three-fold; to protect the metallic substrate from 

vigorous oxidation, to avoid Cr evaporation from any oxide scale that forms, and 

to conduct electrons [13].  

The oxidation kinetics of Fe-16Cr alloy (SUS 430) has been studied in the 

temperature range of 1023-1173K for time periods up to 300hrs, conditions 

simulating the anode and cathode environments in SOFC [14,15]. These 

investigations have revealed that under such operating conditions, a chromia scale 

is formed, showing good adherence to the alloy. The scale consists also of a very 

thin and discontinuous outer layer of the MnCr2O4 spinel. The formation of 

MnCr2O4 on the top of a Cr2O3 layer, in spite of very low concentration of 

manganese in the SUS 430 alloys (82.9Fe-16.31Cr-0.21Mn-0.35Si-0.12Ni-0.11Al-

0.048C-0.023P-0.0006S mass %), was explained by both thermodynamic stability 

of this compound in the applied experimental conditions and very fast diffusion of 

manganese in the chromia scale.  
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Cox. et al [16] showed that diffusion coefficients of metals decrease in the 

order DMn> DFe> DCr by assuming that these metals diffuse as ions via Cr3+ - 

lattice sites in Cr2O3 . The increase of the calculated electrical resistance of the 

oxide scale formed on Fe-16Cr alloy vs. time in comparison with the constant 

value of the electrical resistance of the ceramic interconnector made of (La, Sr) 

CrO3 indicates that application of these alloys is possible after some surface 

modification. The alloy coated with La0.6Sr0.4CoO3 exhibits approximately 

constant ASR, with an average values of 45mΩ cm2 for the period of 245 hrs. and 

the average of 20mΩ cm2 for 300hrs, at 1073 K in H2 – H2O gas mixture and in 

air, respectively, which are not exceeding the ASR value for the  (La, Sr)CrO3 

ceramic interconnector in the same conditions (38 and 60 mΩ cm2). The SUS 430 

alloy containing 16%Cr modified by coating with a (La, Sr) CoO3 provskite 

compound is a promising material to be used in interconnectors for the planar – 

type solid oxide fuel cells [16].   

2-5-3 Oxidation of Fe-Cr-Al Ferritic Steels. 

Alloys for high-temperature applications rely on the formation of a continuous, 

adherent and slowly growing oxide scales for corrosion protection. Al2O3 is 

thermodynamically very stable and has a low growth rate, so that many high-

temperature alloys are designed to develop healing Al2O3 layers, which remain 

protective up to about 13500C in strongly oxidizing atmospheres [17–19]. Binary 

Fe-Al alloys(represented by A, B in fig2.11) dilute in Al form external scales 

containing iron oxides with an internal oxidation of Al [20,21].With continued 

oxidation, the internal oxide particles are often incorporated into the growing 

external scale and a duplex morphology develops, as shown schematically in 

Fig.2.11.a Above a critical Al level, N0*
Al

(1), internal oxidation of Al is avoided, 

such that the alloy develops a mixed layer of iron and aluminum oxides as 

indicated by Fig.2.11.b. The difference between the mixed layer presented in (b) 

and the inner layer of the duplex scale in (a) lies in the morphology and 
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distribution of Al2O3 in these layers. In (a), the Al2O3 is formed as an internal 

oxide that becomes incorporated into a growing iron oxide scale. Material 

transport through this layer is still dominated by diffusion through the iron oxides. 

In (b) Fe and Al oxides form simultaneously at the scale/alloy interface and larger 

patches of Al2O3 often exist in this layer and exert an effect on the transport 

properties. Above N0*
Al

(1), at a second critical Al level, N0*
Al

(2) , the alloy is able to 

form a complete Al2O3 external layer, as that shown in Fig. 2.11.c [21]. 

(a)                                                    (b)                                 (C) 

               gas                                                 gas                                   gas 

              AO                                            AO+BO                                  BO 

AO+BO dispersion                                                                      

          IOZ of B  

              

Above N0*
Al

(1) : Transition from (a) to (b)  

Above N0*
Al

(2) : Transition from (b) to (c). 

 
Fig.2.11. Schematic models of the limiting cases of scale growth on A–B alloys 

exposed to oxygen.  
(a)Internal oxidation of B beneath external AO scales;  

(b) Formation of mixed external AO + BO scales;  
(c) Exclusive external growth of BO scales [21] 

 
 

At 8000C, the experimental value of N0*
Al

(1) for Fe–Al alloys ranges between 3.85 

and 4.84 at.%, while that of N0*
Al

(2)is approximately equal to 13.3 at.% [22]. A 

more study has again estimated around 12 at. % as the limiting Al content needed 

to form continuous external protective alumina scales at 9000C [23].  

Allo! w�th Al co te t          

above N0*
Al

(2)
 

Allo! w�th Al co te t 

above N0*
Al

(1)
 

Allo! d�lute �  Al 
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The oxidation behavior of Fe–Cr–Al alloys has been investigated quite extensively 

[24- 29]. In particular, the presence of Cr in binary Fe–Al alloys has been shown 

to reduce the critical level of N0*
Al

(2) [24]. Thus, Fe–Cr–Al alloys offer an example 

of the so-called third-element effect (TEE), where the addition of B to an A–C 

alloy can reduce the critical C concentration to establish an external scale of the C 

oxide: A is least reactive and C the most reactive component, while B has an 

oxygen affinity intermediate between those of A and C [19]. Wagner [30] has 

suggested that this third element B acts as an ‘‘oxygen getter’’ during the initial 

stage of oxidation, where it limits oxygen diffusion into the alloy, so that internal 

oxidation of C is minimized. This allows for a transition from internal to external 

oxidation of C at a lower critical level of C in the alloy. However, according to 

some previous results [24,26], it seems that above a certain level of C content in 

A–C alloys the addition of B does not affect the internal oxidation of C. 

For understanding the growth process of Al2O3, some authors suggest that Al2O3 

scale grows predominantly by outward Al diffusion [31-33], others have reported 

that scale growth occurs by inward oxygen diffusion [34-36] and some results 

indicate that the growth mechanism occurred by both cation and anion transport in 

the Al2O3 scales of Fe-Cr-Al[37].  

K.Messaoudi et al. [38] were concerning about oxygen diffusion in an alumina 

scale developed on ODS MA 956 alloy (19.7%Cr, 4.62%Al, 0.09%Si, 0.12%Mn, 

0.07%Ni, 20ppm S, 0.01%C,0.5%Y2O3, 0.41%Ti) and they assumed that the 

alumina scale grows exclusively by oxygen diffusion along grain boundaries. For 

alumina scales formed on  β-NiAl and FeAl the scales grew through a combination 

of Al and oxygen diffusion [39,40].  

2-6. Electrical conductivity of oxide scales. 

It is understandable that metallic interconnects are in principle preferred over 

ceramic interconnects since their bulk electrical resistivity is usually several orders 
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of magnitude smaller [41, 42]. However, one of the major concerns that is 

associated with the use of metallic interconnects is the development of a semi-

conducting, or even insulating, oxide scale during their extended exposure to 

SOFC-like environment. The contact resistances between an interconnect and its 

neighboring SOFC components become so dominant that the electrical efficiency 

of the stack drops sharply, despite a fairly high efficiency of the individual cells. 

As a result, stable operation of a SOFC stack can be difficult to sustain at a 

working current density. Minimizing the contact resistance is vital to the 

development of competitive metallic interconnects, and holds the key to the 

successful commercialization of the anode-supported planar SOFC stack design 

for a variety of applications in the power industry. 

2-6-1 Theoretical considerations 

Since a layer of protective oxide scale inevitably develops on the metal surface of 

most commercial structural alloys in an oxidizing environment at elevated 

temperatures, the ultimate commercialization of metallic interconnects depends, to 

a large extent, on successfully dealing with the increase in the contact resistance 

due to the formation of the oxide layer. In this particular application, the 

requirements for the oxide scale are:   (1) The growth rate of oxide in both 

cathodic (air) and anodic (fuel gas plus water vapor) atmospheres should be as 

sluggish as possible.  (2) The oxide scale should be strongly adhered to the alloy 

substrate to withstand thermal cycling without any spallation or delamination.  (3) 

The oxide scale should be homogeneous in microstructure and uniform in 

thickness, be free of porosity or anomalous grain growth. (4) The oxide scale 

should be a good electrical conductor at the operating temperature [42].  

 The contact resistance of an oxidized metallic interconnect is usually 

characterized by the area specific resistance (ASR), which is the product of 

electrical resistivity of the studied layer and its thickness. The acceptable ASR 
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level for the metallic interconnect during service is generally considered to be 

below 0.1 Ω·cm2. For alloys that have been exposed to air at the operating 

temperature of SOFC, e.g. 800 °C, for a period of time, oxide scale forms on both 

sides of the sample. The ASR of such an oxidized alloy can be expressed as: 

ASR=τs ls+2τo lo                                                                                                 (18) 

Where τs and ls are the resistivity and thickness of alloy substrate, respectively, 

and τo and lo are the resistivity and thickness of oxide scale, respectively. 

Compared with the resistivity of the oxide, the resistivity of the metallic substrate 

is so small that the contribution of the first term in the above equation can be 

neglected. The ASR of an oxidized metallic interconnect is, therefore, dominated 

by that of the oxide layer on both surfaces so that, therefore, 

ASR=2τo lo                                                                                                            (19) 

The ASR of a metallic interconnect is considerably influenced by the growth 

kinetics of the oxide layer upon its long-term exposure to oxidizing atmospheres.  

The conduction of a metal oxide is a thermally activated process that involves the 

movement of small polarons via the transport of holes (or vacancies). The 

electrical resistivity which is the inverse of conductivity, can be given as  

τo = 1/σ0 =T / σ0 exp(-Eco/KT) = T/ σ0 . exp (Eco/KT)                                         (20) 

Where σ0 is a pre-exponent constant and Eco is the activation energy barrier for the 

conduction process.  

In a situation where the oxide scale thickens in a parabolic fashion [42]: 

ASR = 2 √Kpt / σ0 . T exp. {-(1/2) Eox + Eco} / KT                                               (21)   

By plotting ASR/T versus 1/T on a logarithmic scale, the activation energy term 

involving the contributions of both oxidation and conduction can be attained. It 

can be readily seen that the ASR changes in a parabolic manner with time at a 
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fixed temperature. In principle, metals that develop slow growing oxide scale with 

high electronic conductivity are highly preferred for interconnects. However, these 

two attributes are mutually exclusive for most metal oxides [5]. Any approach that 

is designed to suppress the oxidation kinetics and promote the electronic 

conductivity of the oxide scale in the SOFC operating environment is likely to 

lower the ASR value of the interconnect. The approaches that have been 

demonstrated to be effective in this aspect include:  (1) doping the oxide with an 

oxygen reactive element that alters the overall oxidation mechanism; (2) doping 

the oxide with heterovalent metal ions that increase the hole concentration; and  

(3) providing a complex oxide coating of adequate thickness that is impermeable 

to oxygen gas [42]. 

2-6-2 Area Specific Resistance (ASR) of oxide scales. 

The suitability of Fe-Cr alloys as interconnects that relies on the formation of 

chromia scale upon their exposure to the SOFC operating atmospheres. Another 

reason for the selection of these alloys is their coefficients of thermal expansion 

can be advantageously matched with those of other SOFC components at an 

operating temperature of around 8000C [43, 44]. The variation of ASR as a 

function of temperature for a Fe–26Cr–1Mo alloy oxidized at 8000C for 48 h is 

shown in Fig.2.12 [45].  

The ASR value for this alloy at 8000C is around 0.015 Ω cm2, which is well below 

the acceptable level. However, as the oxidation time is prolonged to 1000 h, 

according to   Eq. (21) when the parabolic growth behavior of chromia scale is 

assumed, the ARS is predicted to reach 0.2 Ω cm2. This value has already 

exceeded that criteria for practical application, which means that long-term use of 

this alloy as the interconnect of SOFC at 8000C operating temperature is 

unsatisfactory. It should be stressed that the electronic conductivity of Cr2O3 

formed on Fe-based alloys is usually lower than what would be expected for a 
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Cr2O3 scale formed on Cr-based alloys. This is explained by the fact that the 

conductivity of the chromia scale grown on Fe-Cr alloys is dominated by 

impurities, in this case Fe, and essentially exhibits extrinsic behavior, while that of 

pure chromia is intrinsic in nature.  

 

 

Fig2.12 Variation of ASR with temperature for a Fe-26Cr-1Mo alloy oxidized at 

8000C for 48h in air where Pt electrode was used for the measurement [45]. 

. 

The compatibility between alumina-forming FeCrAl alloys and La1-xSrxMnO3-

based contact layer, which is a well-established and widely accepted cathode 

material for SOFC, has been examined [56]. It has been revealed that a duplex 

interface layer consisting of alumina and a mixed oxide of Al, La, and Mn is 

formed after exposure to air at elevated temperature. The electrical resistance of 
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the metal/ceramic couple increases by a factor of 100 after 1000 h exposure at 

9000C, which suggests that FeCrAl based alloys are also highly unsuitable for 

interconnects at this temperature due to the development of an insulating alumina 

scale. Further study on the development of the oxide scale and its contact 

resistance at 8000C should be carried out.  

 

Fig.2.13 Temperature-dependence of area specific resistance for undoped and 

doped Fe-26Cr-1Mo alloy in air where Pt electrode was used for         

measurement [46]. 

