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Abstract 

 

 

 In planar solid oxide fuel cell SOFCs, interconnects separate adjacent single cells, and 

Cr-containing ferritic stainless steel alloys can be used for interconnects.  Oxidation resistance 

under the SOFC high temperature environment is one of the critical issues for the application of 

ferritic alloys as the interconnect materials.  In SOFCs, there is a H2 concentration difference 

between the two sides of the interconnect materials, so hydrogen may diffuse through the alloy 

and aggravate the oxidation of the alloy on the air side.    

In this work, the oxidation behaviors of alloys 430 and 441 in air with different 

concentrations of water vapor were studied.  The effects of water vapor were different between 

430 and 441, which may be attributed to both differences in the alloy composition and alloy 

grain size. 

The effects of flow rate on the oxidation behavior of alloys 430 and 441 in dual 

atmospheres at 800ºC were also investigated.  All the oxide scales were composed mainly of a 

surface (Mn,Cr,Fe)3O4 spinel layer and a Cr2O3 sublayer.  For 441, the higher flow rate of Ar-

5vol%H2 resulted in the formation of Fe-rich nodules on the air side of sample.   

To study the effects of alloy grain boundaries on the oxidation behaviors, alloys 430 and 

441 with large grains were investigated in dual atmospheres oxidation.  Initially, the scale 

formed on 430 air side contained many Fe-rich nodules along the alloy grain boundaries.  

Continuous oxidation led to the formation of three different microstructures, including 

(Fe,Cr)2O3, spinel phase and Cr-rich areas.  For 441, only some isolated areas contained Fe-rich 
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nodules on the air side of the sample.  Trapping of hydrogen by Fe2Nb at the alloy grain 

boundaries area might contribute to the lower amount of Fe-rich nodules on 441 oxide scale. 

  To avoid cathode Cr poisoning in SOFCs, ceramic coatings are applied on the Cr-

containing ferritic alloys used as interconnect.  In this case, ferritic alloys with low Cr 

concentration could possibly be used.  The samples with 13-18% Cr were evaluated by dual 

atmosphere oxidation experiments.  With higher Cr concentration of the uncoated sample, 

quantities of Fe-rich nodules were reduced. 

  (Mn,Co)3O4-coated ferritic alloys with different Cr levels were studied by long-term 

oxidation in air at 800ºC.  The coated samples with relatively low Cr concentration have more 

scale spallation.  The scale spallation is possibly related with the formation of CoFe2O4, which 

has a large mismatch of the thermal expansion coefficient with Cr2O3 and (Mn,Co)3O4.   
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CHAPTER 1 

INTRODUCTION 

 

The solid oxide fuel cell (SOFC) is a promising technology for clean power 

generation.  Comparing to a polymeric electrolyte membrane fuel cell (PEMFC), a SOFC 

is operated at high temperature and has higher efficiency [1].  However, the high 

temperature creates some challenges for the materials used in the fuel cell.  Development 

of interconnect materials is one of the challenges for the fuel cell components.  As shown 

in Fig. 1.1, interconnects separate adjacent single cells in a planar SOFC.  As the 

interconnect materials, the materials must satisfy the following requirement [2-5]:       

 High electronic conductivities; 

 Similar coefficient of thermal expansion (CTE) with other components; 

 Low cost; 

 Good machinability; 

 Gas-tight; 

 Chemical stability under SOFC oxidation environment.  
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Fig. 1.1  Structure of SOFC[6] 

 

Recent developments have allowed the SOFC operation temperature decrease to 

800ºC, so metallic materials can be used as the interconnect.  Most studies have been 

focused on ferritic stainless steels and Cr-based oxide-dispersion-strengthened (ODS) 

alloys. Although Cr-based ODS alloy showed good performance, Cr-based ODS alloys 

are more expensive than ferritic stainless steels, so ferritic stainless steels are the most 

promising candidate for the interconnect materials.  

Many ferritic stainless steels have been studied for the interconnect application.  Due 

to its low cost and good conductivity, alloy 441 is one of the promising candidates.  

However, the application of 441 faces some problems, including relatively high oxidation 

rate and weak adherence of oxide scale.  Another critical problem for 441 as the 

interconnect materials is the dual oxidation environment in SOFC.  In SOFC, there is a 

hydrogen gradient between the two sides of the interconnect.  Hydrogen may diffuse 

through the alloy and have a effect on oxidation behavior of (Mn,Co)3O4-coated 441.  

Although much work has been done, the oxidation mechanism of 441 has not been 

clarified yet, especially for the SOFC dual exposure (One side: wet H2, the other side: air).  
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This work will examine the effects of water, hydrogen gas or air flow rate and alloy grain 

boundaries to the dual oxidation behavior.   

Another problem with 441 is the volatility of Cr, which leads to the degradation of 

fuel cell.  A protective coating is necessary for 441 applied in SOFC.  Many coatings 

have been developed and their oxidation behaviors have been studied.  One of the 

promising coating materials is (Mn,Co)3O4.  With the protection of a (Mn,Co)3O4 coating, 

the Cr concentration in 441 may possibly be decreased.  This would reduce the 

manufacture cost and less Cr may mitigate the Cr volatility from the alloy.  This work 

will examine the oxidation behavior of (Mn,Co)3O4-coated ferritic alloy with different Cr 

levels.  

 

1.1 Oxidation of Chromia-forming alloys 

              

Fig. 1.2 Schematic presentation of the growth of Cr2O3 scales by: (a) Cr outward 

diffusion; (b) O inward diffusion. 
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The scales formed by oxidation of ferritic candidates for SOFC interconnect contain 

Cr2O3.  Fig. 1.2 shows the two mechanisms for the alloys containing Cr.  Cr outward 

diffusion is the most common one (Fig. 2a) [7-9].  Cr vacancies in alloy are formed near 

the interface between the alloy and the oxide scale.  Cr vacancies are formed at the 

surface of the oxide scale by reaction 1.1. 

                                   h12V4O6O3]V6V4[ '''

Cr

x

O2surfaceO

'''

Cr                        (1.1) 

 

Then Cr in the alloy diffuses outward to fill the Cr vacancies formed by reaction 1.1.  

The outward diffusion may create vacancies at the interface between the alloy and the 

oxide scale.  This may decrease the adherence of the oxide scale.   

The other mechanism is the inward diffusion, as shown in fig. 1.2b.  This often 

happens along a fast path, such as alloy grain boundaries.  Oxygen interstitials are formed 

at the surface of the oxide scale and then diffuse through the oxide scale.  The oxygen 

interstitials and Cr from the alloy react at the interface of the alloy and oxide scale by 

reaction 1.2. 

               (1.2) 

Generally, the addition of reactive element, such as La and Y, improves the inward 

diffusion of oxygen and thus, the oxide scale reduced the porosities at the interface [2]. 

Oxide scale formed by inward diffusion has a higher adherence than that by outward 

diffusion.  

For most ferritic alloys, the oxide scale growth rate follows a parabolic law [10], in 

which, an oxide scale is formed and limits both the cation outward diffusion and oxygen 

inward diffusion.  So, for long term oxidation, the growth rate becomes slower.    

x

Cr

x

O

''

imetalsurfaceO

'''

Cr Cr4O6O6Cr4]V6V4[  
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1.2 Effect of water 

 

1.2.1 Mechanism of Cr2O3 growth in water vapor 

Water can promote the formation and adherence of Cr2O3 scales at high temperature 

oxidation [7, 11, 12].  Adhesion test of high speed steel (about 4-7.5% Cr) found that, the 

spallation of oxide scale in dry air was at the interface between the alloy and oxide scale, 

but the oxide scale spallation formed in wet air was within the oxide scale [12].  The 

adherence improvement with water is attributed to the inward growth of the scale by the 

diffusion of OH
-
 ions.  In contrast, hydrogen dissolves in Cr2O3 and facilitates the metal 

cation outward transport, which reduces the adherence of the scale [11, 13, 14].  

 

 

Fig.1.3 Mechanisms for Cr2O3 growth in presence of water vapor[9] 
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In the presence of water, there are two possible mechanisms for Cr2O3 growth.  The 

first one is shown at the upper portion of Fig. 1.3 and is similar to the reaction 1.1 in the 

case of oxygen.  Cr vacancies diffuse to the interface between alloy and oxide scale and 

then Cr from the alloy fills the vacancies.  New oxides are formed at the surface of the 

oxide scale.  The other mechanism is shown at the lower portion of Fig. 1.3.  The OH
-
 

defect and the electron holes diffuse into the scale by grain boundaries of oxide scale, 

such that the new oxides are formed at the alloy-scale interface [15].  Generally, the 

oxide scales formed by inward diffusion show a flat oxide scale and have a better 

adherence than those formed by cation outward diffusion [11, 15].  OH
-
 ions have 

relatively smaller size than oxide ion.  This may lead to faster diffusion and most of the 

scale should formed by inward growth in the presence of water vapor [16].  The presence 

of water vapor increases the oxidation rate [11, 17-21].    

 

1.2.2 Mechanism Cr poison at cathode in water vapor  

In SOFCs, another critical problem is Cr poisoning of electrodes.  When Cr-

containing alloy is applied as the interconnect materials, Cr2O3 is formed in the oxide 

scale.  The oxidation behaviors of Cr-containing alloys have been compared in dry and 

wet air.  The oxide scale of ferritic Fe-25Cr steel showed a discontinuous Mn1.5Cr1.5O4 

spinel layer after 800°C for 1150 hours in H2-6 vol%H2O, but the surface spinel layers 

formed in dry air was continuous after 800°C for 1150 hours oxidation [22].  Crofer22 

APU formed similar a discontinuous MnCr2O4 layer on the surface of oxide scale after 

oxidation at 900°C for 2000 hours in air+10%H2O [23].  Oxidation experiments with 

304L also found that, at 600°C for 672 hours in O2-10%H2O, the oxide surface contained 
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a higher concentration of Fe than that oxidized in dry air.  A Cr deficient zone scale was 

formed at the interface of alloy and oxide [24].  In all cases these phenomena were 

attributed to the evaporation of Cr2O3. 

  Cr2O3 reacts with oxygen and volatile CrO3 is formed following equ. 1.3.  Under 

high humidity, predominant Cr2O3 evaporation products are volatile CrO2(OH)2 as shown 

in equ.4 [23].  In the SOFC operation environment, CrO2(OH)2  is also the most 

dominant volatile component[25, 26]. 

                                    
)g(CrO2)g(O5.1)s(OCr 3232 

                                                (1.3)
 

               
)g()OH(CrO2)g(O5.1)g(OH2OCr 222232 

                                             (1.4) 

As shown in equ. 1.5 and equ. 1.6, CrO3 and CrO2(OH)2 are reduced to Cr2O3 at the 

cathodes and degrade SOFC performances . 

                       
  2

2323 O3)g(OH2)s(OCre6)g(CrO2
                                        (1.5)

 

                       
  2

3222 O3)s(OCre6)g()OH(CrO2
                                                (1.6)

 

 

1.2.3 Mn function in steel alloys 

In the oxidation of austenitic and ferritic alloys, Mn forms spinel phase with Cr, 

which may mitigate the oxidation rate and Cr evaporation in wet air [23, 27].  In ferritic 

alloys containing Cr and Mn, the oxide scale is composed of surface (Mn,Cr)3O4 spinel 

phase and inner Cr2O3.  Generally, the diffusion rate of alloy elements in chromium oxide 

follows: Mn>Fe>Co>Ni>>Cr [28].  Thus, a Mn-rich spinel phase tends to form on the 

top of Cr2O3 for ferritic alloys containing Cr and Mn.  A work compared the oxidation 

behavior of Crofer22 APU (22% Cr and 0.5% Mn) and Fe30Cr (30%Cr without Mn) [29].  
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Even with 30% Cr, Fe30Cr (kp=3.14×10
-13

g
2
/cm

4
•s) showed a higher weight gain than 

Crofer22 APU (kp=2.5×10
-14

g
2
/cm

4
•s) in air at 800 ºC for 100 hours.  Experiment in H2-

10%H2O showed a similar trend.  Cycle oxidation comparison of 304 and 430 at 900°C 

found the similar results [30].  The oxide scale of 430 is composed of more protective 

(Mn,Cr)3O4  spinel and Cr2O3.  Fe-rich oxide and (Cr,Fe)2O3 are formed on alloy 304.  In 

a secondary ion mass spectrometry (SIMS) study, ferritic Fe-20Cr alloy (without Mn) 

were compared with 430 after oxidation in air-10% D2O [31].  Higher intensity of D was 

found in the oxide scale of Fe-20Cr and less D was found in the oxide scale of 430.  

Oxidation behavior of ferritic alloy with different Mn concentration were compared at 

750°C in stagnant air [32].  With the increase of Mn concentration, the oxide scale 

growth faster.  When Mn concentration is higher than 1%, Mn2O3 were formed in the 

oxide scale.  Another work found that, after cyclical oxidation at 900°C for 1000 hours in 

wet Ar-5 vol%H2, MnO was formed at the surface of Crofer 22 APU (0.45% Mn) oxide 

scale [33].  Comparing the oxidation experiment results in dry and wet air, (Mn,Cr)3O4 

spinel phase effectively reduced the oxidation rate in the wet air. 

 

1.2.4 Mechanism of breakaway oxidation in wet environment 

Breakaway type oxidation often occurs at Fe-Cr alloys in high temperature oxidation 

with high humidity [21, 27, 34].  Generally, Cr2O3 oxide scale forms to protect the Fe-Cr 

alloys from more severe oxidation.  But, in air with high humidity, Fe-rich oxide scale is 

formed, which is called breakaway oxidation.  Several mechanisms for breakaway 

oxidation behavior have been proposed.  The first one is evaporation of volatile Cr 

species as described in equ. 1.4 [26, 35-37].  304L was tested in air-40%H2O atmosphere 
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at 500-800ºC for 168 hours and Fe-rich breakaway oxide scales were formed [26].  This 

work found that the most rapid breakaway oxidation occurred at 800ºC and highest flow 

rate.  Highest temperature and flow rate caused more severe Cr evaporation.  At the 

environment of high temperature and flow rate, the Cr supply from the alloy is possibly 

not enough to make up the consumption of Cr by evaporation and caused the formation 

of non-protective Fe-rich oxide scale.   

The second mechanism is that the breakaway type oxidation is caused by Cr internal 

oxidation [20].  A work tested isothermal oxidation of Fe-10%Cr and Fe-20%Cr binary 

alloys at 900ºC and 1050 ºC for 72 hours.  Three different environments were compared, 

including Ar-20%O2, Ar-7%H2O and Ar-4%H2-7%H2O.  Hydrogen in Ar-4%H2-7%H2O 

reduced the dissociation of water and had slowest oxidation rate.  The samples oxidized 

in environment containing water had Cr internal oxidation and Fe-rich phase was formed 

on the top of internal oxide.  Another study summarized the ferritic alloys oxidation 

behaviors in steams [27].  For ferritic steels with low Cr concentration (such as 2.25%Cr), 

the oxide scale is composed of outer layer of surface columnar-grain magnetite and 

underlying equiaxed-grain Fe-Cr.  The breakaway oxidation of high Cr  ferritic alloys 

only occurred at some area and formed some Fe2O3 nodules with underlying Cr2O3 or 

(Fe,Cr)3O4 spinel phase.  The interface between these two layers is expectedly the 

original metal surface.   

The third possible mechanism is that the surface acidity causes the formation of 

hematite [38, 39].  Fig. 1.4 shows the Raman spectroscopy image of oxide scale on Fe-

15Cr-0.5Si-0.2Ti ferritic alloy after oxidation in water vapor (PH2O=150mbar) at 900 ºC 

for 8 hours.  Fe2O3 nucleation site is located at the interface between the alloy and the 
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oxide scale.  Fe2O3 nucleation tends to form at oxide scale cracks and internal interface 

decohesion area, where spalling of oxide scale occurs.  At high temperature in water 

vapor atmosphere, acidity of oxide scale surface possibly controls the water 

decomposition, which controls the oxide growth rate.  In acidic condition, Fe2O3 is more 

favored than Cr2O3.  So, the growth rate of Fe2O3 is more rapid than that of Cr2O3 at 

crack and interface pores between the alloy and oxide scale [40].     

 

Fig. 1.4 Oxide scale of Raman spectroscopy image on a cross-section of on Fe-15Cr-

0.5Si-0.2Ti stainless steel after oxidation at 900°C for 8 hours in Ar-15%H2O  (Red 

spots: nucleation of Fe2O3.)[40] 
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1.3 Dual atmosphere oxidation 

  

1.3.1 Introduction of dual atmosphere oxidation in SOFC 

As shown in Fig. 1.5, in a SOFC, one side of interconnect is exposed to air and the 

other side is exposed to H2.  Due to the H2 concentration difference between the two sides, 

H may diffuse through the alloy.  The hydrogen in the alloy or oxide scale may affect the 

diffusion of other elements.  A study on 430 found that, after dual exposure at 800 ºC for 

300 hours, the Fe concentration at the air-side surface of the oxide scale was higher than 

that exposed air on both sides [41].  In some areas, even the Fe2O3 nodules were found 

[41, 42].    This dual oxidation of metallic interconnects has been attracted much attention 

recently. 

 

 

 

 

 

 

Fig. 1.5 Dual oxidation of interconnect in SOFC environment and H gradient 

distribution in interconnect. 

 

Great efforts have been made to understand the oxidation mechanism.  Most of the 

ferritic alloy candidates contain Cr and Mn.  The oxide scales are mainly composed of a 

surface (Mn, Cr, Fe)3O4 spinel layer and a Cr2O3 sublayer.  A 430 dual atmosphere 
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oxidation experiment was performed under the condition of 100 ml/min wet Ar-

20vol%H2 and100 ml/min dry air at 800ºC [43].  After 24-hour experiment, X-ray 

mapping found high concentration of Mn along the alloy grain boundaries.  The oxide 

scale on the hydrogen side and the air-control samples both contained ridges along alloy 

grain boundaries.  Alloy grain boundaries may act as the fast pathway for diffusion and 

play an important role for the high temperature oxidation of ferritic alloys.  Although 

some work discussed the effects of alloy grain boundaries to the oxide scale growth, 

further systematic study is needed. 

  

1.3.2 Function of reactive elements in alloy 

Another important research direction for ferritic alloy interconnect is to improve the 

oxidation resistance in SOFC environment.  During dual oxidation, the outward diffusion 

of cations is the dominate transport mechanism.  During outward diffusion, voids are 

formed at the interface of alloy and oxide scale and reduce the adherence of oxide scale.  

For improving the adherence of the oxide scale, many new alloys were developed. The 

most common method is the addition of reactive elements (RE), such as Y, La Ce and Zr.  

A study compared stainless steels without RE (alloy 430) and with RE (ZMG232) [44].  

After oxidation at 800°C for various times, the interface between the oxide scale and 

alloys were observed.  On the 430 interface, many cavities were found due to the 

segregation of impurities (Si, S, P and so on) at the interface, but ZMG232 did not show 

impurity segregation and spallation, which have been prevented by Zr and La RE in 

ZMG232.  The effects of Y, Ce and La were compared by studying Fe-22Cr-0.5Mn 

alloys with these three RE elements [45].  Ce form dispersive segregation and has the 
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lowest resistance to cation outward diffusion.  La is distributed in the oxide scale and 

may limit the cation outward diffusion along the oxide scale grain boundaries.  Y is the 

most effective RE and Y segregations were found at the interface between the alloy and 

oxide scale.  RE elements facilitate the formation of metallic form or oxide dispersion 

and suppress scale growth and segregation of impurities [8, 46, 47].  Fig. 1.6 illustrates a 

dynamic-segregation model of the RE outward diffusion during high temperature 

oxidation [48].  The RE-rich oxide particles segregation at the metal-scale interface 

inhibits the formation of voids.  RE-rich oxide particles diffusion along scale grain 

boundaries limits the outwards diffusion of cation ions.   

 

 

Fig. 1.6 Dynamic-segregation model for RE ions function during high temperature  

oxidation [48] 
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1.3.3 Hydrogen diffusion and absorption in steels 

Hydrogen embrittlement has been intensively studied.  Hydrogen gas can easily 

dissociate and diffuse into the steels and cause materials embrittlement. Hydrogen 

diffusivity in pure α ferritic iron followed the equation below [49]: 

                                         (1.7) 

Based on equ. 1.7, the diffusivity of hydrogen in pure α ferritic iron at 800°C is 

about 3×10
-4

cm
2
/s.  The function of alloy elements has been studied.  As shown in Fig. 

1.7a, Addition of Cr alloy elements reduces the H diffusivity [50].  As alloy elements in 

α-Fe, Ti, V, and Nb were also found to strongly retard the hydrogen diffusion at 

temperatures below 200°C (Fig. 1.7b) [49].   This study found that, with the reduction of 

hydrogen diffusivity, the hydrogen solubility increases.  It is interesting that, at room 

temperature and 1 atm H2, Fe-Nb-C (0.35%Nb and 0.066%C) had the highest hydrogen 

solubility (3×10
-7

mol/cm
3
) comparing to the alloys with Ti, V, Zr, Nb and Mo.  But the 

diffusivity is only 0.82×10
-6

cm
2
/s.  This highest solubility of hydrogen in alloy 

containing Nb may caused by the deep-traps of hydrogen, which decreases the DH.    
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.  

 

Fig. 1.7 Hydrogen diffusivity in α-Fe alloys at pH2=1bar[49, 50] 

 

Hydrogen trapping have been extensively studied in stainless steels.  To reduce the 

hydrogen susceptibility of high strength steel, hydrogen trapping sites are introduced into 

steels to fix the hydrogen.  This fixing can hinder the movement of hydrogen to the tip of 

a crack.  The trapping sites can be classified reversible (<80kJ/mol) and irreversible 

(>80kJ/mol) trapping sites based on their binding energy with hydrogen.  Reversible 

trapping sites include Fe-lattice, grain boundary, dislocation, microvoids and some 

substitution atoms [51-54].  For example, the activation energy for hydrogen diffuse in a 

iron lattice is only in the range of 5.69 to 7.12 from -40 to 550°C [55].  Some second 

(a) 

(b) 
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phases are considered as irreversible sites, such as TiC or Ti(C,N) precipitation [54].  The 

irreversible TiC precipitations act as hydrogen sink, which reduce the hydrogen 

embrittlement.  Besides of the TiC precipitations, the incoherent interface between TiC 

particles and the matrix create more hydrogen trapping sites [53].  The coherent and 

incoherent TiC precipitations have been compared [56]. In 0.42C-0.30Ti steel, the 

activation energy for hydrogen desorption from the incoherent TiC particles is 116kJ/mol 

at 650°C and 700°C.  When temperature is decreased to 500°C, the activation energy is 

68kJ/mol.  For the coherent TiC precipitates, the activation energy is only about 46 to 

59kJ/mol in the temperature range of 500°C and 700°C.  Coherent interface shows a less 

activation energy than that of incoherent interface for hydrogen diffusion.   

As shown in Fig. 1.7b, Nb had similar function as Ti, which forms a second phase as 

the irreversible site for hydrogen trapping.  Another work compared the hydrogen 

trapping abilities of NbC and TiC [57].  Generally, NbC causes a higher lattice mismatch 

with the ferrite matrix than that caused by TiC, so the hydrogen trapping ability of NbC is 

possibly higher than that of TiC.    

The dominant trapping sites are also determined by cold work.  A thermodynamic 

analysis suggested that solid-solid interface, such as carbides, nitrides, and second-phase 

particles, is the dominant trapping sites for hydrogen for non-cold worked steel.  With 

increased cold work, dislocations and microcrack become more critical for hydrogen 

trapping [58]. 
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1.3.4 Nb 

Hydrogen has a high solubility in alloys containing Nb.  At 800ºC, the hydrogen 

solubility in α-Fe is 2.4 cm
3
 of gas at atmospheric pressure and 0ºC per 100g of metal.  