Doping with such elements as Y, Zr, La, Hf and Ce can effectively reduce the 

ASR of the oxide scale. The criterion for selecting the doping elements depends on 

the type of oxide scale that is supposed to form on the oxidized alloy surface. The 

experimental results [46] for a Fe–26Cr–1Mo alloy, shown in Fig.2.13, indicate 

that Y-doping decreases the ASR. This is due to the lower growth rate of chromia, 

as well as a more adherent scale/substrate interface. The pronounced reduction in 
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ASR associated with Ni-doping is ascribed to the increased hole concentration in 

the scale, which serves as additional evidence to demonstrate that the conductivity 

of chromia is extrinsic. Co-doping with Y and Ni combines the beneficial effect of 

Ni on conductivity with that of Y on oxidation, thus leading to a further decrease 

in ASR. Consequently, it is suggested that Ni-based Cr-bearing alloys are favored 

as interconnects from an ASR point of view, but Fe-based alloys usually have 

more compatible thermal expansion coefficients with other ceramic cell 

components. 
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2-7 Objective of the present work 

Based on the analysis of relevant literature given in this chapter the objective of 

the present work is to investigate the oxidation behavior of three ferritic steels 

containing different amounts of chromium and minor alloying elements. 

These steels are produced as candidates for manufacturing interconnects in SOFC 

stacks of the planner anode supported design. The effect of the minor alloying 

elements Mn, Si, Al, and Hf on the oxidation kinetics under isothermal and cyclic 

exposure conditions, morphology of the scale and electrical conductivity of the 

oxide formed on the three alloys constitutes the principle driving force for this 

work. The following points are in the focus of interest; 

1. Kinetics of isothermal and cyclic oxidation in the temperature range 800 – 

10000C. 

2. Morphology and composition of the oxides formed. 

3. Electrical properties of the oxide scales formed on the investigated alloys. 
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3-Materials and Experimental Work 

 
3-1 Materials  
 

Three Fe-Cr ferritic steels with different levels of Cr, Mn, Si, Al and Hf 

were investigated in the present work. These alloys were supplied by the Institute 

of Materials in Energy Systems Iwv-1, Julich Research Center, Julich, Germany. 

The compositions of these alloys are listed in table 3.1. 

 
   Table 3.1: Chemical composition of the alloys 

Alloy Cr Al Si Mn Hf � Fe 
1Al 17.3 0.84 0.95 0.56 - ���+ balance 
RA 25 - 0.29 0.5 - ���� balance 
5Al 20.4 5.67 0.31 0.12 0.05 0.02 balance 

   
 

3-2 Sample preparation  

 The alloys were supplied in the form of rolled sheets. Rectangular samples 

of 1cm x 1cm in size were cut from the sheets of each alloy. The samples were 

ground using SiC grinding papers up to 1200 grit, ultrasonically cleaned in 

acetone, and then dried before the oxidation treatment. 

 

3-3 oxidation of the alloys.  

The oxidation behavior was studied in air under isothermal as well as cyclic 

exposure conditions. Isothermal oxidation tests were carried out at 800,900 and 

10000C for different time periods up to 1000 h using programmable tubular 

furnace of ± 50C accuracy supplied by Thermal Technology, Germany. At the end 

of the oxidation interval the samples were drawn out of the furnace and allowed to 

cool in air to room temperature. Cyclic oxidation tests were conducted at 800 and 

10000C.A 25-h cycle duration was performed for twenty times giving a total cyclic 

exposure of 500 h.  The weight of the sample was measured before and after the 
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oxidation treatments and the weight change was evaluated per unit area of the 

specimen surface (∆W/A). The weight of the specimens before and after oxidation 

was evaluated using a balance with a resolution of ±10µg.  

 

3-4 phase structure and morphology of the oxide scale 

The phase microstructure of the oxide scales was determined by XRD using 

CuKα radiation (Shimadzu X-ray Diffractometer XD-3A). The scan range was 

from 20 degrees to 80 degrees. Surface morphology of the oxidized samples was 

studied using Scanning Electron Microscope (JEOL-JSM 5400) and the 

magnification used in this experiment was 750. The element distribution in the 

scales was analyzed using an Energy Dispersive X-ray analysis (EDX)   which is a 

facility attached to the SEM  

 

3-5. Area Specific Resistance (ASR) of the oxide scales 

The Area Specific Resistance (ASR) of the oxide scales formed on the 

investigated alloys (after isothermal oxidation at 8000C or 10000C for time periods 

of 150,400 and 700 hours) was measured by using the 2-probe 4-point method in 

the temperature range 500 – 8000C.The experimental setup is illustrated in fig.3.1. 

The alloys were coated with a paste of the cathode material (LaSrMnO3), using 

screen-printing method. The paste was prepared by mixing of LaSrMnO3 powder, 

a plasticizer and an organic binder for 48 h. The thickness of the deposited films 

was around 200µm. The organic components were removed entirely from the 

paste during heating to 8000C. The specimens were then exposed to the oxidation 

treatment according to the above mentioned conditions.  The upper and lower 

surfaces of the oxidized specimens were painted with platinum paint over the 

cathode layer and then heated to 8000C for 1h. Electrical measurements started at 

5000C and continued with 1000C increments up to 8000C. The dwell time at each 

temperature before measuring resistance was 30 minutes. Similar measurements 



٥٩ 
 

were also taken during cooling to ensure the results. A constant current of 10 mA 

from the power source was applied to the oxidized sample. RCL meter (Philips-

PM 6304-Fluk) was used to measure the electrical resistance. At each measuring 

temperature and oxidation time, the resistance (R) was calculated according to the 

Ohm’s law, R = V/I. The ASR was then equal to R multiplied by the area that was 

covered with the platinum paste. 
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                              Fig.3.1 Experimental setup for area-specific resistance measurements 
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4- Results 

4-1 Oxidation behavior of alloys 

4-1-1 Oxidation kinetics. 

A set of isothermal oxidation experiments were carried out in the 

temperature range between 800 and 10000C for exposure time up to 1000 hours. 

The specific weight changes (nW/A) for the specimens after 50, 100, 200, 500 and 

1000 hours were evaluated and plotted in fig.4.1 (a-c). 

 It is observed that for alloy 1Al (Fig4.1a) the weight gain values increase 

with the oxidation time and temperature. In the initial stages of oxidation the rate 

of increase weight gain is relatively high, afterwards, the growth rate of the oxide 

layer progressively decreased with time due to the protective effect of the oxide 

layer. For the same exposure time, the weight gain of the oxidized alloy increased 

by increasing oxidation temperature. Isothermal oxidation of this alloy for 1000 

hours caused an increase in nW / A values of about 0.2, 0.6 and 3.8 mg/cm2 for 

the specimens oxidized at 800, 900 and 10000C, respectively. No oxide spelling 

was observed after these oxidation conditions.   

Alloy RA (fig.4.1b) showed a similar behavior at 8000C where the weight 

gain values increase with the oxidation time in the beginning of the oxidation 

process and the growth rate of the oxide layer decreased afterwards. At higher 

temperatures 900 and 10000C oxide spalling and metal wastage are observed for 

alloy RA (Fig.4.1b). The spalling started after 50 hours oxidation time at 9000C 

when the value of weight gain reached 0.75mg/cm2.  The time to onset of spalling 

decreased with increasing oxidation temperature, and was noted after very short 

exposure time at 10000C.  
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Fig .4.1Specific Weight change vs. isothermal oxidation time at 800, 900 and 
10000C in air for alloys a) 1A, b) RA and c) 5Al. 

(a) 

(b) 

(�) 
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Alloy 5Al (fig.4.1c) exhibited similar behavior to that of alloy 1Al where 

the weight gain values increase with the oxidation time and temperature. After 

1000 hours oxidation of alloy 5Al the weight gains attained values of 0.5, 0.95 and 

1.15 mg/cm2 for the specimens oxidized at 800, 900, and 10000C. 

At 800 and 9000C, alloy 1Al showed the best oxidation resistance while 

after oxidation at 10000C, alloy 5Al showed the highest oxidation resistance. 

Alloy RA showed the worst oxidation resistance among the three investigated 

alloys over the studied experimental conditions where higher weight gain values 

were obtained at 8000C compared to the other two alloys and spalling was 

observed after oxidation at 900 and 10000C. 

To study the parabolic oxidation behavior of the alloys, the square of the 

nW/A was plotted against time according to the equation ((nW/A)2 = Kpt. Values 

of the parabolic rate constant Kp obtained in this study are presented in table 4.1. 

Table 4.1 Parabolic rate constants for the alloys 
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Kp(gm
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10000C 7.3x10-13 75 
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Fig.4.2 (a, b) shows the weight change values for the investigated alloys 

during 25-h cyclic oxidation in air at 800 and 10000C. Alloy RA showed the 

lowest oxidation resistance while alloy 1Al showed the highest resistance at 

8000C. For the same exposure time, cyclic oxidation increased the weight gain 

values for alloys 1Al and 5Al and slightly decrease the weight gain for alloy RA 

compared to isothermal oxidation at 8000C.  

 

After cyclic oxidation at 10000C an increase in the weight gain values of 

alloy 1Al was observed compared to the isothermal exposure for the same 

oxidation condition while alloy 5Al shows no remarkable difference in weight 

gain values after isothermal or cyclic exposure at 10000C for the same exposure 

time. Spalling of the oxide scale formed on alloy RA was noted after 3 cycles 

(75hrs) at 10000C.  
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(b) 

Fig.4.2: Specific weight change values vs. exposure time after 25-h cyclic 
oxidation a) at 8000C b) at 10000C. 

 

 

4-1-2 Composition and morphology of the oxide scale 

X-ray diffraction analysis (XRD) was carried out to identify the phase 

composition of the oxide scales developed on the three investigated alloys after 

oxidation for 50, 100, 500 and 1000 hours at 800,900 and 10000C. The results are 

presented in figs. 4.3- 4.14.The scales developed on alloy 1Al and RA are similar 

in composition and consist mainly of Cr2O3 (denoted as O), MnCr2O4 spinel 

(denoted as      ) with small amount of FeCr2O4 (denoted as      ) (Figs.4.3 - 4.10). 
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Minor amounts of SiO2 (denoted as     ) were also identified for both alloys. For 

alloy 1Al containing 0.84%Al, peaks of Al2O3 were not found in the XRD patterns 

(Figs.4.3 - 4.6).  

XRD of alloy 1Al at 800, 900 and 10000C (figs.4.3-4.6) indicated that the 

formation of Cr2O3 started from the beginning of oxidation. The amount of this 

oxide increases by increasing the oxidation time and temperatures. Also the 

number of chromia peaks is more than peaks of other oxides. The intensities of 

chromia peaks increased by increasing time and temperature of oxidation. The 

formation of silicon oxide (SiO2) started during oxidation at 8000C and small 

peaks were noted after 100 hours oxidation time. These peaks increased in 

intensity by increasing the oxidation time and temperatures and reached maximum 

amount after oxidation at 10000C for 1000h (fig.4.6). The presence of MnCr2O4 

spinel oxide was noted from the initial stages of oxidation of alloy 1Al. This oxide 

was detected by XRD after oxidation for 50 hours at 8000C (fig.4.3). The number 

of peaks indicates that the amount of this oxide is more than that of SiO2. Also, the 

intensities of MnCr2O4 peaks increased by increasing temperature and time of 

oxidation and reached maximum value after oxidation at 10000C for 1000 hours 

exposure time (fig.4.6).Low intensity peaks of FeCr2O4 spinel were observed after 

oxidation at 8000C for 500h (Fig.4.5). These peaks of FeCr2O4 are increased by 

increasing the oxidation time and temperatures. The amount of this oxide is lower 

than that of other oxide (Cr2O3, MnCr2O4 and SiO2) formed on alloy 1Al. 

X-ray diffraction analysis, (figs.4.7-4.10), indicated that the scale grown on 

alloy RA was comprised of chromia and spinel phases, which were likely 

MnCr2O4 and FeCr2O4 .Small amount of SiO2 was also formed. It was observed 

that chromia was the main oxide formed on the alloy with higher peak intensities 

than other oxides. Chromia peaks were detected after 50 hours oxidation at 8000C 

(fig.4-7). The intensities of chromia pecks increased by increasing oxidation time 

and temperature and reached maximum after oxidation at 10000C for 1000 hours 
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(fig.4.10). The second dominant phase formed on alloy RA is the spinel oxide 

MnCr2O4. Peaks of this oxide were observed after oxidation at 8000C for 50 hours 

and their intensities reached maximum after oxidation at 10000C for 1000 hours 

(fig.4.7, 4.10). The third oxide formed on alloy RA was FeCr2O4 spinel. Peaks of 

this oxide become visible after oxidation at 8000C for 50 hours. The number and 

intensity of peaks of this oxide gradually increased with progress in the oxidation 

process (Fig.4.7-4.10). SiO2 was found also in the scale formed on alloy RA and 

peaks of this oxide were detected in the XRD starting from oxidation at 8000C for 

50 hours. The number and intensity of the peaks increased with increasing 

oxidation time and temperature (Fig. 4.7-4.10). 