The solubility of hydrogen in Fe-20%Cr is similar to that in α-Fe.  There is only data of 

hydrogen solubility in liquid Fe-Nb, which is 41.7 cm
3
 at 1560 ºC for sample containing 

Fe-15.12% Nb.  The solubility of hydrogen in Fe-Nb also increases with increasing Nb 

concentration.  The hydrogen solubility in liquid Fe is 25.5cm
3
 at 1550 ºC.  Hydrogen 

shows a higher solubility in liquid Fe-Nb than that in liquid Fe [59].  In solid state, the 

hydrogen solubility may have the same trend. 

In steel containing Nb as an alloy element, Nb often forms Fe2Nb phase, which has 

been applied to improve the high temperature strength [60-70].  The crystal structure of 

Fe2Nb is AB2 type C14 Laves phase, which have been extensively studied as hydrogen 

storage materials [71-74].  Most of the data about the C14 Laves phase are from room 

temperature experiments.  Although high temperatures (800°C) are present in SOFC 

operation, the results of C14 Laves phase as hydrogen storage materials can still be used 

as instruction to understand the interaction between hydrogen and Fe2Nb phase.  

Hydrides formed with Laves phase are very stable at room temperature, which limits the 

application of Laves phase as the hydrogen storage materials[72].  Generally, binary 

Laves phases have a mixture of metallic-covalent-ionic bond [74].  The hydrogen 

capacity of Laves phase decreases with 3d occupation number of B atoms [75].  Fig. 1.8 

shows the crystal structure of C-14 laves phase.  As shown in Fig. 1.8, there are three 

possible tetrahedral interstice positions for hydrogen storage in C-14 Laves phase.  The 
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interface between the Fe2Nb Laves phase and the Fe matrix is incoherent and the 

coarsening rate of Fe2Nb is very faster [76].  

 

Fig. 1.8 The crystal structure of C-14 Laves phase with three tetrahedral interstices. 

[71] 

Various alloys containing Nb have been developed as SOFC interconnects. During 

high temperature oxidation, Nb can quickly diffuse to the metal/oxide interface and may 

influence the oxidation behavior of alloys [77].  In another study, Nb, W and Si alloy 

elements were compared [78].  This work investigated the oxidation behaviors of several 

different alloys, including reference alloy (23.2 wt% Cr, 0.53%Mn, 0.16%La, 0.06%Ti , 

0.03%Si) , and addition of 1%W, 2.7%W, 1%Nb, 1%Nb+0.25%Si, 1%Nb+0.42%Si, and 

2%W+0.5%Nb+0.25%Si, respectively.  Oxidation experiments were performed in 

laboratory air at 800ºC and 900ºC.  All the oxide scales were mainly composed of a top 

layer of (Mn,Cr)3O4 and a sublayer of Cr2O3. 1%Nb addition led to the highest growth 

rate of oxide scale.  The others showed similar weight change.  TEM results found that, 

after 1000 hours at 900ºC in air, 1%Nb addition leads to Nb-rich oxide at the metal/scale 

interface. Additions of 1%Nb+0.25%Si did not show this Nb-rich oxide area.  Si and Nb 

can incorporate into the Laves phase precipitates, so the (Fe,Cr)2(Nb,Si) Laves phase has 

been attributed  to the suppression of Nb oxide formation by 0.25% Si addition.  Another 

Laves-phase forming alloy (Si: 0.11, Cr: 20.1, Mn: 0.50, Fe: 76.81, Nb: 0.36, Mo: 2.0, La: 
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0.08) was compared with alloy 430 in H2-H2O atmosphere (p(H2)=1.8Kpa, p 

(H2O)=11kpa) at 800 ºC [79].  The oxide scales of the two alloys are both composed of 

Cr2O3 and MnCr2O4.  After 72 hours oxidation, ridges along substrate grain boundaries 

were found in 430.  The ridges have higher concentration of Mn and Fe.  But for Laves-

phase containing alloys, no distinct grain boundaries were found.  The oxide scale growth 

rates of 430 and Laves-phase formed alloy are 4.5×10
-14

cm
2
/s and 9.8 ×10

-15
cm

2
/s, 

respectively.  The Laves phase (Fe2Nb type) at the grain boundaries may contribute to the 

slower growth.  This study also found a layer of inner Al2O3, which may improve the 

oxidation resistance.  Additional 
18

O diffusion
 
studies [80]  found lower diffusion 

coefficient (7×10
-13

cm
2
/s) for Laves-phase formed alloy than 430 (4.6×10

-12
cm

2
/s).  As 

shown in Fig. 1.9, this study also proposed the mechanism for the oxide scale growth of 

430 and Laves-phase forming alloy. The grain boundaries play an important role for the 

oxide scale growth.  Laves phase precipitates may limited the outward diffusion of Fe, 

Mn and Cr. 

 

Fig. 1.9 The mechanism of oxide scale growth for 430 (left) and Laves-phase 

forming alloy (right). [80] 
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1.3.5 Alloy 441 

Alloy 441 is a newly developed alloy as the interconnect materials. Nb and Ti are 

two very critical alloy elements for 441.  Comparing to alloy 430, alloy 441 can alleviate 

the formation of SiO2 layer, which reduce the conductivity of the SOFC [5, 81].  

Furthermore, it is inexpensive.  All these make alloy 441 one of the promising ferritic 

candidates as the interconnect materials.  The most special feature for 441 is that Fe2Nb 

Laves phase segregations are easily formed by annealing.  At low temperature (600°C), 

the nucleation mainly occurs on dislocations.  When the temperature increases to 750°C, 

grain boundaries nucleation becomes dominant [82].  Another study compared the 

adhesion of oxide scale for Fe-18Cr-TiNb (441) and Fe-18Cr-Ti (439) after oxidation in 

O2/Ar atmosphere [83].  The study used water pressure to force spallation of  the oxide 

scale  from the alloy.  As shown in Fig. 1.10, this study proposed an interface fracture 

mode for 441 and 439.  For 441, the TiO2 and Fe2Nb Laves phase precipitated at the alloy 

grain boundaries. The fracture occurred between the TiO2 and Fe2Nb-type precipitation. 

Another work found the similar phenomena for 441 [84].  The Fe2Nb-type precipitation 

may stabilize the grain boundaries and avoid the grain growth during high temperature 

oxidation.  For alloy 439, the fracture of oxide scale mainly occurred at the interface of 

TiO2 and chromia.  In this work, alloy 439 showed higher adhesion energy than alloy 441.  

Thus, it seems that Ti is beneficial for the adhesion of oxide scale and Nb is harmful.  
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Fig. 1.10 Interface fracture mode for (a) 441 (Fe-18Cr-TiNb); (b) 439 (Fe-18Cr-

Ti).[83] 

 

A study developed a method to determine the critical interfacial shear strength 

between oxide scale and the alloy substrate by micro indentation test [85].  This work 

found that the interfacial strength between CROFER22 APU oxide scale and the substrate 

degraded with increased oxide scale thickness.  The predicted interfacial shear strength of 

CROFER 22 is about 450MPa.  This is consistent with that the growth of oxide scale 

caused stress at the interface, which leads to the buckling of the oxide scale.  Interfacial 

flaws will also decrease the adherence between the oxide scale and substrate.  

The interfacial shear strength of 441 oxide scale and substrate was also studied by 

indentation test [86]. The growth stress of the oxide scale and thermal stress after stack 

cooling between the oxide scale and the substrate leads to the buckling and spallation of 

the oxide scale.  This work investigated the interfacial strength between the oxide scale 

a. 

b. 
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and the 441 substrate.  Based on the indentation test results, the oxide scale is not stable 

when the oxide scale is over 2µm.  This is consistent with the growth of the oxide scale 

generating stress at the interface.  The indentation test results are scattered, which was 

attributed to the rough surface.  Based on SEM image, interfacial defects were most 

found at the grain boundaries.  Previous work found that the oxide scale fracture of 441 

tend to happen at the grain boundaries [83].  Oxide scale fracture at grain boundaries 

played a critical role for the interfacial strength between the oxide scale and substrate. 

The interfacial shear strength of 441 is less than 325MPa, which is lower than CROFER 

22 APU.  In addition, the Cr2O3 reacts with H2O to form CrO2(OH)2 phase, which are 

more easily evaporated.  

The oxidation behavior of 441 as SOFC interconnect has been studied extensively.  

At initial stage, the oxidation products are Fe2O3/Cr2O3 at 650°C in air and water vapor.  

When temperature increase to 850°C, the oxidation scale was composed of (Fe,Cr)2O3/ 

Cr2O3.  With longer oxidation, Cr concentration in the scale increase [87].  After the 

oxide scale becomes stable, the oxide scale of 441 are mainly composed of surface 

(Mn,Cr)3O4 spinel phase and underlying Cr2O3 scales at the SOFC operation temperature.  

In dual atmosphere oxidation exposure at 800 ºC  for 300 hours (wet H2 side: 

35ml/min, wet air: 70ml/min), there was a much thicker oxide scale on the air side of 441 

interconnect than on a sample in which  both sides were exposed to air.  Comparing with 

control sample, a Fe2O3 layer was formed on the top of oxide scale at air side [88].  In 

this work, 430 was also tested in the same dual oxidation and only some localized Fe2O3 

nodules and a little high Fe concentration were found on the surface microstructure of 

430.  Dual oxidation of (Mn,Cr)3O4  coated 430 and 441 also found similar trend [89, 90].  
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The dual test parameter is 500cm
3
/min 97%air+3%H2O at air side and 100cm

3
/min 

97%H2+3%H2O at H2 side. After 800°C for 800 hours dual oxidation, the Cr2O3 

thickness of 430 and 441 are about 1µm and 4 µm, respectively.  Hydrogen has a very 

high diffusivity in Nb, which has been  considered as one of the promising materials for 

hydrogen permeable membranes [91].  One work compared several different combination 

of Nb and Ta [92] and  found that, in the range of -83°C and 227°C, the hydrogen 

diffusivity increased with increase Nb concentration. The study of ternary Ni–Ti–Nb 

alloys found the similar trend [93].  Many studies have expected that the high H diffusion 

along the grain boundaries was the reason for this anomalous growth of 441 oxide scale 

in dual oxidation. However, another study found a conflicting result that laves phase 

distributes both in the grain and at the grain boundaries [81]. This contradiction may need 

further organized work to study with different grain size.   

 

1.3.6 Cr 

Cr2O3 oxide scale can reduce the hydrogen diffusion through the alloy.  As shown in 

Fig. 1.5, the diffusion coefficient of hydrogen in alloy is different from that in Cr2O3 

layer. Hydrogen diffusion experiment showed that the H diffusivity in Cr2O3 was four 

orders of magnitude lower than that in Fe in simulated SOFC atmosphere [94, 95].  At 

1000°C, the defects caused by hydrogen diffusion are neutral hydrogen atoms at the 

oxygen site, which is proportional to aH2 
½
 and aO2

-1/8
[94].  In a work, the oxidation 

behaviors of Cr with and without hydrogen were compared at 900°C in 20mbar 

isotopically labeled molecular oxygen [96].  It was found that hydrogen effectively 

improves the Cr outward diffusion and limited the oxygen inward diffusion in the Cr2O3 
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layer.  This leads to less growth of oxide scale at the interface between the alloy and 

oxide scale, which cause less adherent oxide scale[96]. 

Cr is used in stainless steel to forms a dense Cr2O3 layer which limits the oxygen 

inward diffusion.  A mathematic model has been created to calculate the minimum Cr 

concentration for forming continuous oxide scale [19, 20].  This model includes two 

criterions for the Fe-Cr alloys. Firstly, as shown in equ. 1.8, the Cr concentration in the 

alloy is high enough for outward diffusion to limit internal oxidation: 
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If Cr is the element being internally oxidized, then g
*
 is about 0.3.  In the case that Fe 

is also considered, the critical solute concentration based on equ. 1.8 is higher. It is 

caused by the increase of transient oxide. 

The second criterion is for that, after the formation of continuous external scale, the 

Cr supply from the alloy must supply enough Cr to make up the consumed Cr by scale 

growth.    This criterion may be expressed by the following equation: 
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Based on this model, 9-10wt%Cr is necessary to achieve a protective external oxide 

scale at temperature below 900°C.   