XRD results of the scale formed on alloy 5Al after oxidation for 50-1000h 

at 800 -10000C (figs.4.11-4.14) showed that the scale contains γ-Al2O3 phase         

( denoted as   )   in addition to the primary constituent phase α-Al2O3                                 

( denoted as   ) for the specimens oxidized at 800 or at 9000C. Increasing the 

oxidation temperature to 10000C led to formation of a homogeneous oxide layer 

consisting only of the protective phase α-Al2O3. The peaks of γ-Al2O3 were found 

after 50 hours oxidation time at 8000C (fig.4.11). The intensities of γ-Al2O3 peaks 

showed maximum value after 1000 hours oxidation at 9000C (fig.4.14) and 

decreased to minimum value after 50 hours oxidation at 10000C (fig.4.11). This 

phase disappeared upon increasing the oxidation time at 10000C. The phase α-

Al2O3 appears after 50 hours oxidation at 9000C (fig.4.11). The intensity of the 

peaks of this phase increased gradually to reach maximum for the specimen 

oxidized at 10000C for 1000 hours. The intensities of the peaks of the substrate 

(denoted by ∆) decreased by increasing the oxidation temperature and time and 

almost disappear after 1000 hours oxidation at 10000C. 
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Fig.4.3 XRD patterns of the scale formed on alloy 1Al after 50 h isothermal oxidation in 
air in the temperature range 800-10000C 
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Fig.4.4 XRD patterns of the scale formed on alloy 1Al after 100 h isothermal oxidation in 
air in the temperature range 800-10000C  
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Fig.4.5 XRD patterns of the scale formed on alloy 1Al after 500 h isothermal oxidation in 
air in the temperature range 800-10000C  
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Fig.4.6 XRD patterns of the scale formed on alloy 1Al after 1000 h isothermal oxidation 
in air in the temperature range 800-10000C  
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Fig.4.7 XRD patterns of the scale formed on alloy RA after 50 h isothermal oxidation in 
air in the temperature range 800-10000C  
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Fig.4.8 XRD patterns of the scale formed on alloy RA after 100 h isothermal oxidation in 
air in the temperature range 800-10000C  
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Fig.4.9 XRD patterns of the scale formed on alloy RA after 500 h isothermal oxidation in 
air in the temperature range 800-10000C  
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Fig.4.10 XRD patterns of the scale formed on alloy RA after 1000 h isothermal oxidation 
in air in the temperature range 800-10000C   
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Fig.4.11 XRD patterns of the scale formed on alloy 5Al after 50 h isothermal oxidation in 
air in the temperature range 800-10000C 



٧٦ 
 

 

 

Fig.4.12 XRD patterns of the scale formed on alloy 5Al after 100 h isothermal oxidation 
in air in the temperature range 800-10000C   
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Fig.4.13 XRD patterns of the scale formed on alloy 5Al after 500 h isothermal in air in 
the temperature range 800-10000C 
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Fig.4.14 XRD patterns of the scale formed on alloy 5Al after 1000 h isothermal in air in 
the temperature range 800-10000C 
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Figures 4.15- 4.17 show surface morphologies of the oxide scale formed on 

alloys 1Al, RA, and 5Al after isothermal oxidation for 1000 hours at 800-10000C. 

It follows from these SEM micrographs that the composition of the alloy and the 

oxidation temperature had an evident influence on the morphology of the scale 

surface. For alloy1Al (fig.4.15) white blocky crystallites are observed on the 

surface of the scale after oxidation at 800 and 9000C. This phase exists as ridges 

and their distribution takes the form of grain boundaries (Fig.4.15 a, b).With 

increasing the oxidation temperature to 10000C, this phase spreads on top of the 

scale forming more or less, a continuous outer layer (fig.4.15C). EDX analysis of 

this phase showed enrichment in Cr and Mn. The Mn concentration in this phase 

reached about 26wt% compared to 0.59wt% in alloy 1Al (table 2). Based on XRD 

results of Figs.4.3 - 4.6 this phase is a MnCr2O4 spinel. Additionally, general EDX 

analysis of the scale formed on alloy 1Al showed the presence of Fe which agrees 

with the presence of FeCr2O4 spinel peaks detected by XRD in Figs.4.3 – 4.6.  

On the other hand, alloy RA showed almost continuous outer oxide layer 

after isothermal oxidation at 8000C (fig.4.16a) similar to that formed on alloy 1Al 

after oxidation at 10000C (fig.4.15c) for the same exposure time. Spalled regions 

of the scale are clearly visible for alloy RA after oxidation at 900 and10000C as 

shown in Fig.4.16b and c where the spalled regions increased by increasing the 

oxidation temperature.  

The SEM micrographs of Fig.4.17 (a-c) show the morphology of the oxide 

scale formed on alloy 5Al after isothermal oxidation for 1000 hours at 800,900, 

and 10000C. It follows from this figure that the scale formed is planer and does not 

show any wrinkling. According to the XRD results presented in Figs.4.14 the scale 

formed on the alloy after oxidation at 8000C consists mainly of γ-Al2O3 while the 

scale formed after oxidation at 9000C consists of a mixture of γ and α-Al2O3 

phases. The scale formed after oxidation at 10000C consists entirely of the 

protective phase α-Al2O3. EDX analysis of the scale surface revealed the presence 
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of Cr and Fe in addition to Al2O3. The concentration of Cr and Fe in the scale 

decreased with increasing the oxidation temperature. 
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(a) 

 

(b) 

 

(c) 

Fig.4.15 SEM micrographs for the surface of the oxide scales of alloy 1Al after 
1000 h oxidation (a) 8000C, (b) 9000C, and (c) 10000C 
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(a) 

 

(b) 

 

(c) 

Fig.4.16 SEM micrographs for the surface of the oxide scales of alloy RA after 
1000 h oxidation (a) 8000C, (b) 9000C,and (c)10000C 
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(a) 

 

(b) 

 

(c) 

Fig.4.17 SEM micrographs for the surface of the oxide scales of alloy5Al after 
1000 h oxidation (a) 8000C, (b) 9000C,and (c)10000C 
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4-2. Effects of oxide thickness and alloy composition on the Electrical 

Properties. 

4-2-1.Area Specific Resistance (ASR) of the oxide scales 

An area-specific resistance (ASR) parameter that reflects both the resistivity and 

the thickness of the scale has been adopted to evaluate the electrical properties of 

the oxide scales. This parameter is used not only because accurate measurement of 

oxide thickness is difficult to achieve, but also because ASR is widely accepted as 

electrical parameter in industrial applications. It is generally assumed that the 

resistivity of the alloy substrate is negligible compared to that of the oxide scale 

thermally grown on the surface of the alloys. The ASR, therefore, expresses only 

that of the oxide scale itself as well as its interfaces with the alloy and measuring 

electrodes. The interface polarization at high applied currents would affect the 

values of the resulting voltage across the sample; therefore, in the present work a 

low current was applied to measure the electrical resistance of the oxide scales. 

The electrical resistance (R) was measured in the temperature range 500-8000C. 

The measurements were made on samples of the investigated alloys coated with a 

thin layer of LaSrMnO3. The coated specimens were oxidized for 150, 400 and 

700 hours at 800 and 10000C. Increasing the oxidation time at any temperature for 

the three alloys will result in a different oxide thickness as previously presented in 

Fig. 4.1. Values of the electrical resistance R together with the corresponding ASR 

calculated according to the equation ASR = R.A (where A is the area of the Pt 

electrode through which the current is collected) are given in tables 4.2 – 4.4. It 

follows from these tables that for the Cr2O3- forming alloys 1Al and RA at any 

measuring temperature, the electrical resistance of the oxide layer increases with 

increasing oxidation time for both oxidation temperatures (Tab.4.2, 4.3). In 

general, the electrical resistance values of the oxide layers formed on the Al2O3- 

forming alloy 5Al are several orders of magnitude higher than the corresponding 
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values for the oxide layers formed on the Cr2O3- forming alloys 1Al and RA for 

the same oxidation conditions and measuring temperature (Tab.4.4). In a similar 

behavior to the chromia – forming alloys, the electrical resistance of the Al2O3 

layers formed on alloy 5Al increases with increasing oxidation time for both 

oxidation temperatures and decreases with increasing the measuring temperature 

(Tab.4.4). An important observation is that the R values increase gradually with 

increasing oxidation time and temperature, however, the R values showed 

tremendous increase for the oxide layer developed on alloy 5Al after 700 hours 

oxidation at 8000C (Tab.4.4). Alloy RA showed extensive spallation when 

oxidized at 900 or at 10000C. Therefore, measurement of the electrical resistance 

of the scale formed at these temperatures was not possible. The results of tables 

4.2- 4.4 are presented in Figs. 4.18- 4.22 as plots of log ASR/T vs. 1000/T, where 

T is the absolute temperature at which the resistance was measured.  These figures 

show linear relationship for the investigated experimental conditions which 

include oxidation time and temperature as well as alloy composition.  

Values of the activation energy of conduction (Ea) for the oxide scales formed on 

alloys 1Al,RA and 5Al after oxidation for 150, 400 and 700 hours at 800 and 

10000C were  calculated from the plots of Figs. 4.18- 4.22 and are given in table 

4.5. The Ea values for the scale developed on alloy 1Al oxidized at 8000C 

increased with increasing the oxidation time while after oxidation at 10000C there 

was no noticable changes in these values. For the scales formed on alloy RA after 

oxidation at 8000C the Ea values are almost similar to those of the scale formed on 

alloy 1Al oxidized at 10000C and also do not show remarkable changes with 

increasing the oxidation time. 

Generally, the Ea values of the scales formed on alloy 5Al after oxidation at 800 

or at 10000C are considerabley higher than the corresponding values for the scales 

formed on alloys 1Al and RA. After oxidation at 800 or 10000C values of Ea for 

the scale formed on alloy 5Al increased upon increasing the oxidation time. 
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However, the Ea value for the scale grown after 700 hours exposure at 10000C 

showed no noticeable change compared to that of the scale grown after 400 h 

while after oxidation at 8000C, the Ea value for the scale developed after 700 h 

showed significant increase compared to that of the scale grown after 400 h at the 

same temperature. 

Table: 4.2 Electrical resistance (R) and area specific resistance (ASR) for the 

oxide scale formed on alloy 1Al oxidized at 800 and at 10000C. 

After oxidation at 8000C After oxidation at 10000C Oxidation 

Time (h) 

Resistance 

measuring 

Temperature 

 0C  

R  

(Ω) 

ASR 

(Ωcm2) 

R  

(Ω) 

ASR 

(Ωcm2) 

 

150 

 

500 

600 

700 

800 

5.5 

3.5 

2.9 

2.66 

1.369 

0.871 

0.722 

0.662 

72.6 

26.4 

12.33 

7.2 

26.449 

9.636 

4.500 

2.628 

 

400 

500 

600 

700 

800 

20.5 

14.7 

9.5 

7.1 

5.350 

3.836 

2.479 

1.853 

80 

42.6 

15.3 

10.2 

29.1 

13.29 

4.773 

3.182 

 

700 

500 

600 

700 

800 

115.5 

102.5 

49.9 

17.99 

29.221 

25.932 

12.624 

4.551 

90 

60 

19.3 

16 

32.51 

20.34 

6.543 

5.424 
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Table: 4.3 Electrical resistance (R) and area specific resistance (ASR) for the 

oxide scale formed on alloy RA oxidized at 8000C. 

Oxidation  Time 

(h) 

Resistance measuring 

Temperature 

 0C  

Resistance 

 (Ω) 

ASR  

(Ω cm2) 

 

150 

 

500 

600 

700 

800 

10.3 

7.4 

5.2 

3.1 

1.631 

1.172 

0.823 

0.491 

 

400 

500 

600 

700 

800 

80.5 

64.7 

49.5 

17.1 

12.477 

10.028 

7.672 

2.650 

 

700 

500 

600 

700 

800 

460.5 

319.3 

116.3 

75.2 

72.206 

50.066 

18.235 

11.791 
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Table: 4.4 Electrical resistance (R) and area specific resistance (ASR) for the 

oxide scale formed on alloy 5Al oxidized at 800 and at 10000C. 

After oxidation at 8000C After oxidation at 10000C Oxidation 

Time (h) 

Resistance 

measuring 

Temperature 
0C  

R  

(Ω) 

ASR 

 (Ω cm2) 

R 

 (Ω) 

ASR 

 (Ω cm2) 

 

150 

 

500 

600 

700 

800 

.012x106 

.003x106 

.001x106 

.0006x106 

.0059x106 

.0015x106 

.0006x106 

.0002x106 

3x106 

2.4x106 

0.141x106 

.0402x106 

0.735x106 

0.588x106 

.0345x106 

0.009x106 

 

400 

500 

600 

700 

800 

.08x106 

.021x106 

.006x106 

.002x106 

.061x106 

.016x106 

.004x106 

.001x106 

17x106 

6.3x106 

0.730x106 

0.107x106 

6.596x106 

2.4444x106 

0.28324x106 

0.041516x106 

 

700 

500 

600 

700 

800 

32.5x106 

4.6x106 

0.955x106 

0.203x106 

13.585x106 

1.9228x106 

0.39919x106 

0.084854x106 

28.839x106 

26.67x106 

0.7x106 

0.131x106 

19.281x106 

17.831x106 

0.468x106 

0.08765x106 
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Fig.4.18.Temperature-dependence of area specific resistance (ASR) of the scale 

formed on alloy1Al after oxidation at 8000C for 150, 400, and 700 h.  

 

Fig.4.19 Temperature-dependence of area specific resistance (ASR) of the scale 

formed on alloy1Al after oxidation at 10000C for 150, 400, and 700 h. 
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Fig.4.20 Temperature-dependence of area specific resistance (ASR) of the scale 

formed on alloy RA after oxidation at 8000C for 150, 400, and 700 hrs. 

 

Fig.4.21 Temperature-dependence of area specific resistance (ASR) of the scale 

formed on alloy 5Al after oxidation at 8000C for 150, 400, and 700 hrs. 
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Fig.4.22. Temperature-dependence of area specific resistance (ASR) of the scale 

formed on alloy5Al after oxidation at 10000C for 150, 400, and 700 h.   
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Table 4.5 Activation energy (Ea) for conduction of the oxide scales formed on the 

alloys after different oxidation times at 800 and 10000C. 

Activation Energy (eV) after 

Different oxidation 

Times  

Alloy 

 

 

 

Oxidation 

Temperature 

(C0) 

150 hrs 400 hrs 700 hrs 

1Al 

 

8000C 

10000C 

0.197 

0.594 

0.330 

0.597 

0.487 

0.599 

RA 8000C 0.503 0.506 0.540 

5Al 

 

8000C 

10000C 

0.809 

1.086 

0.975 

1.254 

1.353 

1.259 
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5-Discussion 

5.1. Introduction 

A wide category of iron – chromium alloys are being considered as 

candidates for solid oxide fuel cell (SOFC) interconnects in the stack in addition to 

some high temperature applications. Such alloys generally contain high Cr content 

and some of these alloys may additionally contain Al. When such alloys are 

exposed to air or oxygen at high temperatures they form protective oxide of Cr2O3 

or Al2O3 and are consequently termed Cr2O3 – formers or Al2O3 – formers. Results 

of the present work (chapter 4) showed that two of the investigated alloys ; 1Al 

and RA, are Cr2O3 – formers, while the third alloy, 5Al is Al2O3 – former. The 

oxidation conditions had a considerable effect on the oxidation kinetics and 

morphology of the oxide as well as the electrical properties of the oxide scale 

formed. In this chapter, these effects will be discussed in the light of our results as 

well as results reported in the relevant literature. 

5.2. Composition and Morphology of the oxide scales  

5.2.1. Alloys 1Al and RA 

The XRD patterns of the oxide scales formed on alloys 1Al and RA after 

isothermal oxidation in the temperature range 800 – 10000C for time periods up to 

1000 h, presented in figures 4.3 to 4.10, showed that the scale composition is 

similar for both alloys. It consists mainly of Cr2O3, MnCr2O4 and FeCr2O4. Weak 

reflections pertaining to SiO2 are seen after prolonged oxidation times. Peaks of 

the substrate are still visible on the diffractograms even after oxidation at 10000C 

for 1000h indicating that all constituents of the scale are penetrated by x-rays. 

After oxidation of alloy 1Al at 8000C signals from MnCr2O4, FeCr2O4 and SiO2 

became detectable only after 1000h while they became visible after 500h when the 

oxidation was performed at 9000C. Strong peak intensities of MnCr2O4, FeCr2O4 
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and SiO2 are seen after oxidation of this alloy for only 100h at 10000C. For alloy 

RA, it is important to note that peaks of these oxides became visible after 

oxidation for 50h at 8000C (Fig.4.7). This developed structure is in good 

agreement with results of previous studies on Fe – Cr alloys containing some Mn 

[14, 15]. Equilibrium phase diagram of the Cr – Mn – O system [15] shows that 

Cr2O3 and MnCr2O4 are thermodynamically stable in the investigated oxidation 

conditions even at very low Mn concentration. It was also shown that MnCr2O4 

can be formed on Fe – Cr alloys containing Mn as low as 0.21wt% [15]. It has 

been assumed that Gibbs free energy of formation for MnCr2O4 from MnO and 

Cr2O3 is similar to that of FeCr2O4 from FeO and Cr2O3 [14]. Iron oxide FeO can 

be formed in air during the transient oxidation stage of the Fe –Cr alloy before the 

protective Cr2O3 layer can be formed. Iron oxide FeO reacts with Cr2O3 to produce 

FeCr2O4 in later stage.  

For alloy 1Al containing 0.84 wt% 1A, peaks of Al2O3 were not seen in the 

XRD diffractograms (Fig. 4.3 – 4.6). Actually, this Al content is well below the 

critical value (~ 5wt % Al) necessary for Fe –Cr alloys to form external Al2O3 

layer [47]. The Si content in alloy 1Al (0.95 wt %) is slightly higher, than that of 

Al (0.84 wt %). Nevertheless, SiO2 peaks have been identified in the oxide scale 

particularly after long oxidation times while Al2O3 peaks were not found. It has 

been shown that Al2O3 and Cr2O3 are completely soluble in each other [48] while 

no solubility exists between SiO2 and Cr2O3 at temperatures below 17230C [49]. 

This can explain the observation that SiO2 peaks are detectable in the XRD 

patterns while Al2O3 peaks disappear. 

During high temperature oxidation of Cr2O3 – forming Fe – Cr alloys, 

outward diffusion of metal cations is simultaneously accompanied by inward 

oxygen anion diffusion across the thermally growing Cr2O3 scales. Since metals 

and alloys have appreciable solubility for oxygen [50], the latter can dissolve into 

the alloy substrate near the oxide layer through diffusion along the fast diffusion 
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paths, mainly grain boundaries, and react with alloying elements such as Si and Al 

which have higher affinity for oxygen to form internal oxidation zone. EDX 

analysis of the scale formed on alloy 1Al after oxidation for 1000h at 10000C 

indicated the presence of high Al concentration that reached 14 wt% Al in some 

spots compared to 0.84 wt % Al in the alloy composition. This agrees with the 

idea that an internal oxidation zone exists just below the Cr2O3/ substrate interface 

where Al2O3 particles can form at the substrate grain boundaries in this zone. 

Formation of internal oxidation zone containing Al2O3 particles during oxidation 

of Fe – Cr alloys containing only 0.11 wt % Al was previously reported [14]. 

The diffusion of Si in the iron base or through Fe- or Cr- oxides is slow 

[51]. Hence, Si ions remain in the substrate near the Cr2O3 / alloy interface. As 

oxidation proceeds, high Si contents are attained at the interface and Si reacts with 

the inward diffusing oxygen to form SiO2 particles in this zone. The co-existence 

of Al2O3 and SiO2 particles in the internal oxidation zone for alloy 1Al exerts an 

appreciable effect on the oxidation kinetics of this alloy compared to alloy RA as 

will be discussed in sec. 5.3.1. 

Figures 4.15 and 4.16 show the SEM micrographs for the surface of the 

oxide scale formed on alloys 1Al and RA after oxidation for 1000h at 800, 900 

and 10000C. It is observed that the morphology changes significantly with the 

oxidation temperature and alloy composition. Distinctly visible ridges are formed 

on top of the Cr2O3 layer for alloy 1Al after oxidation at 800 and 9000C. These 

ridges appear as white blocky crystallites. EDX analysis at these positions showed 

the presence of higher Mn content (~18wt %) compared to 0.56wt% in the alloy 

composition. Previous work showed that Mn diffusion through Cr2O3 grain 

boundaries is several times faster than through the bulk [15]. Because of the fast 

diffusion of Mn in Cr2O3 [16, 52-54], an enrichment of Mn takes place at the scale 

surface in locations corresponding to the oxide grain boundaries. This permits 

formation of the MnCr2O4 spinel on top of the Cr2O3 layer at these locations. 
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Based on thermodynamic considerations about stability of MnCr2O4 spinel in air 

in the investigated temperature range as well as EDX analysis and XRD results of 

the present work, crystallites of the ridges are suggested to be the MnCr2O4 spinel 

(Fig.4.15 a, b). 

As the oxidation temperature increases to 10000C, almost the whole 

specimen surface is covered with the MnCr2O4 spinel (Fig. 4.15 C) due to the 

increased amount of Mn at the surface resulting from grain boundary diffusion of 

Mn in addition to the increased contribution from the bulk diffusion when the 

oxidation temperature is increased from 800 or 900 to 10000C. This is consistent 

with the XRD results of Fig.4.6 which clearly show increased peak intensity of the 

spinel MnCr2O4 with increasing oxidation temperature from 800 to 10000C. 

Due to higher oxide growth rates for alloy RA at 8000C (Fig. 5.1 ) higher 

spinel amounts are formed on this alloy at lower temperature compared to alloy 

1Al and the morphology of the scale formed on alloy RA at 8000C (Fig. 4.16a) 

resembled that of the scales formed on alloy 1Al at 10000C (Fig.4.15c) for the 

same oxidation time. As mentioned above in this section, higher peak intensity of 

the MnCr2O4 spinel is observed for alloy RA compared to alloy 1Al after 

oxidation of both alloys at 8000C for 50h (Fig. 4.3 and Fig. 4.7). 
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(a) 

 

(b) 

 

(c) 

Fig. 5.1 Specific weight change vs. isothermal oxidation time at a) 800, b) 900, and        
c) 10000C for alloys 1Al, RA and 5Al 
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5.2.2. Alloy 5Al 

One of the most crucial factors in the oxidation of Al2O3 – forming alloys is 

the Al content which must be higher than a critical value in order to develop and 

maintain a continuous, protective oxide layer. For binary Fe-Al alloys, the critical 

Al content is about 13wt% [17]. Addition of Cr to binary Al2O3 – forming Fe – Al 

alloys reduces the critical Al concentration necessary to develop the protective 

Al2O3 layer to abut 5wt%. In this case, Cr acts as a getter and prevents internal 

oxidation of Al [22, 55]. In an Fe-Cr-Al alloy containing 15wt% Cr, Al content of 

about 5% was sufficient to produce continuous, protective Al2O3 layer on the 

surface of the alloy [56]. In the present work, alloy 5Al contains 20.4wt% Cr and 

5.67wt% Al in addition to 0.05wt% Hf. In agreement with the literature, results of 

the XRD analysis (Fig.4.11-4.14) indicated that the oxide scale formed on this 

alloy consists only of Al2O3 scale. No Cr2O3 was detected in the oxide scale. 

Alumina appears in many crystalline forms where the three most important 

for oxidation studies are θ, γ and α – Al2O3 phase. The crystal structure of α – 

Al2O3 is constituted of hexagonal close packed oxygen anions with two thirds of 

the octahedral intestacies filled with trivalent Al cations. This phase is the most 

stable form at high temperatures in excess of 9500C [18]. The other transient 

Al2O3 phases θ and γ have different crystal structures and can be transformed to 

the α – phase by heating. The transformation is a reconstructive process involving 

a continuous ordering of cations, with a final restructuring of anions to the 

hexagonal close packed arrangement in the rhombohedral structure. The structure 

of transient aluminas has a cation vacancy network and rapid transport of Al has 

been noted in θ and γ – Al2O3 [57-59]. In contrast, the concentration of electronic 

and ionic defects in α – Al2O3 is very low and ionic defects are reported to be the 

major species while electrons and holes are minorities [57]. 
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Another important factor in the oxidation of Al2O3 – forming alloys is 

temperature, which when increased to ≥ 9500C promotes formation of the 

protective α – Al2O3 in preference to the transient phases θ and γ alumina. For 

alloy 5Al, the scale formed after oxidation at 8000C consisted only of γ- Al2O3 

over oxidation periods up to 1000 h. After oxidation at 9000C, the scale consists of 

both γ and α – Al2O3 phases. The major constituent phase is γ- Al2O3 for oxidation 

times up to 100h. For longer oxidation times ≥ 500 h at 9000C, α – Al2O3 is the 

predominant constituent of the scale. For the oxide developed after oxidation at 

10000C, α – Al2O3 constitutes the major fraction of the oxide layer after oxidation 

time as short as 50 h, where γ – Al2O3 is still detected (Fig.4.11). After 100h 

oxidation at 10000C, the scale is composed only of the α – Al2O3 phase. The 

present results about the scale phase composition and kinetics of phase 

transformation are in agreement with previously reported observations. γ- Al2O3 

has been reported on Fe-base Al2O3- forming alloys in the temperature range 700 – 

9000C [60, 61]. It was also observed that above 9000C the content of γ- Al2O3 in 

the oxide decreased [62]. Previous results indicated that the transient γ- Al2O3 

phase may form during the initial stage of oxidation at temperatures ≥ 9000C [22]. 

Some researchers found that on Fe – Cr – Al alloys, the scale consists of γ and α- 

Al2O3 while θ- Al2O3 was not detected in the scale [63, 64]. For the Al2O3 – 

forming Ni-Cr-Al alloys, measurements of the kinetics of transformation in the 

scale have suggested a linear dependence between the fraction of γ- phase 

transformed and the oxidation time [53]. 

Energy Dispersive X-ray analysis (EDX) of the scale formed on alloy 5Al 

revealed the presence of Cr, Fe and Hf in the Al2O3 scale. Typical values of the 

concentration of these elements in weight % are 12.33% Cr, 24.94% Fe and 8.7 % 

Hf in the scale formed on alloy 5Al after oxidation at 10000C for 1000 h. The 

concentration of Cr and Fe was found to be lower for the higher oxidation 

temperatures. The presence of Cr and Fe in Al2O3 scales grown on Fe – Cr – Al 
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alloys was also observed by other investigators [7, 12-14, 63, 65, 66] who showed 

that the concentration of Cr and Fe in the scale decreased with increasing 

oxidation temperature and time, but does not become negligible even after 

oxidation for 30 days at 9000C or at 10000C for 12 days. Primarily, oxides of Cr 

and Fe are formed during the transient stage of the oxidation process and are 

incorporated afterwards in the Al2O3 layer. Cr2O3 dissolves in Al2O3 at the 

oxidation temperature where a complete solid solubility exists between both 

phases. Iron oxide does not dissolve in Al2O3 and, evidently, segregates to Al2O3 

grain boundaries [22, 65-67]. In the Al2O3 scale, Fe can exist as Fe2+ or Fe3+. The 

latter has an appreciable solubility in Al2O3 about 3-5 at % at oxidation 

temperature of 10000C, but Fe2+ is only soluble at ppm levels [65].  

Generally, the presence of Cr and Fe in the Al2O3 scale and the decrease in 

their concentration with increasing oxidation temperature and time is consistent 

with an inward oxygen transport process as a mechanism for oxide layer growth. 

Oxygen diffusing inward down the growing Al2O3 layer reacts preferentially with 

Al while Cr and Fe are rejected far from the scale and their back diffusion towards 

the substrate needs more time [63]. This mechanism can explain the observed 

decrease in the concentration of Cr and Fe in the oxide layer with increasing 

oxidation temperature or time. Results of the present work about phase and 

chemical composition of the Al2O3 scales developed on alloy 5Al as well as 

analysis of the relevant literature findings put an emphasis on the role of oxidation 

temperature as an important parameter in determining the structure of the oxide 

layer. 