The effects of alloys with different Cr concentrations were experimentally compared,  

[19, 42].  A work compared the Fe-Cr ferritic alloys with different Cr concentration [19] 

indicated that after oxidation in dry air for 96 hours at 650°C, the Fe-Cr alloys with 

Cr>13.5% formed a continuous Cr2O3.  Due to the Fe transition oxidation, this value is a 

little higher than the predicted value based on the mathematic model.  In another work, 

alloy 430 (17%Cr) and Crofer22 APU (22.8%Cr and 0.06%La) were compared after dual 

oxidation at 800ºC for 300 hours [42, 97].   Fe2O3 nodules were formed at the surface of 

the 430 air side.  A layer of SiO2 was formed at the interface between the oxide scale and 

the alloy.  However, only a little high concentration of Fe (8%) was found at the top 

spinel phase in Crofer22 APU.  The oxide scale of Crofer22 APU with both side exposed 

to air contained only less than 1% Fe.  This comparison indicates that higher Cr 

concentration can alleviate the formation of Fe-rich nodules. 

 The oxidation behavior of ferritic alloys with different Cr concentration 

(6,9,12,18,22%Cr) were compared after 2000hr oxidation at 800°C in wet air (3vol% 

H2O) [98].  Alloys with low Cr concentration (6, 9 and 12% Cr) formed a Fe-rich oxide 

scale.  Alloys with higher Cr concentration formed a protective oxide scale with some Fe-

rich nodules. Due to the long exposure time (2000hr) and H2O in the air, Cr deficient 
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zone may have formed and the oxide scale had a little higher Fe concentration.    Another 

work compared the Fe-10Cr and Fe-20Cr oxidation behavior[20].  After 72 hours at 

900°C oxidation in Ar-20%O2, Fe-20Cr oxide scale was composed of protective Cr2O3.  

The oxide scale of Fe-10Cr is composed of Fe-Cr spinel and Fe2O3.  Cycle oxidation of 

Fe-Cr alloys, including 9, 12, 17, 20, 25, 30% Cr, were systematically studied in 

temperature range of 600 to 950°C in Ar-20vol% O2 and Ar-20%O2-5%H2O[21].  This 

work found that, at temperature between 700 and 950°C, higher Cr concentration is 

required for protective oxide scale at higher temperature.  Based on others’ work, higher 

Cr concentration improves the oxidation resistance of ferritic stainless steels at the SOFC 

operation temperature range. 

 

1.3.7 La, Y and Zr 

Other important reactive elements include La, Y and Zr. A new alloy (16.5%Cr, 

1.05%Mn, 0.005%La, 0.018%Y and 0.11%Zr) have been developed as the interconnect 

materials[99].  After 1000hr isothermal and cycle oxidations, this alloy show similar level 

of oxidation growth rate. The good adherence of the scale might have been contributed 

by the small amount addition of La, Y and Zr.   La did not form intermetallic compound 

with iron and distributed in the substrate evenly [8].  This may prevent the outward 

diffusion of cations and improve the adherence of the oxide scale. Crofer 22 APU is one 

of the alloys specially developed as the interconnect material, which contains 0.06% La 

and 22.8%Cr. A dual oxidation experiment of Crofer22 APU (thickness: 0.5mm; wet H2: 

5ml/min; Air side:  ambient air or wet air) was done for 300 hrs at  800°C [34]. When 

exposed to wet air in dual oxidation, Fe2O3 –rich nodules were found at the air side, but 
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the air side exposed to ambient air showed no Fe2O3 at all. The authors suggested that 

iron transportation is accelerated by water vapor at air side, but the paper did not provide 

a clear explanation. Water vapor may increase this inward diffusion of O and increase the 

adherence of this oxide scale, so the Fe2O3 may be observed at the wet air side in dual 

oxidation.  In drier air, the Fe2O3 may easily spall off. The Fe2O3 nodules at wet air side 

may not means accelerated oxidation behavior. The further study investigated the TEM 

microstructure of Crofer 22 APU after dual oxidation (800°C for 300hrs, wet H2: 

5ml/min; Air side:  ambient air ) [42].  TEM observation found higher Fe concentration 

in the top spinel phase than that of air control. No hematite (α-Fe2O3) nodules were found, 

but at the air side of 430, hematite nodules were observed. Crofer 22 APU showed a 

better oxidation resistance than 430 in dual atmosphere.  Crofer 22 APU is specially 

developed as interconnect materials and very expensive.  

 

1.3.8 Effects of substrate grain size and boundaries 

Grain boundaries are fast paths for Cr, Mn or Fe outward diffusion [26, 100, 101].  

At 300-380 ºC, the diffusivity of Cr along the grain boundaries is 4-5 orders of magnitude 

higher than that in Fe lattice.  At 840 ºC, it is even a 3 orders of difference[102, 103].  At 

300-380ºC, the diffusivity of Cr in α-Fe with 10-25nm grain size is 7-9 orders higher than 

that in α-Fe lattice [104].  This work considered that the enhanced Cr diffusivity in nano-

grain size α-Fe is attributed to a large volume of non-equilibrium grain boundaries with 

high concentration of dislocations and large quantities of triple junctions.  Fe-15%Cr and 

Fe-18Cr alloys were oxidized in supercritical water with 25µg/L oxygen at 500 ºC for up 

to 1800 hours [105].  For both Fe-15Cr and Fe-18Cr, 15µm and 1µm grain sizes were 
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tested.  Weight gain data show less weight change for alloys with smaller alloy grain size.  

Comparing the oxide scale surface, Fe-15Cr with 15 µm alloy grain size formed Fe-rich 

nodules and Fe-15Cr with 1µm grain size formed a smooth Cr2O3.  The smaller grain size 

reduced the Cr concentration needed to form a protective Cr2O3 oxide scale.   

Other studies found similar trend.  At 600-800ºC in water vapor/oxygen mixtures, 

304L showed break down oxidation behavior.  However, the break down oxidation was 

inhibited by the Cr diffusion along the grain boundaries area [26].  A work compared 

low-alloy ferritic steels (055-2.29%Cr) and one austenitic steel (TP347: 17.5%Cr, 

1.84%Mn, and 10.7% Ni) [106, 107].  For low-alloy ferritic steels, the weight gains after 

72 hours at 550ºC in air decease with increasing grain size.  This is attributed by the fast 

O inward diffusion along the substrate grain boundaries.  TP347 does not follow this 

trend after 750ºC for 120hr in lab air.  For alloy 347 with 4µm and 11µm alloy grain size, 

the oxide scale is composed of Cr2O3 with localized FeCr2O3 nodules.  For 347 with   

65µm grain size, the scale is composed of non-protective Fe oxide. Considering the Cr 

supply to the alloy/oxide interface, higher Cr concentration is necessary for coarse-

grained materials to achieve a protective Cr2O3 layer on the entire surface than that for 

fine-grain materials.  

Hydrogen embrittlement is an important topic in metal materials.  Hydrogen has a 

strong tendency to segregate at microstructure defects.  As shown in Fig. 1.11, it is found 

that, by tritium autoradiography, hydrogen tends to segregate at the grain boundaries area.  

At grain boundary area, the hydrogen trapping is reversible or irreversible, depending on 

the trapping energy.  In stainless steels, second phase tends to segregate at the grain 

boundaries area.  The hydrogen diffusivity in two austenitic stainless steels Fe-25Ni-15Cr 
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(containing Ti) and Fe-25Cr-20Ni (no Ti) with different grain size was compared at room 

temperature [108].  Generally, smaller grain sizes lead to higher hydrogen diffusivity due 

to more short-circuit diffusion along grain boundaries.  In these two alloys, η-Ni3Ti 

formed in Fe-25Ni-15Cr and σ-FeCr precipitations were formed in Fe-25Cr-20Ni by 

annealing.  The relationship between the reciprocal grain size and hydrogen diffusivity is 

linear for Fe-25Cr-20Ni (no Ti).   But the Fe-25Ni-15Cr with η-Ni3Ti showed a much 

less hydrogen diffusivity than that without η-Ni3Ti.  The difference should be attributed 

by the hydrogen trapping inη-Ni3Ti.  σ-FeCr does not limit the diffusion of hydrogen. 

 

  

Fig. 1.11 Hydrogen segregation at alloy grain boundaries ( top: Armco iron[109]; 

Bottom: maraging steel [110]). 

 

The effects of grain size to the Fe2Nb Laves phase nucleation in 441 are studied in 

another work [82].  The Fe2Nb nucleation is controlled by the diffusion of Nb.  Large 

grains increase the diffusion distance for Nb to the alloy grain boundaries, so large grain 

size lowers the Laves phase formation at grain boundaries.   
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1.4 Coating development for SOFC stainless interconnect application 

Based on current oxidation results, it is difficult for ferritic stainless steel to be used 

directly as SOFC interconnect.  For improving the oxidation resistance and reducing the 

Cr poisoning, various coatings were developed as the protection layer of metallic 

interconnects, including reactive element oxide, rare earth perovskite, spinel and 

MAlCrYO coatings [111].  

 

1.4.1 RE oxide coatings 

As discussed before, addition of RE in stainless steels improves the adherence of 

oxide scale and effectively reduces the high temperature oxidation rate.  A study 

investigated the thin coating of La2O3, Nd2O3 and Y2O3 on Crofer 22 APU [2, 29].  The 

coating was added by metal organic chemical vapor deposition (MOCVD).  The effects 

of the coatings were studied by comparing the oxidation behavior of uncoated and coated 

at 800°C for 100hr.  Comparing the oxidation weight change, the three coating showed 

about 35% improvement than uncoated Crofer 22 APU.  The coatings formed barrier to 

limit the Cr outwards diffusion.  During oxidation, Cr reacted with La2O3 and formed 

perovskite LaCrO3.  Nd2O3 coating had the similar reaction and formed perovskite 

NdCrO3 phase.  During oxidation experiments, homogenous cracks were found at the 

surface of oxide scale on the Y2O3 coated sample.  Oxygen has a higher permeability in 

Y2O3.  Chromia grew between the alloy and the Y2O3 coating, which generated stresses 

and created cracks.  In this study, La2O3-coated Crofer 22 APU showed the best 

conductivity.  In H2-10% H2O environment, the oxidation weight change of Y2O3-coated 

Crofer 22 APU is higher than the La2O3 and Nd2O3-coated Crofer 22 APU.  In air 
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oxidation, La distributed between the chromia layer and top spinel phase.  In H2-10% 

H2O, high concentrations of La and Mn were found at the surface of oxide scale.  The 

oxide scale of Nd2O3-coated Crofer 22 APU showed similar trend.  A study of Nd2O3 

coated Fe-30%Cr alloy find that the coated samples have small and equiaxed oxide 

grain[112].  Comparing to the coarse and columnar oxide grains for uncoated samples, 

the small and equiaxed oxide grains on the Nd2O3 coated Fe-30%Cr alloy effectively 

increase the resistance to cycle oxidation.  200nm thickness Ce/Co and Y/Co coatings 

were also studied in another work [113].  The coatings were applied by sol-gel method.  

After 1000 hours oxidation at 750°C in air, both Ce/Co and Y/Co coated 430 show less 

thick oxide scale than that uncoated 430.  CeO2 was found at Cr2O3/spinel interface.  Y 

dissolved into Cr2O3, especially through the oxide grain boundaries.  Although the RE 

oxide coating showed improvement to reduce Cr diffusion, the coating is very thin and 

porous, that make them not suitable as Cr barriers for long term. 

 

1.4.2 Rare earth perovskite coatings 

Conductive perovskite compositions are often used as the cathode and interconnect of 

SOFCs.  It is promising for perovskite coatings as the coating materials of interconnect.  