The present results showed that the scale formed on alloy 5Al is planar; 

does not show wrinkling or filamentary protrusions as shown in Fig.4.17c . Some 

researchers [ 68- 70] considered that formation of new oxide in the Al2O3 scale 

takes place at the oxide / alloy interface indicating inward oxygen diffusion along 

oxide grain boundaries. In other cases growth of the Al2O3 scale has been reported 
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to take place at the oxide / air interface indicating outward Al diffusion along short 

circuit paths within the Al2O3 grains [59, 71]. On the other hand, growth of new 

oxide has been considered to occur within the existing Al2O3 layer indicating 

counter – current diffusion of Al and oxygen [22, 67, and 72]. Following the 

reaction between oxygen ions diffusing inward and Al ions diffusing outwards 

formation of new oxide takes place at oxide grain boundaries within the scale 

leading to lateral growth of the oxide. Lateral growth may also occur due to 

volumetric changes when the metal transforms into the oxide. In both cases, 

because of constraint from the underlying metal, compressive growth stresses 

develop in the oxide layer parallel to the interface. These compressive stresses 

cause deformation of the scale [73]. This deformation often leads to morphologies 

as wrinkling, convolution or wavy shape of the scale with areas where contact is 

lost between the scale and the alloy [68]. 

Scale wrinkling is a deformation mode, by which the growth stresses can be 

reduced. Absence of oxide wrinkling in the present work for alloy 5Al may be 

partially attributed to stress accommodation by deformation of the substrate. After 

isothermal oxidation at 8000C for 400 h, deformation of the substrate has been 

observed as clearly shown in Fig. 5.2. 

An additional factor which may assist to explain the absence of scale 

wrinkling for alloy 5Al is the presence of Hf in this alloy. This alloy contains 

0.05wt% Hf. EDX analysis showed that the scale formed on this alloy after 

oxidation at 10000C for 1000 h contains 8.7wt% Hf, which may indicate 

segregation of Hf at some positions on the grain boundaries of the Al2O3scale.  
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Fig.5.2. Photographs of the alloy specimens after oxidation at 8000C for 400 h. 

Lift is side view – right is plain view 

Reactive elements (RE) such as Y, Hf, La, or Zr affect the morphology and 

adherence of the scale to the substrate because these elements are responsible for 

the transport processes which control the scale growth rate. During the initial stage 

of oxidation, these elements will be oxidized even earlier than Al due to their high 

oxidation potential and their effects will be recognized whether they are existing in 

the elemental form or as second phase precipitates. Studies by Transmission 

Electron Microscope (TEM) indicated segregation of R.E cations at the grain 

boundaries of the Al2O3 layer and at the oxide / alloy interface                           

[10, 18, 33, and 74].  

Several experimental outcomes have been reached by a number of 

investigators which suggest significant reduction of the outward diffusion of Al3+ 

ions along Al2O3 grain boundaries by additions of reactive elements [75-77]. It has 

been shown that outward cation diffusion can be blocked not only by elemental 

additions of the R.E but also by dispersions of their oxides [36, 77, and 78]. In 

Allo! �Al 

Allo! �Al 

Allo! RA 
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some R.E- doped Al2O3- forming alloys, second phase particles containing R.E 

have been identified, e.g. fine dispersoids of YAlO3 and precipitates of Y3Al5O12 

[79-83].  Similarly in our case Hf may be present as HfAlO3 and / or Hf3Al5O12. It 

has been reported that Y and Hf behave similarly when added to Al2O3 – forming 

alloys [22].  

Reactive elements can also decrease the outward diffusion of Al cations 

through lowering the concentration of interstitial Al species [22, 84, and 85] and / 

or trapping Al vacancies [22, 86]. This inhibition of the outward Al diffusion 

favours prevalence of inward oxygen diffusion as a transport mechanism which 

leads to formation of new oxide at the scale / alloy interface. This lowers the 

compressive growth stresses in the scale associated with lateral oxide growth. The 

low growth stresses decrease the probability of scale wrinkling. There is another 

possible explanation for the absence of scale wrinkling for alloy 5Al which is 

associated with segregation of HfAlO3 and / or Hf3Al5O12 at the scale grain 

boundaries. These precipitates can restrict grain boundary mobility and 

consequently help in maintaining fine grain size of the scale. This may permit the 

scale to deform more easily by diffusion plastic flow or by grain boundary sliding 

enabling growth stresses to be accommodated. As a consequence, wrinkling of the 

scale does not take place. For some oxidation conditions, some researchers have 

observed filamentary protrusions (whiskers) on the Al2O3 layer at the scale / air 

interface on a number of Al2O3 – forming alloys oxidized in the temperature range 

1100 – 12000C [ 64,72, 80, 87 -89 ] and rarely after oxidation at 9000C [63]. 

Formation of such Al2O3 whiskers was attributed to relatively fast diffusion of Al 

ions along grain boundaries of the performed oxide layer towards the surface. This 

causes Al2O3crystals to grow rapidly corresponding to the grain boundaries normal 

to the interface [63]. Based on the above discussions concerning absence of scale 

wrinkling, it appears that under the experimental conditions adopted in the present 

work, Al outer diffusion seems no more to be the main factor controlling the oxide 
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growth process. Prevalence of inward oxygen diffusion in our case may explain 

the absence of whiskers on the oxide surface as shown in Fig.4.17c.  

5.3. Oxidation Kinetics of the alloys. 

5.3.1. Alloys 1Al and RA 

During oxidation of a Cr2O3 – forming Fe – Cr alloy, the process starts with 

a transient stage in which oxidation of the bare alloy is characterized by oxidation 

of both Cr and Fe. This transient oxidation continues until a continuous Cr2O3 

layer is formed, after which further oxidation of the alloy is governed by a steady 

state oxidation process. In the steady state stage, a slow growing Cr2O3 layer is 

formed by transport of reactants through the scale. 

As has been shown in sec.4.1.1, the growth kinetics of Cr2O3 scale followed 

a parabolic rate law for alloys 1Al in the temperature range 800 – 10000C and for 

alloy RA at 8000C. Values of the parabolic rate constants are given in table 4.1. 

The values of Kp for both alloys are of the same order of magnitude as those 

reported in previous studies [13, 14]. It is clear from this table that the Kp values, 

and consequently, the oxidation rate increase with increasing oxidation 

temperature. Typical values are 0.5 x 10-15 and 5.28 x 10-12 gm2.cm-4.S-1 for alloy 

1Al oxidized at 800 and 10000C, respectively. The duration of the oxidation 

treatment, beyond which there is deviation from the parabolic behavior, was found 

to decrease with increasing oxidation temperature (Table 4.1). Deviation from the 

parabolic behavior was previously reported in literature (49, 90) and was 

explained in terms of a decrease in the number of preferential diffusion paths, 

basically grain boundaries, occurring with grain growth at the oxidation 

temperature. Results about the validity time of the parabolic behavior shown in 

Table 4.1 agree with that explanation where increasing the oxidation temperature 

is expected to enhance growth kinetics of the grain boundaries leading to more 

rapid coarsening of the grains. This is expected to cause shortening of the time 
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where the parabolic behavior is valid. Validity of the parabolic rate equation 

∆W/A = Kp t
0.5 indicates that the oxide growth process is controlled by outward 

diffusion of cations and / or inward diffusion of oxygen anions. 

The defect structure of Cr2O3 varies with the partial pressure of oxygen. At 

the metal / oxide interface, where PO2 is low, Cr2O3 behaves as an n- type semi 

conductor with Cr interstitials, but at the oxide / air interface it is rather a p- type 

semi - conductor with oxygen interstitials and / or Cr vacancies due to the high 

oxygen pressure. T.Brylewski et.al [14] showed that the diffusion coefficient of 

chromium interstitials considerably exceeds that of chromium vacancies at 

temperatures lower than 11000C. Positively ionized chromium interstitial is the 

predominant point defect when Cr2O3 exhibited n-type behavior, and a negatively 

ionized oxygen ion is the predominant point defect when Cr2O3 exhibits p-type 

behavior. This means that Cr2O3 has a complicated growth pattern; Cr diffuses 

from the metal/oxide interface towards the middle of the oxide, while oxygen 

diffuses from the air / oxide surface towards the middle, which means that the 

oxide grows in the middle of the layer, where it is nearly stoichiometric. But if 

there are many Cr vacancies in the outer part of the oxide, Cr may diffuse further 

outwards, enabling growth in the outer part of the oxide. D.R.Clark [91] pointed 

out that, generally, if the oxide grows by inward diffusion of oxygen, no lateral 

strains would be created. Likewise, if the oxide grows by outward diffusion of the 

metal, the new oxide would form at the top of the oxide scale and again no lateral 

strain would be created. He also pointed out that if new oxide were to form at 

grain boundaries lying parallel to the oxide / alloy interface, no lateral growth 

would occur. In all these three instances, the volume change accompanying the 

oxidation reaction can be accommodated by a rigid body displacement of the 

oxide perpendicular to the oxide / alloy interface. He argued that only when new 

oxide formed along grain boundaries lying perpendicular to the interface would a 
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lateral strain be generated and this requires concurrent inward diffusion of oxygen 

and outward diffusion of metal ions as in case of chromia growth. 

The present results showed that alloys 1Al and RA are Cr2O3 – formers and 

have similar scale composition. Nevertheless, they exhibited different oxidation 

characteristics. Alloy RA exhibited substantially high weight gain values (Fig. 5.1) 

with high Kp value at 8000C (Table 4.1) and extensive spalling and metal wastage 

at 900 and 10000C compared to alloy 1Al which showed lower growth kinetics 

with no spalling observed. Usually, the presence of Mn in Fe – Cr ferritic alloys 

enhances the oxidation kinetics due to the higher diffusivity of Mn in Cr2O3 scales 

[16, 92]. However, for alloys 1Al and RA the content of Mn is almost similar 

(Table 3.1) and Mn is not expected to induce differences in the oxidation kinetics 

for these alloys.  

The lower weight gain values observed for alloy 1Al after oxidation at 

8000C relative to alloy RA (Fig. 5.1) may be attributed to the presence of Al and 

higher Si content in alloy 1Al compared to alloy RA. Alloy 1Al contains 0.84 wt 

% Al and 0.95 wt % Si compared to 0.29 wt % Si in alloy RA which has no Al 

addition. Low levels of Al (up to 1 wt %) have previously been reported to 

improve the oxidation resistance of Cr2O3 forming alloys by slowing the rate of 

Cr2O3 formation [53]. For Cr2O3 – forming alloys, outward Cr diffusion is the 

predominant transport mechanism controlling the oxide growth rate. Graham et al 

[93] showed that a small amount of oxygen diffuses down the oxide grain 

boundries and only about 1% of The Cr2O3 is created within the film as a result of 

inward oxygen diffusion. As discussed in section 5.2.1, with such low levels of Al 

in Cr2O3 – forming alloys (0.84 wt % in alloy 1Al) internal Al2O3particles are 

formed in the substrate just beneath the oxide / alloy interface. In this case, 

reduction in the growth rate of Cr2O3 is explained by formation of these Al2O3 

particles which inhibit the rate of outward Cr supply to the oxide scale. 
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In the absence of Al additions in the alloy, small additions of Si (more than 

0.5 wt %) have been reported to have a beneficial effect on the oxidation 

resistance of Cr2O3 – forming alloys [51, 94, 95]. This positive effect of Si was 

attributed to the formation of SiO2 networks on the substrate grain boundaries near 

the metal / oxide interface as discussed in section 5.2.1. Such SiO2 particles can 

act as a barrier to the outward diffusion of metal cations leading, therefore, to 

reduced growth rates of the Cr2O3 scale. It has been reported that alloys with both 

Al and Si additions showed positive synergistic effect of both elements on the 

oxidation resistance of Fe – Cr alloys [96, 97]. For such case, the outward 

diffusion of cations through either continuous or discontinuous networks of SiO2 

and Al2O3 controls the rate of oxidation. The above analysis can explain the lower 

growth rate kinetics observed for alloy 1Al which contain 0.84wt%Al and 

0.95wt%Si compared to alloy RA which has only 0.29wt%Si and is Al – free. 

As mentioned above, Cr2O3 scales grow predominantly by outward Cr 

diffusion along oxide grain boundaries, however, there is also some inward 

oxygen diffusion. Hence, oxide growth takes place within the scale near the oxide 

/ air interface. As a result, large growth stresses develop in the scale. Due to these 

high growth stresses the scales are often convoluted and contain cavities and 

porosity; furthermore, the scales often detached locally from the substrate. It 

follows that, the higher oxide growth rates for alloy RA compared to alloy 1Al are 

accompanied by development of higher growth stresses in the oxide scale formed 

on alloy RA during the oxidation treatment. Such higher growth stresses for alloy 

RA can cause extensive cracking of the scale during oxidation and, eventually, 

spalling of the scale takes place. Relaxation of these growth stresses may take 

place, at least partially, by plastic deformation of the substrate. However, this 

depends on the magnitude of stresses, thickness and plasticity of the substrate as 

well as the adhesion strength of the scale to the substrate. The specimen thickness 

is 1.3 mm and 3 mm for alloys 1Al and RA, respectively and the photographs of 
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Fig.5.2 show that the specimens of both alloys remained flat after oxidation at 

8000C for 400 h indicating no significant relaxation of the growth stresses by 

plastic deformation of the substrate for both alloys. 

It is generally observed that adhesion of Cr2O3 scale to the steel substrate 

decreases with increasing Si content of the alloy with severe spalling when a 

continuous SiO2 film is formed at the Cr2O3 / alloy interface [95]. However, 

contradictory results sometimes appear in literature, with observation of reduced 

spalling as Si content of the alloy is increased [98]. Also, G.Bamba et al [95] 

pointed out that an Fe – Cr alloy containing 0.5 wt % Si showed higher spallation 

compared to the counter alloy containing 1 wt % Si. In the present work, alloy RA 

containing 0.29 wt % Si exhibited extensive spallation after oxidation at 900 or 

10000C compared to alloy 1Al containing 0.95 wt % Si which did not show 

noticeable spallation. This is in good agreement with previous literature           

results [95, 98]. 

It seems that the spalling behavior of Cr2O3 scales formed on Fe – Cr alloys 

containing Si is not a direct function of Si content but depends largely on the 

distribution of SiO2 in the internal oxidation zone. An important point of interest is 

the influence of interface undulation on the scale adhesion and spalling. Previous 

results on Fe – Cr alloy suggested that alloy / oxide interface undulation promoted 

scale spallation [99, 100]. As discussed in sec. 5.2.1 the presence of 0.84 wt % Al 

together with 0.95 wt % Si in alloy 1Al and simultaneous oxidation of both 

elements in the internal oxidation zone lead to co-precipitation of SiO2 and Al2O3 

particles at the Cr2O3 / alloy interface or in the substrate just beneath the interface. 

It may be suggested that this co- precipitation of Al2O3 and SiO2 can regulate the 

outward Cr diffusion and the injection of vacancies to the bulk which leads, more 

or less, to even oxide / alloy interface for alloy 1Al, while undulated interface 

could be developed for alloy RA which contains 0.29 wt % Si and is Al- free. 

Therefore, the higher growth stresses in the oxide scale formed on alloy RA and, 
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possibly, undulated oxide / alloy interface may be the main reasons behind the 

spalling behavior observed for this alloy after oxidation at 9000Cor 10000C. 

The accelerated onset of spalling observed for alloy RA upon increasing the 

oxidation temperature from 900 to 10000C (Fig. 4.1b) can be also attributed to the 

higher growth stresses developed in the scale growing at 10000C. The role of 

mismatch in thermal expansion coefficients (TEC) between the oxide and 

substrate on the spalling process can be neglected in the present work since the 

differences in the TEC values for the oxides and substrate are insignificant. 

Typical values of TEC are 9.6x10-6C-1 for Cr2O3 7 – 8x10-6C-1 for MnCr2O4 and    

9 -12x 10-6C-1 for the ferritic substrate [4]. 

5.3.2 Alloy 5Al. 

5.3.2.1 Transport processes in Al2O3  

Transport processes in growing scales are of importance primarily because 

they determine the rate of oxidation. They also have an effect on stress 

development in the oxide, grain growth and creep behavior of the oxide scale. In 

principle, Al2O3 behaves as an ionic semiconductor in which both oxygen and Al 

species may be mobile [26, 69]. However, which type of these species will be the 

predominant charge carrier and what are the paths along which these species will 

move depends on the oxidation temperature as well as type and concentration of 

dopants in Al2O3. It has been suggested that lattice diffusion of oxygen in Al2O3 is 

likely to occur by a vacancy mechanism, whereas Al diffusion may be by 

movement of charged Al interstitials [101]. In the Al2O3 lattice, diffusion of 

oxygen is thought to be much slower than that of Al [102]. On the other hand, 

calculations of diffusion coefficients based on parabolic rate constants suggest 

Al2O3 growth by grain boundary diffusion of Al or oxygen rather than lattice 

diffusion [103]. Moreover, several authors [104, 105] found that, in Al2O3 grain 

boundary self diffusion coefficient is at least two orders of magnitude greater than 
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lattice diffusion one. Based on these findings it was supposed that short circuit 

diffusion, essentially along grain boundaries, controls the transport of cations and 

anions in bulk polycrystalline Al2O3. Grain boundary diffusion of oxygen through 

Al2O3 has been proposed to be the rate controlling transport process during 

oxidation of Ni3Al [105] and Ni – Cr – Al alloys [81, 106]. Also, the growth of 

Al2O3 scales that form on Fe – Cr – Al alloys during high temperature oxidation is 

considered to be mainly controlled by inward oxygen diffusion [65]. On the other 

hand, there is little evidence that inward transport of molecular oxygen takes place 

in Al2O3 [107]. 

There have been much discussions about the role of reactive elements (R.E) 

on the oxide growth rate on Al2O3 – forming alloys. These elements have been 

found to decrease both the inward oxygen diffusion as well as the outward 

diffusion of Al. It has been suggested that segregation of Y in the Al2O3 layer 

produces grain boundary structure with a reduced concentration of mobile point 

defects. This effectively inhibits diffusion along oxide grain boundaries which are 

considered as the main fast diffusion path [85]. The role of Y in decreasing Al2O3 

growth rate can also be achieved through limiting the concentration of interstitial 

Al species [84, 85] and by acting as sinks for Al vacancies [86]. The most recent 

opinion about the role of R.E in transport processes of Al2O3 appears to be that 

outward diffusion of Al3+ along oxide grain boundaries is retarded, whereas 

oxygen inward diffusion persists [76, 77]. It was also pointed out that grain 

boundary diffusion coefficient of oxygen is greatly reduced by doping Al2O3 with 

Y2O3 [104]. 

Another important mechanism through which the presence of R.E in Al2O3 

– forming alloys can decrease the oxidation rate has been proposed. These 

elements suppress the formation of the transient Al2O3 θ and γ phases and promote 

rapid establishment of the protective phase α – Al2O3, thus decreasing the 

oxidation rate [8, 22, 109- 111]. Alloy 5Al in the present work contains 0.05 wt % 
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Hf and it has been previously reported that the effect of Hf and Y on Al2O3 

formation are similar [112]. Therefore, the above discussions regarding the effects 

of Y in decreasing the oxidation rate of Al2O3 – forming alloys can be considered 

for alloy 5Al which contains Hf. 

In summary, the considerably low oxidation rate observed for alloy 5Al 

after oxidation at 10000C (Fig.5.1) can be attributed to decreasing the 

concentration of Al interstitials, retarding Al outward diffusion by trapping Al 

vacancies, decreasing the inward oxygen diffusion by blocking the grain 

boundaries and rapid establishment of a scale consisting only of the protective  α – 

Al2O3 phase.  

No noticeable spalling was observed for the scale formed on alloy 5Al after 

oxidation at 800 – 10000C for time periods up to 1000 h. this can be understood in 

the light of the following points which indicate reduced susceptibility of the scales 

for spalling or failure;   

a) Segregation of Hf – containing particles at the scale alloy interface leads to 

an increased interfacial bond strength [20, 113, 114]. 

b) Segregation of Hf – containing particles at oxide grain boundaries help to 

maintain fine oxide grain structure and promotes deformation of the scale 

by plastic deformation, thus causing relief of the growth stresses developed 

in the scale during the oxidation process [22, 110]. 

c) R.E- containing second phase particles in the scale may act as vacancy 

sinks within the scale, providing sites where vacancy condensation may 

take place. This prevents formation of cavities at the scale / alloy interface 

and improves scale adhesion [20, 115, and 116]. 
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5.3.2.2 Al2O3 growth kinetics. 

Results of the present work showed that the thickness of the Al2O3 layer 

grown on alloy 5Al, expressed as specific weight gain (∆W / A), rapidly increases 

with oxidation time at the beginning of the oxidation process. Afterwards, the 

growth rate progressively decreases (Fig.4.1). The growth rate (∆W / A.t), of the 

oxide layer formed on this alloy followed a parabolic relationship in the initial 

stage of the oxidation treatment at 800 – 10000C. This agrees well with Wagner’s 

theory [117] where growth of the oxide film follows the parabolic equation ∆W/A 

= Kp t0.5. According to Wagner’s theory, after the formation of a thin, continuous 

oxide film, the oxide layer growth advances by slow diffusion of oxygen and 

metal ions and the subsequent chemical reaction at the oxide / metal interface or at 

the oxide / gas interface. If the oxygen diffusion predominates, an inward growth 

of the layer takes place. Contrary, an outward growth occurs if outward cation 

diffusion is prevalent. Based on the discussions given in section 5.3.2.1, the 

growth of the oxide on alloy 5Al occurs at the scale / alloy interface, where inward 

oxygen diffusion is prevalent for this alloy under the investigated oxidation 

conditions. The present results given in table 4.1 show different oxide growth rates 

which varied significantly with oxidation temperature. The values of the parabolic 

rate constant are 7.3x10-13, 4.8x10-12 and 1.7x10-12   gm2.cm-4.S-1 after oxidation at 

800, 900 and 10000C. These values reflect combined effect of changes in the 

diffusion coefficient with change in the oxidation temperature from one hand, and 

changes in the phase composition of the scale formed at different oxidation 

temperatures on the other hand. In section 5.2.2 it has been shown that the phase 

composition of the scale changes from pure γ- Al2O3 at 8000C to duplex 

composition consisting of γ and α – Al2O3at 9000C and almost pure α – Al2O3 at 

10000C. Therefore, the Kp value are difficult to correlate only with the oxidation 

temperature. However, it is observed that the oxide growth rate is higher at 9000C 

than at 10000C where the parabolic rate constants, Kp, are 4.81x10-12 and 1.7x10-12 
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gm2.cm-4.S-1 for the scale grown at 9000C and 10000C, respectively. Similar 

observation has been reported in literature [64]. The lower Kp value for the higher 

oxidation temperature can be associated with the significant change in the phase 

composition of the scale by increasing the oxidation temperature from 900 to 

10000C. According to the results given in Table 4.1, the parabolic law is valid up 

to 110 h at 9000C and up to 75 h at 10000C. Comparison of these time periods with 

the corresponding XRD results of Fig. 4.12, Fig. 4.14 indicates that after oxidation 

at 9000C for 100 h, the scale consists of γ and α – Al2O3 phases with prevalence of 

the transient γ- Al2O3. Contrary, after oxidation at 10000C, the scale consists 

mainly of the protective phase α – Al2O3. 

It is well established that the transient Al2O3 phases, θ and γ are less 

protective than the stable α – Al2O3 phase due to the higher concentration of point 

defects in θ and γ- Al2O3 [22]. This can explain the lower Kp value after oxidation 

at 10000C than the corresponding Kp value after oxidation at 9000C. The duration 

of the oxidation time through which the scale grows, according to Wagner’s 

parabolic law, decreases from 150 to 110 or 75 h when the oxidation temperature 

increased from 800 to 900 or 10000C. As the oxidation process continues beyond 

this time, deviation from the parabolic growth is observed (Fig.4.1). The growth 

rate decreased compared to that expected from Wagner’s equation. Such deviation 

has also been reported in literature [63, 117]. As discussed above in this section, 

the growth of the Al2O3 layer in the present study is predominantly by inward 

oxygen diffusion along oxide grain boundaries of the preformed Al2O3 layer. The 

oxide grin size grows with time during oxidation and the achieved grain size for a 

given oxidation time increases with increasing oxidation temperature. 

Consequently, the available grain boundaries in the oxide decrease with increasing 

oxidation temperature. Therefore, deviation from Wagner’s parabolic growth was 

attributed mainly to the decrease in the number of preferential diffusion paths, 

mainly grain boundaries, occurring with grain growth at the oxidation temperature 
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[117, 118]. Moreover, larger grain size of the oxide, and therefore, lower amount 

of grain boundaries can be achieved earlier as the oxidation temperature increases 

from 800 to 900 or 10000C. Consequently, the validity time of Wagner’s parabolic 

rate law decreases with increasing oxidation temperature as shown in Table 4.1. 

5.4 Effect of oxidation mode  

A major concern in the oxidation behavior of high temperature alloys is the 

ability of the scales formed on these alloys to withstand repeated thermal cycling 

and to maintain their mechanical integrity. Partial or complete spalling of the 

oxide scale may eventually lead to breakaway oxidation. Figure 4.2 (a, b) showed 

the weight change values for the investigated alloys during 25 h cyclic oxidation 

in air at 800 and 10000C. Results of figures 4.1 and 4.2 revealed that the three 

alloys exhibited the same order of oxidation resistance in terms of the specific 

weight gain achieved under cyclic or isothermal oxidation at 8000C. After 

oxidation at this temperature for 500 h the weight gain values are 0.22, 0.53 and 

0.42 under cyclic exposure compared to 0.15, 0.65 and 0.26 mg / cm2 after 

isothermal oxidation for alloys 1Al, RA and 5Al, respectively. This indicates that 

alloy 1Al exhibits the highest oxidation resistance, alloy 5Al showed intermediate 

resistance while alloy RA exhibited the lowest oxidation resistance after cyclic or 

isothermal oxidation at 8000C. The relatively lower weight gain value for alloy 

RA under cyclic oxidation, most likely, is due to partial spalling of the oxide 

formed on this alloy under cyclic exposure conditions. Susceptibility of the scale 

formed on this alloy to spalling become clearly visible when the cyclic oxidation 

temperature was increased to 10000C (Fig.4.2). Increasing the cyclic oxidation 

temperature to 10000C significantly increased the weight gain values for alloy 1Al 

and decreased the extent of spalling for alloy RA compared to the corresponding 

isothermal exposure conditions. At this oxidation temperature the weight gain 

value for alloy 1Al after 500 h cyclic oxidation is 3.7 mg / cm2 compared to 2.4 
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mg / cm2 under isothermal oxidation for the same time period. An important 

feature of the oxidation behavior of alloy RA is the accelerated onset of spalling 

under isothermal exposure compared to cyclic exposure at 10000C (fig.4.1, 4.2). 

Negative weight change value was observed after 50 h isothermal exposure, while 

positive weight gain values were noted until about 75 h cyclic oxidation. Because 

scales and defects developed under isothermal exposure have additional time to 

grow continuously, large magnitude of growth stresses have to be accommodated 

during the cooling process after isothermal exposure than after each cycle during 

cyclic oxidation. Since stress relaxation during cooling of this alloy is expected to 

take place in the scale, as discussed in section 5.3, isothermal oxidation may lead 

to acceleration of the onset of spalling for this alloy. Further work is needed in the 

initial stage of oxidation of this alloy for more thorough understanding of this 

behavior. 

Compared to alloy 1Al and RA, alloy 5Al showed the highest oxidation 

resistance at 10000C with weight gain values of 0.92 and 0.8 mg /cm2 after 

isothermal or cyclic oxidation for 500 h, respectively. This is associated with the 

rapid establishment of the protective phase α – Al2O3 on this alloy after oxidation 

at 10000C as seen from Fig.4.1, 4.2 and discussed in section 5.3. The insignificant 

difference in weight gain values for alloy 5Al under isothermal or cyclic exposure 

is, most likely, associated with the presence of Hf in this alloy which is found to 

decrease the stress developed in the scale as well as improving the scale adhesion 

to the metal substrate. This point has been discussed above in section 5.3.2.   