The formula of rare earth perovskite coatings is ABO3, where A is trivalent rare earth 

cation (e.g., La and Y) and B is trivalent metal cations (e.g., Cr, Ni, Fe, Co, Cu and 

Mn)[111]. Firstly, the rare earth elements diffuse into the oxide scale and improve the 

high temperature oxidation resistance.  Secondly, the coatings can be doped with other 

elements (e.g., Sr, Ca, Ni, Fe, and Cu)  to increase conductivity and modify the CTE of 

the rare earth perovskite coatings [5]. 
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 4-5µm La0.8Sr0.2CrO3 and La0.8Sr0.2FeO3 coatings on ferritic alloys were compared at 

800°C for up to 1200 hours [114].  The coatings were applied by radio frequency-

sputtering.  La0.8Sr0.2CrO3 coated samples showed a slower oxide scale growth rate than 

La0.8Sr0.2FeO3. La0.8Sr0.2FeO3 is not very effective to prevent Cr outward diffusion. 

La0.8Sr0.2CrO3 contains Cr, which may diffuse outwards and leads to the Cr poison of 

cathode.  In another work, 150nm La0.8Sr0.2CrO3 and LaCr0.9Zn0.1O3 thin coating on 

Ebrite, which contained 26.3%Cr and 1.01%Mo, were developed by spin-coating method 

[115]. The oxide scale development of coated sample is closely related with the 

temperature.  At 850°C, Cr2O3 grew through the coating.  At 750°C, Cr2O3 grew under 

the coating.  This may also be related with the thin thickness of the coating.  The coating 

is also effective to prevent the Cr evaporation by about 70%.   

(La,Sr)CoO3 (LSC), (La,Sr)(Co,Fe)O3 (LSCF), and La(Ni,Fe)O3 (LNF) coated 

ferritic alloys (Crofer22 APU, E-Brite and 430) were studied [116].   The coatings were 

applied by electron-gun PVD process and the coating thickness is about 1000nm.  After 

1000°C for 3 hours and 850°C for 168 hours heat treatment in the air, all the films are 

composed of target perovskite film, and a spinel intermediate layer.  There is trace of 

SrCrO4 phases in coating containing Sr.  Another study of LSC coated Fe-25Cr alloy also 

find this SrCrO4 interface between the LSC coating and fine Cr2O3 layer (100nm) after 

oxidation at 800°C for 1150 hours [22].  At high temperature, perovskite B-site cations 

(Ni, Fe, Co) diffuse inward and form stable spinel with transition metals from the metals.  

The outer perovskite coating and spinel phases can limit the outward diffusion of Cr. 
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The effects of electrodeposited Co (matrix)/LaCrO3 coating on 430 were developed 

[117].  Comparing the Co-coated with Co/LaCrO3 coated alloy 430, LaCrO3 improved 

the adherence of the oxide scale.  The authors consider that it is the function of reactive 

elements.  After 800ºC for 2040 hours, the oxide scale is composed of surface Co3O4, 

mid-layer of Co-Fe spinel and inner Chromia.  Due to the larger CTE of Co3O4 than that 

of Co containing spinel phase, detachment of oxide scales were found between the 

surface Co3O4 and Co-Fe spinel phase.  Other studies of Co coating also find the CTE 

mismatches between the Co coating and the oxide scale just after oxidation at 800°C [89, 

118].  

 LaMnO3, Sr-doped LaMnO3 and Ti-doped LaMnO3 were also developed as the 

coating materials of interconnect [119].  The three coatings were applied at the surface of 

Haynes 230 by sputtering and the thickness was 1µm.  The properties of coatings were 

compared by oxidation in air at 800°C for up to 1080 hours.  Ti suppressed the oxygen 

vacancy concentration and Ti-doped LaMnO3 coating showed best oxide resistance. 

Contrarily, Sr increased the oxygen vacancy concentration and Sr-doped LaMnO3 had 

thickest oxide scale in this three candidate coatings.   

Comparing to uncoated samples, perovskite coatings reduced the oxide scale growth.  

But their applications as the interconnect coating face some other problems.  Firstly, due 

to the ionically conducting nature, the rare earth perovskite coatings do not effectively 

prevent Cr migration or absorb Cr, which cause Cr poisoning.  Secondly, perovskite films 

are oxygen diffusers and it is difficult to get very dense coating microstructure. [111]   
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1.4.3 Spinel coatings 

For reducing the chromium poison, the most common element used is Mn.  Mn can 

form a MnCr2O4 spinel layer at the top of oxide scale, which limits the Cr volatilization.  

This leads to the development of spinel coatings for interconnect application.  The spinel 

phase has the formula of AB2O4 (A and B: divalent, trivalent and quadrivalent cations at 

octahedral and tetrahedral sites. O: face center of face-center cubic lattice) [111].  Spinel 

phase also have a good CTE match with the ferritic substrate and other cell parts.   

NiMn2O4 spinel coating were evaluated as the coating of 430 [120].  Due to the low 

cost of Ni, NiMn2O4 has the cost advantage comparing to MnCO2O4.  After 10 cyclic 

oxidations at 750°C for 1000 hours, the oxide scale is composed of inner layer of Cr2O3 

and an out layer of NiMn2O4 and Mn2O3.  The formation of MnCr2O4 was depressed.   

Comparing to MnCo2O4 coated 430, NiMn2O4 coating decreased the weight gain a little.  

But EDS scanning found that high concentration of Cr in the coating, which limited the 

applications of NiMn2O4 as the coating of ferritic interconnect. 

(Mn,Co)3O4 (MCO) is one of promising spinel coatings.  MCO has very close 

thermal expansion coefficient (11.4×10
-6

/°C for Mn1.5Co1.5O4 and 12 to 13×10
-6

/°C for 

ferritic stainless steel) to LSM and good electronic conductivity [84, 97, 121-124].  The 

interfacial strength of the oxide scale and MCO coating is much higher than that of the 

oxide scale and alloy  substrate [125].  Comparing to perovskite coating, such as 

La0.6Sr0.4CrO3 and La0.6Sr0.4CoO3, MCO coating also showed a higher resistance to Cr 

vaporization [22].  An on-cell test was performed to evaluate the oxidation, Cr 

evaporation and electrical properties of electroplated MCO coating 441 [90].  The on-cell 

test flow rate is 500cm
3
/min 97%air-3%H2O at air side and 100cm

3
/min 97%H2-3%H2O 
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at H2 side with a constant electrical load of 0.7V.  After 800°C for 850 hours test, Fe and 

Cr were not found in the MCO coating.  The MCO coated 441 also showed a higher and 

more stable power density than that of bare 441 and 800°C-500hour preoxidized 441.  

MCO coating effectively blocks Cr outward diffusion and improves electrical properties 

as the interconnect materials.   

In another work, isotope oxygen exchange method  (
16

O/
18

O exchange) was used to 

study the O diffusion in the oxide scale of ZMG232-M0 (Mn: 0.48, Ni: 0.26, Cr: 21.99, 

Al: 0.14, La: 0.04, Zr: 0.22, Fe: 76.49 in mass%) [126].  The samples without and with 

MCO were examined by isotope oxygen exchange method.  The oxygen can diffuse deep 

inside the Mn–Co spinel coating layer.  A two-stage step decrease of 
18

O concentration 

was found.  First step was near the surface spinel coating.  High diffusion may have been 

caused by grain boundaries or nano-micro meter sized pores. With increase depth, the 

spinel coating became denser and O inward diffusion became more difficult.  Second step 

was caused by less diffusivity of O in Cr2O3. 

The performance of the MCO coating is determined by the coating process.  A study 

compared the MCO coating by  glycine nitrate combustion  (GNC) synthesis+dip and co-

precipitation +spray [127].  The coating by GNC synthesis reduced the chromium 

vaporization by factors of only 2–3 due to the high porosity of coating layers.  Another 

study found the similar porous coating.  But an 70MP compression prior to the heating 

achieved a more dense MCO coating than as-deposited MCO coating [121].  The MCO 

coating by Co-precipitation method reduced the chromium vaporization by a factor of 

~40. The smaller particle size may contribute to the better performance of MCO coating 

by Co-precipitation.  
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 The MCO coating can also be added by thermal-growth approach or RF-sputtering 

[128].  The thermal growth method included an 800°C for 24 hours in a 2.75% H2-bal. 

atmosphere and subsequent oxidation at 800°C in air for 100 hours.  The pre-oxidation 

formed a layer of Cr2O3 at the interface between the coating and alloy, which limited the 

Fe outward diffusion and oxide scale growth [129].  For RF-sputtering method, the 

sample was firstly sputtered and then oxidized at 800°C in air for 100 hours.  Thermal 

growth approach showed a better result than RF-sputtering.  This is due to the finer spinel 

surface by thermal growth approach.   

MCO coating by Magnetron sputtering were also studied [130].  A MnCoCrO4 

reaction layer was formed between the oxide scale and the coating.  After 1000 hours 

oxidation in air at 750°C, the thickness of oxide scale is about 5µm, which is a little thick 

for MCO coated samples.  The coating looks still porous even after 1000 hours oxidation 

at 750°C.  The reason for this porous coating may have been caused by the missing of 

condensation steps during the coating process.  

 Electrodeposition method for MCO coating  was developed [131]. Comparing to 

other method, electrodeposited method can achieve uniform films, easily reproduced and 

low operation temperature, but it is tricky to find the right solution composition and 

experimental parameters, especially for Mn deposition [111].  To reduce the complexity 

of MCO electrodepositing method, a co-deposition method of Co matrix with Mn oxide 

particles was developed [132].  This electrodeposition can finish in one step and desired 

dopants are easily added.   The thickness of the coating is easily controlled.  This study 

found that the MCO coating by this method had a fair electrical conductivity.  The 

challenge for this method is that Mn concentration is not easily controlled as GNC and 
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solid mixture methods.  The MCO coating only contains 5-10 at% Mn.  As-deposited 

Mn–Co oxide coatings were treated in different atmosphere, including 800°C in air for 10 

hours and 5% H2–95%N2 at 800°C for 10 hours.  The following oxidation in air for 500 

hours at 800°C found that the sample pretreated in air is less adherent to alloy than the 

sample pretreated in 5% H2–95% N2.  In both samples, Cr diffusion into the Mn-Co-O 

coating was found.  But the one pretreated in 5% H2–95% N2 showed a little better due to 

the lower porosity of the oxide scale.  

 



38 

 

 

 

 

 

 

CHAPTER 2 

OXIDATION OF ALLOYS 430 AND 441 WITH DIFFERENT HUMIDITY 

LEVEL 

 

2.1 Introduction 

As described in the first chapter, the effects of humidity to high temperature 

oxidation are still in dispute.  In one aspect, water improves the inward diffusion of OH
-
 

and forms new oxide at the interface between the alloy and oxide scale.  This oxide scales 

have a better adherence than that formed by cation outward diffusion.  Better adherence 

reduces the spallation of oxide scale and thus improves the oxidation resistance, 

especially for the samples applied in thermal cycle oxidation.  In another aspect, water 

increases the growth rate of the oxide scale and, in some cases can even cause breakaway 

oxidation.   Based on other literature, formation of a protective or non-protective oxide 

scale is affected by the humidity level.  One purpose of the studies presented in this 

chapter is to find the necessary humidity level for the occurrence of aggravated oxidation 

behavior.   

The hydrogen diffusing through the alloy in a dual oxidation exposure can oxidized 

to form water at air side.  Another work found high concentration of hydrogen dissolved 

in Fe-10%Cr ferritic samples after steam oxidation at 650°C [133].  Adding water to air 

may have the same effects as the dual oxidation.  If it is this case, air oxidation with high 
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humidity can replace the dual oxidation experiment.  So, it is necessary to systemically 

study the effects of different humidity at air side in single and dual oxidation. 

 

2.2 Experimental 

The 430 and 441 alloys in this study were each from the same lots and Table 2.1 lists 

the specifications of 430 and composition of 441.  The effects of humidity on the 

oxidation behavior of alloys 430 and 441 in air were investigated.  Fig. 2.1 shows the 

oxidation experiment setup for varying the humidity level by controlling the water bath 

temperature. Heating tape was wound along the glass tube between the flask and furnace 

to avoid the condensation of water. The relative humidity levels were measured at the top 

of the flask by Honeywell
®

 HIH-4602-A/C humidity sensor.  The measured relative 

humidity and temperature were used to calculate absolute concentration of H2O.  In this 

study, three different water-bath temperatures were applied, including 40, 50 and 60 ºC, 

which resulted in water volume concentrations of 7 vol%, 10% and 15%, respectively.  