5.5 Electrical Properties of the Oxide Scales. 

One of the major concerns that is associated with the use of Fe – Cr ferritic 

steels as interconnects for SOFC is the development of semiconducting oxide 

scales during their exposure to SOFC operating conditions. Hence, a contact 

resistance arises between the steel interconnect and the ceramic electrode of the 
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SOFC. On the cathode side (air side) of the SOFC, Fe – Cr alloy interconnect is in 

contact with the LaSrMnO3 (LSM) cathode. It is, therefore, important to study the 

electrical resistance of the LSM – coated Fe – Cr ferritic steel after exposure to 

oxidizing atmosphere. The contact resistance is usually characterized by the area 

specific resistance (ASR) which is a product of the electrical resistivity of the 

oxide scale and its thickness. It follows that, the ASR is very much influenced by 

the growth kinetics.  

In the present work, the scale thickness for each alloy was varied by 

oxidizing LSM – coated alloy specimens in air at 800 or 10000C for 150, 400 and 

700 h. Clearly after these long oxidation time intervals, a short resistance 

measuring time of 30 minutes in the temperature range 500 – 8000C is not 

expected to cause further noticeable oxidation of the LSM – coated specimens, 

previously oxidized according to the above conditions. The ASR values for the 

scales developed under these conditions are summarized in Tables 4.2 to 4.4 and 

plotted as log (ASR/T) vs. reciprocal measuring temperatures in figures 4.18 – 

4.22 for the three investigated alloys. 

As seen from Tables 4.2 – 4.4 the ASR values for alloy 5Al are several 

orders of magnitude higher than the corresponding values for alloys 1Al and RA 

for the same oxidation and resistance measuring conditions. As discussed before in 

sec.5.2, alloys 1Al and RA form oxide scales consisting mainly of Cr2O3 in 

addition to MnCr2O4 and FeCr2O4 while alloy 5Al forms Al2O3 scale. The 

remarkably higher ASR values for alloy 5Al compared to the other two alloys are 

attributed to the much higher electrical conductivity of the Cr2O3 or the spinel 

phases compared to that of Al2O3 [13]. 

From the plots of Figs. 4.18 – 4.22, it is evident that for any combinations 

of oxidation conditions and alloy composition, the ASR of the oxide scale is 

thermally activated and a linear relationship is obtained with high values of 
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regression coefficient which vary between 0.95 and 0.99. Similar linear 

relationships were previously shown by other investigators [7, 13, and 45]. This is 

mainly associated with the increase in defect concentration of the oxide with 

increasing the resistance measuring temperature for the oxide scales formed 

between the LSM and the substrate. From the plots of log (ASR / T) vs. 1/T for 

different oxidation times (Figs. 4.18 – 4.22) it is evident that values of the ASR 

increase considerably with time. This increase in ASR with time at a fixed 

oxidation temperature and resistance measuring temperature is due, mainly, to 

increased oxide thickness with increasing oxidation time from 150 to 400 or 700 h 

(Figs 4.18 – 4.22).  Additional important reason for the increase in ASR with time 

for the LSM – coated alloys is formation of interdiffusion zone at the LSM / alloy 

interface, the extent of which increases with oxidation time at a given oxidation 

temperature. 

As the LSM coating is porous at the oxidation temperature [5], the transient 

oxidation stage starts at the alloy / air interface and proceeds according to the 

reaction; 2Cr + 3/2 O2 → Cr2O3 for the Cr2O3 – forming alloys. Alloys 1Al and 

RA which are Cr2O3 formers contain Mn (Table 3.1) and the Cr – Mn spinel 

MnCr2O4 forms as the oxidation proceeds with time. This was discussed in detail 

in sec. 5.2.1 for uncoated alloys. For the LSM – coated steel specimens Mn ions 

are available at the LSM / air / alloy interface from the very beginning stage of 

oxidation and MnCr2O4 spinel can form earlier than for uncoated specimens. 

Because of porosity of the LSM coating at the oxidation temperature, this spinel 

can form at the LSM / air / alloy triple phase boundaries. Likewise MnFe2O4 can 

also form at these points. Such spinels form according to the reactions; 

2 Cr0 + Mn4+ + 4O2- → MnCr2O4 + 4e- 

2 Fe0 + Mn4+ + 4O2- → MnFe2O4 + 4e- 
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Since the spinels, Cr2O3 and LSM have mixed ionic and electronic 

conductivities with different contributions from these conductivities for each of 

these oxides; interdiffusion between these oxides can take place leading to 

development of interfacial zone with different elemental distribution and / or 

formation of additional amount of spinels or mixed oxides in this region. The 

extent of the interaction zone increases with oxidation time and consequently the 

contact resistance will change with time. Such interaction zone was found by 

P.Y.Hou et al [45] for LSM – coated Cr2O3 forming steel. Also, W.Z.Zhu et al [5] 

showed that a duplex product layer consisting of Cr2O3 and MnCr2O4 spinel 

develops at the alloy / LSM interface for Fe – 18Cr – 7W substrate after oxidation 

at 10000C. The thickness of the reaction zone was found to increase with time in a 

parabolic manner [5, 119] and the interfacial resistance of the Fe – 18Cr – 7W / 

LSM couple was reported to increase remarkably with time [5]. Development of 

interdiffusion zone at the alloy / LSM interfaces for the Al2O3 – forming alloy 5Al 

is also expected in the present work. It has been reported by Quadakkers et al [46] 

that, for Al2O3 – forming Fe – Cr – Al alloy in contact with LSM electrode, a 

duplex interface layer consisting of Al2O3 and mixed oxide of Al, La and Mn is 

formed after exposure to air at elevated temperatures. The authors of [46] pointed 

out that due to this interaction the electric resistance of the alloy / LSM couple 

increased by a factor of 100 after 1000 h exposure at 9000C. The above 

discussions indicate that formation of interdiffusion zones at the alloy / LSM 

interface for Cr2O3 – or Al2O3 – forming ferritic steels causes significant increase 

in the contact resistance. Therefore, it can be suggested in the present work that, 

the increase in ASR with increasing oxidation time at a fixed temperature (Fig. 

4.18 – 4.22) is due to oxide growth as well as development of interdiffusion zone 

at the alloy / LSM interface. The contribution from the latter becomes more 

significant with increasing oxidation time as seen from these figures after 700 h 

oxidation. Another possible reason for the increase in ASR with time is associated 

with the growth kinetics of the oxide grain size. As discussed before in sec.5.3 for 
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the uncoated alloys, deviation from the parabolic growth kinetics of the oxide 

layer is observed after a give time at a fixed oxidation temperature (Table 4.1). 

This was attributed to grain growth of the oxide which decreases the number of 

easy diffusion paths (grain boundaries) and causes deviation from the parabolic 

growth of the oxide scales. Consequently, it can be assumed that, the increase in 

ASR with increasing oxidation time, particularly for exposure times beyond the 

parabolic growth behavior, is partially due to reduction in the number of easy 

transport paths with increasing oxidation time resulting from oxide grain growth.  

The activation energy term, Ea, calculated from the slopes of Arrhenius 

plots in Figs 4.18 – 4.22, includes simultaneously the contribution of both the 

activation energy of oxidation and that of conduction. The Ea values for the 

investigated experimental conditions are summarized in Table 4.5. This table 

shows the effect of scale thickness (expressed in this work as oxidation time at a 

given oxidation temperature) on the Ea values for alloys 1Al, RA and 5Al. It is 

clear from Figs. 4.18 – 4.22 that, the ASR values increase with oxidation 

temperature and time for each alloy, but the rate of change in ASR with thermal 

activation, which is Ea, changes with the oxidation conditions for each alloy. For 

the whole investigated oxidation conditions, the Ea values ranged between 0.197 

and 0.599 eV for the Cr2O3 – forming alloys 1Al and RA, while for the Al2O3 – 

forming alloy 5Al, these values changed between 0.809 and 1.353 eV. These 

values are comparable to Ea values for Cr2O3 scales grown on Fe – Cr alloys [13, 

120] which varied between 0.4 and 1.02 eV. For the Cr2O3 – forming alloy 1Al, 

the Ea values increased with time for the oxide scales grown during oxidation at 

8000C. Although alloy RA is also a Cr2O3 – former, the Ea values remained 

essentially constant with time and are higher than the corresponding values for 

alloy 1Al oxidized at the same conditions (Table 4.5). Increasing the oxidation 

temperature to 10000C for alloy 1Al resulted in Ea values which remained almost 

unchanged with time and are higher than those for the scales grown at 8000C on 
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the same alloy. For the Al2O3 – forming alloy 5Al, values of Ea are significantly 

higher than those for the Cr2O3 – forming alloys 1Al and RA and showed 

remarkable increase with oxidation time for the scales grown at 800 or 10000C. 

Thus, it is clear that although the ASR increases continuously with scale 

thickening for the three alloys, the rate of increase in ASR with thermal activation, 

Ea, changes with different oxidation condition for each alloy. 

The activation energy, Ea, can be resolved into three components [17]; 

Ea = ∆ Hm + ∆ Hi + ∆ Hj   

Where ∆ Hm is the motional enthalpy for the polaron hopping in the scale, ∆ Hi is 

the activation energy for electron transfer at the oxide / LSM interface and ∆ Hj is 

the activation energy for electron transfer at the oxide / alloy interface. 

Since in the absence of interaction at the oxide / Pt interface for Cr2O3 – 

forming alloys no change in Ea was observed for different oxidation times [13], it 

appears that, the increase in Ea for the LSM – coated specimen with time for alloy 

1Al oxidized at 8000C or alloy 5Al oxidized at 800 or 10000C (Table 4.) is due to 

increased contribution, with increased oxidation time, from the term ∆ Hi which 

expresses the activation energy for electron transfer at the oxide / LSM interface 

and depends strongly on the oxidation temperature and time as well as alloy 

composition. As discussed above in this section, both alloys 1Al and 5Al are 

expected to develop interdiffusion zone at the alloy / LSM interface which has 

different elemental distribution with or without formation of new phases at the 

interface and the extent of this region increases with oxidation time Therefore, the 

contribution of ∆ Hi increases with time leading to an increase in Ea with time for 

alloy 1Al oxidized at 8000C and alloy 5Al oxidized at 800 or 10000C as observed 

from Table 4.5. Alloy RA showed higher oxidation kinetics compared to alloy 1Al 

after oxidation at 8000C (Table 4.5). Although both alloys form scales which are 
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similar in composition, alloy RA exhibited MnCr2O4 spinel peaks in the XRD 

diffractograms after oxidation at 8000C for only 50 h while alloy 1Al develops 

sensible amount of this spinel only after oxidation for 1000 h at 8000C (Figs 4.7, 

4.6). Thus, higher contribution of ∆ Hi is recognized earlier for alloy RA compared 

to alloy 1Al for the specimens oxidized at 8000C for both alloys. The contact 

resistance at the oxide / LSM interface is expected to change with change of the 

oxide phase in direct contact with LSM. The phase in contact with LSM changes 

gradually with oxidation at 8000C for alloy 1Al where increasing amounts of the 

spinel MnCr2O4 are formed with time, while alloy RA develops MnCr2O4 very 

early at 8000C and the MnCr2O4 / LSM contact does not change considerably with 

time for this alloy. The stability of the MnCr2O4 / LSM with time for alloy RA 

implies that the contribution of ∆ Hi to Ea is almost constant with time for this 

alloy. Alloy 5Al develops scale consisting of γ – Al2O3 after oxidation at 8000C 

for time periods up to 1000 h while after oxidation at 10000C the scale consists 

mainly of α – Al2O3 after about 500 h (Fig 4.14, 4.13) for uncoated alloy 

specimens. Therefore the oxide / LSM contact changes from γ – Al2O3 / LSM at 

8000C to α – Al2O3 / LSM after oxidation at 10000C for times ≥ 500 h and this can 

partially explain the higher Ea values for alloy 5Al for the scale grown at 10000C 

compared to those for the scale grown at 8000C as seen from Table 4.5. 

Another reason for the increase in Ea with increasing oxidation temperature 

from 800 to 10000C for alloys 1Al and 5Al (Table 4.5) is associated with growth 

of the oxide grains with increasing oxidation temperature for a given oxidation 

time. Lower oxidation temperature normally generates fine grained oxide 

compared to higher oxidation temperature. The decrease in the amount of grain 

boundaries in the oxide scale formed at higher temperature oxidation would slow 

the transport processes and, therefore, increase the contribution of ∆ Hm for the 

polaron hopping in the scale leading to higher Ea values with increasing oxidation 

temperature for both alloys.  
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Suggestion for Future Work 

Analysis of the present results indicates the importance of further work in two main 

directions. First, the oxidation kinetics of the investigated alloys should be studied more 

thoroughly at close time intervals in the initial 50 hours. Secondly, in agreement with the 

recent trend for developing low temperature SOFCs, the oxidation behavior of these 

alloys should be studied at lower temperature range ( < 8000C ). This may help 

decreasing the oxidation rates and improving the electrical conductivity of the oxides 

formed on the interconnect during SOFC operation.   
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6- CONCLUSIONS 

1. Alloy 1Al showed significantly higher oxidation resistance compared to 

alloy RA which showed higher weight gain values at 8000C and extensive 

spallation at 900 or 10000C. 

2. Alloy 1Al showed higher oxidation resistance compared to alloy 5Al after 

isothermal oxidation at 800 or 9000C. 

3. The enhanced oxidation resistance of alloy 1Al was mainly attributed to 

reduction of the outward grain boundary diffusion of Cr and Mn caused by 

the presence of Si and Al in this alloy. 

4. Both 1Al and RA alloys are Cr2O3 - formers. They showed similar scale 

morphology and composition although they showed different oxidation 

kinetics. The oxide scale on both alloys consisted mainly of Cr2O3, 

MnCr2O4 and FeCr2O4. 

5. The MnCr2O4 spinel starts formation on both alloys as a discontinuous 

layer atop a Cr2O3 layer and progressively spreads over it with increase of 

the oxidation process. Almost continuous spinel layer is formed on alloy 

RA after oxidation at 8000C for 1000 h, while such continuous layer was 

observed on alloy 1Al after oxidation at 10000C for 1000 h. 

6. The scale formed on alloy 5Al at 8000C consists of γ-Al2O3, while after 

oxidation at 9000C; it contains α-Al2O3 in addition to γ-Al2O3. Oxidation of 

this alloy at 10000C led to formation of an oxide layer consisting only of 

the protective phase α-Al2O3 

7. Alloy 5Al showed the highest oxidation resistance among the investigated 

alloys after oxidation at 10000C. This was attributed to formation of the 

protective phase α-Al2O3 as well as the presence of Hf in this alloy.   
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+� Cyclic oxidation at 8000C increased the weight gain values compared to the 

corresponding isothermal oxidation conditions for alloys 1Al and 5Al. 

Increasing the cyclic oxidation temperature to 10000C significantly 

increased the weight gain values for alloy 1Al, delayed the onset of spalling 

for alloy RA and showed no significant effect on the weight gain values for 

alloy 5Al compared to the corresponding isothermal exposure conditions 

for the three alloys. 

9. The area specific resistance, ASR, of the oxide scales formed on LSM – 

coated alloy specimens increased with increasing oxidation time for the 

three investigated alloys. Significant increase in ASR was noted after 

oxidation for   700 h.  

10. The logarithmic values of ASR showed linear dependence on thermal 

activation. The activation energy, Ea, increased with oxidation time for 

alloy 1Al oxidized at 8000C and alloy 5Al oxidized at 800 or 10000C. For 

alloy 1Al oxidized at 10000C or alloy RA oxidized at 8000C, the activation 

energy values showed no noticeable change with oxidation time. 

11. The change in ASR or Ea with oxidation temperature and time was 

discussed in terms of oxide growth kinetics and change in the composition 

at the oxide / LSM interfacial zone for the three alloys with increasing 

oxidation parameters. 
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WXYZ[ا 

rst uvw يyz{|}ا �v�}ا �� ���r� ة {��ث�sك ا�آyv� ا{��وم �� ه�ا ا{�|� �� درا�� �� ��}�w �
 ���rs}1و�|�  ه�� اAl,RA,5Al  نy��vs}م و اy�ty�y}¢ا �£�¤w �� �¥vz¦� �st uvw تyz¨ا ©�¨ 

��¤�yم ª}وا{|¤¬¤�» وآ�{� ا . �ªا��¦z�¢ ���rs}ى ��ء�� ه�ة ا�� ����� yن ا{°�ض �� ه�� ا{�را�� ه�وآ
 u¤�± �£y|آinterconnect  �rv�}د اy²y}ا �³�´ �� . 

�ت ¨�ارة �� �µدر �¤wاءyª}ة ا{}�ار�³ �� ا�sا{��ث {�آ ���rs}ت �� ا�¤�w ¶³١٠٠٠و٩٠٠و ��٨٠٠ 
 uz¨  v£و �¥vz¦� ��¤ات ز��z¥} ا{}�ارة١٠٠٠م  ±�³¶ .  ���w وذ{� ¹¤±�م ا{��zض ¸��� �آ|� �� ا³«

�ت ¨�ارة µدر �¤wة ا{�وارة�s�¹وف ا�آ} ���rs}ت ه�� ا�¤�w �� ا´�ى �wy|¬م وذ{� ١٠٠٠ و �٨٠٠ 
�{u ز�� أآ�sة دوارة �²ر� ٢٠ ���w و{��د �� ا{�ورات و£uz¨  v ٢٥{»�� دورة �²ر� |µ� ٥٠٠ دورة ±

�w��. 

 ¾¿À}�² ا�w ¾rz³ ا{}�ارة �z±�اوÁ}  ا{�را�� ان ا{z°�� ا{¤u� uwy وزن ا{��¤�ت �¾ ز�� ا�آ�sة ¸
 Â��� {¤yع ا{parabolicsا{|��r� ��°z� �¤��� ة�sة اآ�z¥} �}أن  وذ �µو ����r ودر�µ ¨�ارة ا¢آ�sة آ|

rsv} ا{}�ارة �µدر ¾� ��°z� Â���±  ���ل ا{À¿¾ ا{|�¸ �|�²�  ��z�1Al , 5Al.  

�ت ¨�ارة µدرا �¤w Åtت ا{�را�� ا�ªÆ٩٠٠ و ٨٠٠أ ���rs}ن ا��و�� {Çآ�sة 1Al م �À� �»�È± ¾z|z� 
 ���r� ت�¤�w ت�ªÆأ ���� ا�´�ى ±�¤|rs}�± �tر�À�RA� وث�¨  �ª{¿� uvw نy�z|}ا ��sآ�} u�«µ �ÉÀ

 �¤w ة�sا¢آ �¬�zt٩٠٠ u}ة ا�sارة ا�آ�¨ �µدة در�³«± �ÉÀz}ا ��v|w داد«� �آ|� اوÁ}  .  م ١٠٠٠ م آ|
 ���rs}أن ا Ê��z¤}5اAl ارة�¨ �µدر �¤w ة�sو�� {�آ�À� uvwÈ± ¾z|z� ١٠٠٠ ��z��rs}�± �tر�À� 1 مAl , 

RA.  

�¦z��± Ë{¥}ا Ê��zt  {Áأو  ��z��rs}ا �vw نy�z|}ا ��sان ا¢آ Ì��ام ا{|���و��yب ا¢{��zوut ا{|
1Al , RA  {Áاو ��±Å �� ¨�© ا{��É آ|Éz� Ê��zt  ��sد�³ ان ا¢آy�{}ا ��¤�s}ا ��Î¢�± Ë{¥}ا 

 uvw يyz{³ري وy¿}آ�� ا�z}ا ©�¨ �� �¸�|z� ��z��rs}ا ���� وآ�ا  Cr2O3 , MnCr2O4ا{|y�zن �vw ه
 �v�v² �rst ��FeCr2O4 .  ���rs}ا uvw نy�z|}ا ��sد�³ ان ا¢آy�{}ا ��¤�s}ا ��Î¢ا  {Á5اوAl �¤w 

� yz{³ي ا¢آ��s ا{�ى ��yن γ �¤w م y�z³ن �� ا{¿yر ٨٠٠در�µ ¨�ارة |¤�± �¤��y}٩٠٠ ا �� �rst uvw م 
α رy¿}ا u}ا ���Á¢�± �¤��y}ا γ �¤��y}ه�� ا.  ا uvw نy�z³ ا{�ي ��sان ا¢آ �µو � م ١٠٠٠{w ���rs¤� آ|

 u²اy}ر اy¿}ا uvw ÏÀ� يyz{³α �¤��y}ا . 

��Ê ا{u ان وyµد z¤}رت ا�Î٠اÐم وآ�ا % ٨٤y�¤�y}¢ا ��¤w ��٠Ðن �� % ٩٥y��v�s}ا ��¤w ��
 ���rs}1اAl ���rs}�± �tر�À� ���rs}ا ��ª} ة�sو�� ا¢آ�À� ��s{� �� u±� وا{RA uz آ�ن {Å دورا ا³¬

 uvw ÏÀ� ىyz{�٠Ð٢٩ %v�� مy�¤�y}¢ا ��¤w uvw يyz{� ¢ن وy�� . نy�� u}ا �s{z}ع ه�ا ا�µار ��
 �� ��rÎ نy�� u}دي اÑ³ �|� ���rs}ا Ì¿و� ��sا¢آ ��± �£��¤¿�À أآ�sة دا´��v �� ا{���rs ا�¥� ا{}� ا{¥

�z}�� �Ñدى ا{��vÀ� u ���ل ´�وج ا{��وم وا{|¤¬¤�» ا{�ÀrÒ u ا¢آ��s و±¤��y}¢وا ���v�s}ت ا�r�r¨ �À³ u}
 ���rs}�± �tر�À� ���rs}ا ��ª} ة�sل ا¢آ���RA .  دyµان و u}ا Ê��z¤}ا ��v{� ÌÁاو ��� % ٠Ð٠٥آ|

  ���rs}م �� اy�¤��ª}ا ��¤w5Al وث�¨ u}دى اÑ³ ��ق ا¢آÌ¿� ¾� ��s ا{���rs آ|�z}ا �µى درyÀ³و 
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 ��sا¢آ u� ء�É¤� uz}دات ا�ªµ�} ء ��ن�´�zو�� ا��À� دة�ا¸¤�ء �y|t وآ� ه�� ا{�yا�� �Ñدى ا{u ز³
 �¤w ���rs}ا ��ª} ة�sم ١٠٠٠ا¢آ . 

��� �� وyµد ��دة ا{��¸yد rs}ه�� ا Ì¿� �vw �ty�z¤}ا ��sآ�} ��±�ª�}اص اy¦}را�� ا�}LaSrMnO3 
��� ا{rs}ت �� ا�¤�w ��¿°� �� �rv�}د اy²y}ا �³�´ u� u¤�r}ا �£y|v} �À£�� نy�� uz}دة وا���ث ±|

 ٧٠٠ و ٤٠٠ و ١٥٠ا{��¸yد و�� ±�� ذ{� اآ�sة ه�� ا{��¤�ت �u ا{yªاء ±¿��À³ ا{��zض ¸�±  ا{}�ارة {|�ة 
�و�� ا{¤��wy ا{��ª±�� .  م ١٠٠٠ و �٨٠٠�w �w¤� در�µ ¨�ارة À|}ان ا �µو�² وASR داد«� ��sآ�} 

��Áا ��sة وذ{� {»ىادة �|� ا¢آ�sارة ا¢آ�¨ �µدة ز�� ودر�� ا{u ¨�وث �°��ات �u ��آ�� ±»³
��² ا{Ï�É¤z  . ا¢آu� ��s ±�¶ ا{}�¢ت Ò ا{�را�� ان  {Áاو � {�|��v ا{yz£�� ا{��ª±� �»داد Eaآ|
 ���rsv} ة�sدة ز�� ا¢آ�³«±1Al  �¤w ة�sآ�z|}٨٠٠ ا  ���rsv} 5 م وآ�اAl �¤w ة�sآ�z|}١٠٠٠ و ٨٠٠ ا 

 ���rsv} �r³�À� ��°z� ¢ ��آ1Alم ±�¤|z|}ا  �¤w ة�s١٠٠٠ ���rs} م او RA �¤w ة�sآ�z|}م ٨٠٠ ا  . ��s¥� ��
 ���rsv} دy¸���² ا{uvw Ï�É¤z ا��س ¨�وث �°�� �u ��آ�� ا¢آ��s ا{|�£�Àr¿} Ö ا{�Ò �� ��°z}1اAl 

 �¤w ة�sآ�z|}٨٠٠ا ���rsv}5 م وAl �¤w ة�sآ�z|}م ١٠٠٠ و ٨٠٠ ا . 
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��� و��د ا���ارة ��آ�� �� ا���وم ا�	���� ا��� ��� �م �
 ا�#��"!

 ا$�اد

 ه(�م ا��ا��� )��� $'� ا��&�%

  �0)#! ا�.�ه�ة–ر+��! ).�)! ا�� آ�"! ا�-,�+! 

 آ67ء )% )��4'�ت ا���2ل $��

 در0! ا��آ��را8

�� 

 ه,�+! ا�	�6ات

 �#��� )% �7,! ا�����,"%

                         +#� )�7ه� ا��ا�0�                                   . د.أ

  اB(�ص-آ��ل ا��,(�وي )���                   ا+��ذ =-">! ا���4! ا�;ر�!. د.أ

&��E $'� ا�#C"D ا&��                                                        . د.أ  

        ��زي $'� ا�.�در ا����$�                                              . د.أ

  اB(�ص-$'� ا��ه�ب $'� ا��ازق                   ا+��ذ =-">! ا���4! ا�;ر�!.د.أ

  �0)#! ا�.�ه�ة-آ�"! ا�-,�+!

  �0-�ر�! )�2 ا�#�="!-ا�7"6ة
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��� و��د ا���ارة � ���آ�� �� ا���وم ا�	���� ا���� �م �
 ا�#��"!

 ا$�اد

 ه(�م ا��ا��� )��� $'� ا��&�%

  �0)#! ا�.�ه�ة–! ا�� آ�"! ا�-,�+! ر+��! ).�)

 آ67ء )% )��4'�ت ا���2ل $��

 در0! ا��آ��را8

�� 

 ه,�+! ا�	�6ات

 ��N ا�Mاف

+#� )�7ه� ا��ا�0�                                                 . د.أ
   

  اB(�ص-ا+��ذ =-">! ا���4! ا�;ر�!     آ��ل ا��,(�وي )���. د.أ

C"D ا&��                                               &��E $'� ا�#. د.أ
     

  �0)#! ا�.�ه�ة-آ�"! ا�-,�+!

  �0-�ر�! )�2 ا�#�="!-ا�7"6ة
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��� و��د� � ا���ارة ��آ�� �� ا���وم ا�	���� ا���� �م �
  ا�#��"!

 

 

 ا$�اد

 ه(�م ا��ا��� )��� $'� ا��&�%

)#! ا�.�ه�ة �0–ر+��! ).�)! ا�� آ�"! ا�-,�+!   

 آ67ء )% )��4'�ت ا���2ل $��

 در0! ا��آ��را8

 

�� 

 ه,�+! ا�	�6ات

 

 

 

  �0)#! ا�.�ه�ة-آ�"! ا�-,�+!

  �0-�ر�! )�2 ا�#�="!-ا�7"6ة
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