430 and 441 plate samples were tested in dry and wet air at 800 ºC for 200 hours with a 

flow rate 70ml/min.  After 200 hours, the furnace was turned off and the experimental 

atmosphere was maintained while cooling to room temperature. 

Table 2.1 Composition of alloy 430 and 441 

Element (wt%) C Cr Mn Ni Si Nb Ti Fe 

430 ≤0.12 16 - 18 ≤1.0 ≤0.75 ≤1.0 --- --- balance 

441 0.009 18 0.35 0.3 0.34 0.5 0.22 balance 
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Fig. 2.1 Setup for alloys 430 and 441 oxidation in air with different humidity levels 

 

After the oxidation experiments, the sample weights were measured. Then, the oxide 

scale microstructure was studied by x-ray diffraction (XRD) and scanning electron 

microscopy (SEM).  After the test, the oxide scale surfaces of samples were analyzed by  

XRD and a JEOL JSM-7000F SEM. After surface observation, the samples were 

electroplated with Ni and a cross-section sample was prepared using an Accutom-5 cut-

off machine.  The samples were epoxy-mounted, polished and characterized using the 

SEM.  The thicknesses of the oxide scales were estimated by measuring 5 thicknesses in 

micrographs from 10 random positions (i.e. 50 measurements).  

 

2.3 Result and discussion  

Fig. 2.2 shows the weight change of 430 and 441 after 200hr oxidation in 70ml/min 

dry and wet air at 800ºC.  The weight change for alloy 430 increases at high humidity 

levels, but alloy 441 does not show this trend.  As shown in Fig. 2.2, at 7% H2O the 

oxidation behaviors of 430 and 441 were similar, but at higher water vapor 

concentrations, the weight gain for 430 was higher.  Fig. 2.3 shows the surface and cross 

section microstructures of 430 and 441 after 200 hours oxidation in air with 15% H2O.  
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On the surface microstructure of 430 oxide scale, some Fe-rich nodules were found as in 

Fig. 2.3a. Generally, the appearance of Fe-rich nodules revealed more severe oxidation, 

which is consistent with the weight change results of 430 (Fig. 2.2). The cross section 

microstructure of 430 (Fig. 2.3b) shows a relatively smooth oxide scale, which is 

composed of Cr2O3 and surface (Mn,Cr,Fe)3O4 spinel phase. The cross section 

microstructure of the 441 oxide scale shows an irregular oxide scale (Fig. 2.3d). The 

surface microstructure of 441 (Fig. 2.3c) also showed a ragged surface.  

 

Fig.  2.2 Alloy 430 and 441 weight change after 800ºC-200hr in 70ml/min air flow 

with different water concentration. 
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Fig. 2.3 Alloy 430 and 441 surface and cross section oxide scale microstructure after 

200 hours oxidation in air with 15% H2O.  

 

The results of the current work indicate that the presence of water vapor increases the 

oxidation rate of 430, which is in agreement with other studies [11, 17, 18].  Water can 

promote the inward growth of oxide scale [11] due to the formation of OH
-
 ions which 

diffuse through the oxide scale to form new oxide at the interface between alloy and 

oxide scale [15].  Generally, the oxide scales formed by inward diffusion show a flat 

oxide scale and have a better adherence than those formed by cation outward diffusion 

[11, 15]. 

There larger weight gain at high humidity levels was not observed for 441.  One 

reason may be that the more severe spallation of 441 oxide scale may result in a lower 

measured weight gain.  Comparing Fig. 2.3b and 2.3d, alloy 441 shows a more irregular 

oxide scale than alloy 430.  The spalling of 441 oxide scale has been attributed to the 

aa..  443300  ssuurrffaaccee  bb..  443300  ccrroossss  sseeccttiioonn  

cc..  444411  ssuurrffaaccee  dd..  444411  ccrroossss  sseeccttiioonn  

10µm 

10µm 
10µm 

10µm 

FFee--rriicchh  nnoodduulleess  



43 

 

weak bond between TiO2 and Fe2Nb-type precipitates at the grain boundaries [83].  

Current work finds the Fe2Nb precipitates at alloy grain boundaries as shown in Fig.2.4a.  

Near the alloy surface (Fig. 2.4b), a Nb deficient zone at grain boundaries was found and 

the area at the bottom of the oxide scale had a slightly enhanced Nb and Ti concentration. 

Secondly, the different grain sizes of 430 and 441 may have contributed to the different 

oxide scale morphology (Fig.9b and Fig.9d). . The grain sizes of 430 and 441 are 16 and 

50µm, respectively. Grain boundaries are fast path for Cr or Mn outward diffusion [100]. 

A study found that the diffusivity of Cr along the grain boundaries is 4-5 orders of 

magnitude higher than that in Fe lattice [104]. For small grain size, the fast outward 

diffusion of Cr along grain boundaries may easily supply Cr to make up for the Cr 

consumed by  scale growth and volatilization, which can increase in the presence of with 

water due to the formation of CrO2(OH)2 [24, 26, 134]. In some extreme cases, when the 

Cr supply from the alloy is insufficient, some Cr depletion area may form under the oxide 

scale, in which case non-protective Fe-rich nodules may form in the oxide scale as 

discussed above. In the current work, some iron-rich nodules were found on the surface 

of 430 oxide scale in air-15%H2O (Fig. 2.2a).  The formation of these nodules is possibly 

caused by the depletion of Cr in some areas.  In another work, a nanocrystalline coating 

with same composition was applied on the alloy 304 to increase the grain boundaries for 

Cr outward diffusion [135].   
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Fig. 2.4 Cross section of 441 after oxidation in air with 15%H2O 

 

2.4 Conclusions 

 The presence of water vapor in the air appears to improve the adherence of the oxide 

scale.  430 showed a higher growth rate with higher humidity level, but the weight 

change of 441 did not follow this trend.  Both spallation of oxide scale and Cr depletion 

are possible reasons for this difference between 430 and 441.  In air-15%H2O, the 

different grain size may have contributed to the oxide scale microstructure difference. 

a. In the bulk b. Near surface 

Fe2Nb  

Nb deficient zone  

Ti-rich particles  

1µm 100µm 



45 

 

 

 

 

 

 

CHAPTER 3 

DUAL ATMOSPHERE OXIDATION OF ALLOYS 430 AND 441: EFFECT OF 

GAS FLOW RATE 

 

3.1 Introduction 

SOFC is a promising technology for clean energy conversion. In planar SOFCs, 

interconnects separate adjacent single cells, and as the operation temperature is decreased 

to 800ºC, metallic alloys can be used for interconnects.  However, oxidation resistance 

under the SOFC high temperature environment is one of the critical issues for the 

application of metallic alloys as the interconnect [2, 4].  In a SOFC, one side of 

interconnect is exposed to air and the other side is exposed to H2 or another fuel.  Due to 

the H2 concentration difference between the two sides, hydrogen may diffuse through the 

alloy and affect the oxidation behavior of the alloy on the air side.  For example, after 

dual exposure at 800ºC for 300 hours, the Fe concentration at the air-side surface of the 

oxide scale formed on alloy 430 was higher than that exposed both side to air [41].  In 

some areas, even Fe2O3 nodules were found [41, 42].  

This effect of dual atmosphere exposure has been observed on other alloys including 

441, which is similar in composition to 430, but contains Nb and Ti.  The alloying 

additions in 441 can prevent the formation of a continuous SiO2 layer, which dramatically 

increases the electronic resistance of the SOFC [136].  This makes 441 one of the 

promising ferritic candidates for use as the interconnect material.  However, the oxide 
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scale formed on the air side of alloy 441 during a dual exposure oxidation test at 800ºC 

for 300 hours contained a Fe2O3 outer layer and was much thicker than the scale formed 

on a control sample exposed to air [88].   During high temperature oxidation, Nb and Ti 

can segregate to the grain boundaries [83, 84], which may stabilize the grain boundaries 

and prevent the grain growth during the high temperature exposure.  Spallation of the 

oxide scale formed on alloy 441 has been attributed to TiO2 and Fe2Nb-type precipitates 

at the grain boundaries[83].  Many other studies find the fast diffusion of alloy elements 

along grain boundaries during the oxidation of ferritic alloys [43].  In alloys containing 

Nb, a Laves phase may form at the grain boundaries, which could limit the outward 

diffusion of alloy elements along the grain boundaries during the oxidation in single 

atmosphere [78-80].  Hydrogen has a very high diffusivity in Nb [91-93], so in dual 

atmosphere exposures high hydrogen diffusion along the grain boundaries may contribute 

to the anomalous growth of the oxide scale on 441.  Although some work has been done 

to study the high temperature oxidation of 430 and 441 in dual atmospheres, the effects of 

H2 or air flow rate at the air side have not been reported and are the focus of this chapter. 

 

3.2 Experimental 

The 430 and 441 circular disks (33 mm dia) were sectioned from plates (thickness of 

1.20 mm for 430 and 1.45 mm for 441) by electrical discharge machining (EDM).  For 

each dual-atmosphere test the circular disk was sealed to the end of an AISI304 stainless 

tubing (OD: 25.4 mm, ID: 19.3 mm) by Ni-based BNi-2 braze.  The braze sealing was 

performed in a vacuum furnace (at least 1×10
-3

 torr) by heating from room temperature to 

1050°C, holding for 30 min, and then cooling to room temperature.  Fig. 3.1 shows the 
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setup for the dual atmosphere exposures, which were carried out in a quartz tube.  One 

side of the coupon was exposed to wet Ar-5 vol% H2 (3vol% H2O) and the other side was 

exposed to cylinder air (moisture ≤67.0PPM) or wet air (3% H2O).  The wet hydrogen 

and air were prepared by passing the gas through water bubblers at room temperature.  In 

this work, 5ml/min and 35ml/min Ar-5 vol% H2 flow rate were applied.  Another plate 

sample was kept in the quartz tube as the control sample.  The quartz tube was kept in a 

tube furnace.  Before heating, the system was flushed with the experimental atmosphere 

for 24 hours.  The samples were then heated and held at 800°C for the required time.  

Table 3.1 lists the different dual atmosphere exposure conditions used for studying the 

effects of H2 flow rate and humidity at air side.  After the dual exposure, the tube furnace 

was turned off and the experimental atmosphere was maintained while cooling to room 

temperature. After the test, the coupon was removed by cutting the end of the 304 tubing. 

The surface of the dual atmosphere and control samples were analyzed by XRD and a 

JEOL JSM-7000F SEM. After surface observation, the samples were electroplated with 

Ni and a cross-section sample was prepared using an Accutom-5 cut-off machine.  The 

control and dual-atmosphere samples were epoxy-mounted, polished and characterized 

using the SEM.  The thicknesses of the oxide scales were estimated by measuring 5 

thicknesses in micrographs from 10 random positions (i.e. 50 measurements).   
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Fig.  3.1 Setup of dual atmosphere exposure. 

 

Table 3.1 Dual oxidation conditions of alloy 430 and 441 at 800°C for 200hrs 

 

Air side Wet Ar-5% H2 side 

 

Wet /dry Flow rate Flow rate 

430 #1 Dry 5ml/min 5ml/min 

#2 Dry 5ml/min 35ml/min 

441 #3 Dry 5ml/min 5ml/min 

#4 Wet 5 ml/min 5ml/min 

#5 Dry 5ml/min 100hr- 5ml/min→100hr -35ml/min 

#6 Dry 5ml/min 100hr- 35ml/min→100hr- 5ml/min 

#7 Dry 5 ml/min 35 ml/min 

 

#8 Wet 70 ml/min 35 ml/min 
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3.3 Results and Discussion 

 

3.3.1 XRD results  

The XRD spectra for all different dual atmosphere exposures were similar. As shown 

in Fig. 3.2, the oxide scales formed on the air control and air side all contained Cr2O3 and 

a spinel phase. The small peak at 27.3° is possibly the peak of rutile TiO2, which has 

been observed to be dispersed on the surface of the oxide scale of 441.  SEM analysis 

shows that the scale consisted of a Cr2O3 sublayer and (Mn,Cr)3O4 spinel phase outer 

layer. The oxide scale thickness measurement and oxide scale microstructure showed 

some difference between the samples exposed to different H2 flow rate. 
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Fig. 3.2 The XRD spectra of alloy 441 (#4) after 200hr dual oxidation. 
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3.3.2 Oxide scale thickness  

Fig. 3.3 shows the thickness measurement result from the SEM cross section 

observation. The thickness differences are compared by statistic ANOVA analysis with 

95% probability.  For alloy 430 at both low (#1) and high (#2) flow rates, the scale 

formed on the air side of the dual atmosphere exposure was thicker than that formed on 

the control samples.  For alloy 441, samples treated with 5ml/min wet Ar-5% H2 (#3: dry 

air and #4: wet air) showed similar oxide scale thicknesses at the air side and on air 

control.  However, the oxide scales on the air side of samples treated with high Ar-5%H2 

flow rate (#5-8) were thicker than that at control sample.  Within that group of samples, 

the air side of the sample treated with 200hrs high H2 flow rate (#7) had a thicker oxide 

scale than the samples treated with 100hrs high H2 flow rate (#5-6).  Comparing the 

samples treated with different H2 flow rate switch (#5 vs. #6), both air control and side 

showed similar oxide scale thicknesses.  

 

Fig. 3.3 Oxide scale thickness results by SEM cross section measurement.  Error 

bars represent plus/minus standard deviations.  
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3.3.3 SEM images of oxide scale 

Fig. 3.4 shows SEM images of the air side of 430 after the dual oxidation. The oxide 

scale is composed of surface (Mn,Cr)3O4 spinel phase and underlying Cr2O3. For  

samples treated with both low and high flow wet Ar-5% H2 rates, Fe-rich nodules were 

found only in an area at the surface of the air side as shown in Fig.3.4. The difference is 

that the sample treated with high flow rate (#2) contained more Fe-rich nodules than the 

sample treated with low flow rate (#1).  Fig. 3.5 shows SEM images of the air control and 

air side of alloy 441 after a dual atmosphere oxidation (35 ml/min wet 5% H2 │70 

ml/min wet air). The oxide scale formed on the control sample in 70 ml/min wet air had a 

similar composition as that formed on the control sample in 5 ml/min dry air. Both scales 

are composed of a Cr2O3 sublayer and a (Mn,Cr)3O4 spinel phase surface layer. At the air 

side, localized Fe-rich nodules were found as shown in Fig. 3.5b. In Fig. 3.5d, EDS 

elemental linescans show a sharp increase of Ti and Nb concentration at the bottom or 

surface of the Fe2O3 nodule. 

 

    

Fig. 3.4 430 air side surface microstructure after 800°C-200hr dual oxidation 
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20µm 200µm FFee--rriicchh  nnoodduulleess  

443300::  HHiigghh  HH22  ffllooww  ((##22))   

FFee--rriicchh  nnoodduulleess  



52 

 

    

     

Fig. 3.5 441 SEM images of control and air side after 800°C-200hr dual atmosphere 

oxidation (#8: 35 ml/min wet 5%H2 │70 ml/min wet air). 

 

Fig. 3.6 shows an SEM image of the air side of alloy 441 after dual atmosphere 

oxidation (#5: 35ml/min wet 5% H2│5ml/min dry air). On the air side, some Fe-rich 

nodules were found. Near the Fe-rich nodule residuals, there were some white particles, 

which contained high concentrations of Nb (14 at%) and Ti (18%). These white particles 

may have been the solid solution of TiO2 and NbO2. 
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Fig. 3.6 441 SEM surface microstructure images of air side after dual oxidation (#7: 

35ml/min wet 5% H2 │5ml/min dry air). 

Based on the oxide scale thickness measurements and the oxide scale microstructure 

from SEM analysis, the high flow Ar-5%H2 flow rate (35 ml/min) resulted in more Fe-

rich nodules and thicker scales as compared to the lower Ar-5%H2 flow rate (5 ml/min).  

The higher flow rate may have supplied more hydrogen to diffuse through the alloy 

substrate to the air side of the sample exposed to the dual atmosphere.  Another study 

investigated the effects of hydrogen on the oxidation behavior of chromium [96] and 

suggested that the formation of interstitial protons increased the concentration of metal 

vacancies in chromia, which increased the transportation of metal and thus facilitated the 

outward diffusion of Cr in the chromia scale [11, 96].  If these defects also increased the 

outward diffusion of Cr, Mn, Fe and other alloy elements through the oxide scale, they 

could increase the thickness of oxide scale and Fe outward diffusion may contribute to 

the formation of Fe-rich nodules.  Another possible mechanism for Fe-rich nodule 

formation is that hydrogen may diffuse through the alloy and make the air side more 

acidic surface at some areas, which favors the hematite formation relative to chromia [38].  

This would likely occur when the metal is exposed to the atmosphere, which could be in 

the early stages of oxidation or later if portions of the oxide spall off.  Although hematite 

10µm 
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may form due to rapid kinetics, if it is contact with the metal, chromium in the alloy 

would react with the hematite to form chromia.  So, as shown in Fig. 3.5d, chromia and 

spinel phase are formed between the Fe-rich nodule and the alloy.  In another study of the 

dual atmosphere corrosion of 441, with high flow rate (70 ml/min wet air │35 ml/min 

3%H2O- 97% H2), a thick Fe2O3 layer was found on the air side of 441 oxide scale [88].  

In the current work, only Fe-rich nodules were found, which may be due to the lower H2 

concentration (5%) used in this study.   

In some samples, elemental linescans indicated a high concentration of Nb at the 

surface of Fe2O3 nodule.  A critical issue in the application of 441 in SOFCs is the 

interaction between Nb and Ti.  Earlier studies found that, during high temperature 

corrosion of 441, Nb-containing precipitates deposited close to alloy grain boundary and 

the spallation of oxidation layers occurred mainly between Fe2Nb and TiO2 at the grain 

boundaries [82-84].  In the current work, white precipitates with high concentration of Nb 

were present (see in Fig. 3.6).  The crystal structure of Fe2Nb is C14 Laves phase, which 

has been extensively studied as a hydrogen storage material [71, 72].  Hydrogen should 

easily occupy the interstitial sites of Fe2Nb and thus have a high solubility in Fe2Nb.  

For dual oxidation experiments in the current work, the oxidation behavior was 

similar in dry air and air with 3% H2O.  Another study found that high humidity at the air 

side could cause more severe oxidation at the air side after the dual oxidation [34].  In 

addition, steam/ air dual oxidation experiments with  ferritic alloys have shown that high 

humidity at the steam side can cause severe oxidation at air side [137].  The difference 

from the dual oxidation results in current work may have been caused by lower H2 (5%) 
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and water (3%) concentration on the air side.  Based on current work, at least about 10% 

water is necessary to see the effects of water to the oxidation of 430 and 441.    

   

3.4 Conclusions 

The effects of H2 flow rate and humidity at the air side of samples exposed to dual 

atmosphere were investigated.  For both alloys 430 and 441, the high hydrogen flow rate 

appears to lead to localized Fe-rich nodules and accelerate growth of oxide scale at the air 

side.  In the current dual atmosphere experiments, water vapor does not significantly 

affect the oxide scale growth rate of the control sample due to the low water vapor 

concentration.    

 

 

 



56 

 

 

 

 

 

 

CHAPTER 4 

EFFECTS OF ALLOY GRAIN BOUNDARIES ON THE DUAL ATMOSPHERE 

OXIDATION BEHAVIOR OF ALLOYS 430 AND 441 

 

4.1 Introduction 

 

Alloy grain boundaries may have a great influence on the oxidation behavior of 430 

and 441 [80, 83].  However, systemic studies on the effect of alloy grain boundaries on 

oxidation, especially dual-atmosphere oxidation, have not been reported.  There is still 

some confusion about the details of the oxidation mechanism in SOFC environment.  In 

previous chapter, no obvious alloy grain boundaries diffusion was observed for alloy 430.  

The small grain sizes of 430 make it difficult to observe the oxidation difference between 

the grain boundaries and bulk.  Thus, 430 with large grains are necessary to compare the 

difference between grain boundaries and grain.  For 441, ridges composed of spinel phase 

were found at the surface microstructure observation and the size of the ridge circles was 

similar as the grain size of 441.  However, the grain sizes are not large enough to observe 

if the Fe prefers to diffuse along the grain boundaries to form the Fe2O3 nodules.  Thus, 

systemic studies of the alloy grain boundaries are necessary for understanding the 

oxidation mechanism in SOFC environment, especially for dual oxidation condition.  For 

studying the effects of grain boundaries to the interconnect oxidation in SOFC, it is 

necessary to study the grain size growth of 430 and 441 by annealing.   
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4.2 Experimental 

 

4.2.1 Annealing of alloys 430 and 441  

The 430 and 441 alloys in this study were each from the same lots and Table 2.1 lists 

the compositions of these two alloys.  Both alloys were cut into 12mm×10mm 

rectangular plates for annealing in Brew
®

 vacuum furnace.  Three different annealing 

temperatures were selected, including 1000, 1100 and 1200°C, for 1, 2, 4, 6 and 8 hours.  

After the annealing, the samples were cut by an Accutom-5 cut-off machine.  The cross 

section near the center of the samples was selected as the observation area.  The cut 

samples were epoxy-mounted, polished, and etched by aqua regia.  After etching, the 

grain sizes were counted by optical microscopy and SEM images.  For each sample, four 

cross-section areas were randomly selected to calculate the grain size.  In each area, 20 

lines were draw through the area to count the numbers of grain.  When the line is across 

the grain, it was counted as 1.  When the line is tangent to the grain or across half of the 

grain, it was count as 0.5.  

 

4.2.2 Dual atmosphere oxidation of annealed 430 and 441  

Circular disks (33 mm dia) were sectioned from plates (thickness of 1.20 mm for 430 

and 1.45 mm for 441) by electrical discharge machining (EDM).  After the cutting, the 

disk samples were rolled to 1.00mm and then annealed to achieve large grain sizes.  The 

annealing was performed in Brew
®

 vacuum furnace (1×10
-5

 torr).  The annealing 

temperature and time were determined based on the previous annealing experiment.  The 

grain size should be at least 50 µm.  After the annealing, the samples were polished by an 
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Al2O3 suspension solution up to 0.05µm for a smooth and clean surface.  For each dual-

atmosphere test, the circular disk was sealed to the end of a 304 stainless tubing (OD: 

25.4 mm, ID: 19.3 mm) by Ni-based BNi-2 braze.  The braze sealing was performed in a 

Brew
® 

vacuum furnace (1×10
-5

 torr) by heating from room temperature to 1050°C, 

holding for 30 min, and then cooling to room temperature.    

The dual atmosphere oxidation experiments of annealed 430 and 441 use the same 

setup as Fig. 3.1. One side of the coupon was exposed to 35ml/min wet Ar-5 vol% H2 

and the other side was exposed to 5ml/min dry cylinder air.  Two other  plate samples 

(as-received and annealed samples) were kept in the quartz tube as the control samples.  

The quartz tube was kept in a tube furnace.  Before heating, the system was flushed with 

the experimental atmosphere for 24 hours.  The 430 and 441 samples were then heated 

and held at 800°C for 100, 200 and 400 hours.  After the dual atmosphere oxidation, the 

tube furnace was turned off and the experimental atmosphere was maintained while 

cooling to room temperature.  After the test, the samples coupon was removed by cutting 

the end of the 304 tubing.  The surface of the dual atmosphere and control samples were 

analyzed by Broker
®

 D8 powder X-ray diffraction (XRD) and a JEOL JSM-7000F 

scanning electron microscope (SEM).  The average composition of each sample’s surface 

was estimated by measuring 5 random areas at 200X magnification.  If the oxide scale 

surface show a clear morphology difference between grain and grain boundaries, the 

compositions of grain and grain boundaries were compared by measuring 5 points at 5 

random areas (i.e., 25 points each).  After surface observation, the samples were 

electroplated with Ni and a cross-section sample was prepared using an Accutom-5 cut-

off machine.  The control and dual samples were epoxy-mounted, polished and 
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characterized using the SEM.  The thicknesses of oxide scales were estimated by 

measuring the thickness at 10 random positions and 5 measurements in each area (total: 

50 measurements for each sample).  Then the samples were etched by aqua regia to 

observe the oxide scale difference between the grain boundaries and bulk area. 

 

4.3 Results and discussion 

 

4.3.1 Annealing of alloys 430 and 441  

     Fig. 4.1 shows grain sizes of alloys 430 and 441 after annealing after 1000, 1100 

and 1200°C.  Fig. 4.2 demonstrates the typical microstructure of 430 and 441 alloys 

before and after the annealing at 1100°C.  For alloys 430 and 441, the grain size after 

1000°C annealing is similar to that of the as-received alloys.  Annealing at 1000°C does 

not cause a significant grain growth.  For samples annealed at 1100°C for less than 6 

hours, the grain sizes of annealed samples are approximately doubled comparing to that 

of as-received samples.  As shown in Fig. 4.1, 430 and 441 after 6 hours annealing at 

1100°C shows a larger standard deviation than those annealed for 1, 2 and 4 hours at 

1100°C.  In Fig. 4.2c, some large grains were formed near the surface of the samples in 

430 after 1100°C-6 hours annealing.  After 1100°C-8 hours annealing, very large grains 

were formed in alloy 430 (Fig. 4.2d).  As shown in Fig.4.2g and 4.2h, 441 did not have 

same large grain size as formed in f 430 after 6 and 8 hours annealing at 1100°C.  The 

Fe2Nb phase at alloy grain boundaries may have limited the alloy grain growth.  After 

1200°C annealing, both 430 and 441 had very large grain size.  The grain size of 430 and 

441 are approximately 1000µm and 210µm, respectively.  When the annealing is at 
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1100°C for over 6 hours or at 1200°C, the alloy grain grow rapidly.  For SEM 

observation of the Fe-rich nodules’ distribution, the grain size should be over 50µm.  

Based on the alloy grain size data, 1100°C-8hour was selected as the annealing 

parameters to study the effects of grain boundaries.  

 

Fig. 4.1 Grain sizes with standard deviation of 430 and 441 after annealing  
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Fig. 4.2 Microstructure of alloys 430 and 441after 4, 6, and 8 hrs at 1100°C 

a. As-received 430  

(Grain size ~16µm) 

e. As-received 441  

(Grain size ~50µm) 

b. 430 – 4 hours at 1100°C 

(grain size ~ 35 μm) 

c. 430 – 6 hours at 1100°C 

(grain size ~ 35 μm) 

g. 441 – 6 hours at 1100°C 

(grain size ~ 115 μm) 

d. 430 – 8 hours at 1100°C 

 

f. 441 – 4 hours at 1100°C 

(grain size ~ 106 μm) 

h. 441 – 8 hours at 1100°C 

 

441  
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Fig. 4.3 shows the alloy grain sizes of 430 and 441 for dual oxidation.  The grain 

sizes of 430 dual samples for 100, 200 and 400 hours are similar and approximately 

50µm.  Fig. 4.4 shows the typical grain sizes for control and dual samples of 430 and 441.  

As shown in Fig. 4.4a, 430 control samples have very large grains, which is similar as the 

previous annealing results.  The grain size difference between the control and dual 

samples of 430 may have been caused by different samples size.  The size of control 

sample is 10×14 mm
2
, which is same as that in previous annealing experiment.  The size 

of dual sample is circular disk with a diameter of 33mm, which is larger than the control 

samples.  The grain size observation area is close to the center of the samples.  Previous 

annealing experiment also found that the grains grow larger at the edge area than that at 

the center area.  The control and dual samples of 441 showed similar grain size in most 

samples.  The grain sizes of 441 are more scattered than that of 430.  The larger grain size 

of 441 is possible reason for this more scattered grain size.        

 

Fig. 4.3 Grain sizes of 1100°C-8hours annealing 430 and 441 for dual atmosphere 

oxidation experiment.  Error bars represent standard deviation. 
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Fig. 4.4 Microstructure of alloys 430 and 441 for dual oxidation test 

 

4.3.2 Control samples 

     Fig. 4.5 shows the weight gains of annealed and as-received control samples.  For 

alloy 430, the weight gains of annealed and as-received samples are similar after 100 and 

200 hours oxidation, but after 400 hours oxidation, the weight gain of as-received 430 is 

higher than that of annealed 430.  For 441, the weight gains for the as-received samples 

are higher than those of annealed samples after 200 and 400 hours oxidation.  As shown 

in Fig. 4.6, the surface microstructure of annealed 430 control sample after 400 hours 

oxidation indicates that spallation of the oxide scale occurred.  The lower weight gain for 

the annealed samples is likely due to spallation of oxide scale.  

 

a. Annealed 430 control 

 
b. Annealed 430 dual 

 

c. Annealed 441 control 

 
d. Annealed 441 dual 
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Fig. 4.5 Weight gains of annealed and as-received control sample 

 

 

Fig. 4.6 Surface microstructure of annealed 430 control sample after 400 hours 

oxidation   

 

     Fig. 4.7 shows the cross section microstructure of annealed 441 control samples 

after 400 hours oxidation.  Fig. 4.7a shows the microstructure in the center area of the 

cross section.  Continuous Fe2Nb particles were formed at the alloy grain boundaries area.  

As shown in Fig. 4.7b, thicker oxide scale is formed near the alloy grain boundaries.  The 
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EDS results indicate that the white precipitate at the grain boundary contains Nb and is 

thus likely Fe2Nb.  Near the alloy surface, a Nb deficient zone at grain boundaries was 

found and the area at the bottom of the oxide scale had an enhanced Nb and Ti 

concentration.  The spalling of 441 oxide scale has been mainly attributed to the weak 

bond between TiO2 and Fe2Nb-type precipitates at the grain boundaries[83], which may 

explain the more severe spallation for alloy 441 as compared to 430.    

 

 

  

Fig. 4.7 Cross section microstructure and EDS results of annealed 441 control after 

400 hours oxidation (A: alloy substrate; B: Oxide scale; C: Ni coating; etched by 

aqua regia). 
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4.3.3 Dual atmosphere oxidation results 

Oxide scale thickness  

Fig. 4.8 summarizes the oxide scale thickness of 430 and 441 dual atmosphere 

oxidation experiment for studying the effects of grain boundaries.   Comparing Fig. 4.8 

with Fig. 4.5, the thickness data by SEM measurement shows a similar trend as the 

weight gain results of control samples.  Except of the 430 samples after 800°C for 200 

hours, the as-received control samples have a thicker oxide scale than that of annealed 

control samples.  Both as-received and annealed 441 control samples show a thicker 

oxide scale than that of 430 samples.  The air side of annealed dual samples shows 

thicker oxide scale than that of annealed control samples.   For annealed 430 dual 

samples, the oxide scale thickness data has a very large deviation.  SEM observation 

found that large amounts of Fe-rich nodules were formed on the surface of annealed 430 

dual samples.  The Fe-rich oxide scale is very thick - close to 10µm.  Some thickness data 

were taken from the Fe-rich oxide scale area, which make the thickness data more 

scattered. 
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Fig. 4.8 Oxide scale thickness results of 1100°C-8hour annealed 430 and 441 after 

dual atmosphere oxidation as determined by SEM measurements.  Error bars 

represent standard deviation. 
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Alloy 430 

The XRD patterns for as-received 430 control samples, annealed 430 control samples 

and annealed 430 on the air side are different.  Fig. 4.9 shows the XRD patterns of alloy 

430 after 100 hours dual oxidation.  The XRD patterns of 200 and 400 hours dual 

samples are similar.  The oxide scales of the as-received 430 control and annealed 430 

control samples contain Cr2O3 and (Mn,Cr)3O4 spinel phase.  For annealed 430 control 

samples, the peaks of alloy are not present, which may be due to the large alloy grain size 

of annealed 430 control samples.  For the air side of annealed 430 dual samples, Fe2O3 or 

(Fe,Cr)2O3 peaks were found next to the peaks of Cr2O3 as shown in Fig. 4.9.  The 

positions of the Fe2O3 or (Fe,Cr)2O3 (JCPD #: 34-0412) peaks are almost at the same 

position.  

 

Fig. 4.9 The XRD patterns of annealed 430 after 100 hours dual oxidation. 
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Fig. 4.10 shows the surface and cross section microstructure of the air side of alloy 

430 after 100, 200 and 400 hours dual atmosphere oxidation.  After 100 and 200 hours 

dual atmosphere oxidation, some iron-rich nodules are scattered about the surface of 

oxide scale.  The distribution of Fe-rich nodules shown in Fig. 4.10b corresponds to the 

alloy grain boundaries.  After 400 hour dual oxidation (Fig. 4.10c), the surface of oxide 

scale show large nodules of Fe-rich, Cr-rich or spinel phases.  Cross section images of the 

nodules are shown in Fig. 4.10d-f.  Fig. 4.11 shows the EDS scanning results of annealed 

430 oxide scale at air side after 100, 200 and 400 hours dual oxidation.  Similarly as 

previous as-received 430 oxidation results, silicon peaks were found at the interface 

between the oxide scale and the alloy.  SiO2 was formed at this interface, which would 

increase the electrical resistance dramatically.  After 400 hours dual oxidation, annealed 

430 air side shows a thinner Cr2O3 layer between the Fe-rich nodule and alloy substrate 

than that after 100 and 200 hours dual oxidation.  Comparing the EDS results of annealed 

and as-received 430 dual oxidation results, the difference is that chromia phase is formed 

between the Fe-rich nodule and the alloy.  In the dual atmosphere oxidation experiment 

of as-received 430, chromia and spinel phase are formed between the Fe-rich nodule and 

the alloy.  The difference between these two groups of samples is the alloy grain size.  

The annealed 430 samples have larger alloy grain size and less alloy grain boundaries are 

available as the fast diffusion path for Mn.  The large grain size may have contributed to 

the absence of spinel phase under the Fe-rich nodules.   
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Fig. 4.10 Alloy 430 surface and cross section microstructures after 100, 200 and 400 

hr dual oxidation. (A: alloy substrate, B: Oxide scale, C: Ni coating, D: Cr2O3, E: 

Fe-rich nodules.) 

a. 100hr dual surface d. 100hr dual cross section 

b. 200hr dual surface e. 200hr dual cross section 

c. 400hr dual surface f. 400hr dual cross section 
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Fig. 4.11 EDS scanning results of annealed 430 air side after 100, 200 and 400 hours 

dual oxidation. 

 

 

Annealed 430 100hr dual-air side 

Annealed 430 200hr dual-air side 

Annealed 430 400hr dual-air side 
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As shown in Fig. 4.12, the oxide scales at air side have a different morphology 

among 100, 200 and 400 hours dual atmosphere treated samples.  After the 100 hours 

dual atmosphere oxidation, the nodules have needle-shape morphology and contain about 

90 at% Fe.  After 200 and 400 hours dual oxidations, the Fe concentration in the nodules 

decreases to 70% and a layer of a spinel phase is formed at the rim of Fe-rich nodules.  

After 200 hours dual oxidation, some needle-shape residuals (~90% Fe) were found on 

the top of ball-shape Fe-rich nodules (~70% Fe).  On the surface of annealed 430 after 

400 hours dual oxidation, no needle-shape Fe-rich nodules were found.  Fig. 4.13 

demonstrates more details of annealed 430 air side after 400 hours dual oxidation.  After 

400 hours dual oxidation, the oxide scale formed three different morphologies, including 

Fe-rich area, spinel ridges and Cr-rich area.  Based on phase diagram of Fe2O3 and Cr2O3, 

The Fe-rich area in the 400-hour treated 430 should composed of a (Fe,Cr)2O3, a mixed 

solid solution of Fe2O3 and Cr2O3.  It appear that the alloy grain is completely covered by 

Fe-rich or Cr-rich nodules and a spinel ridge is formed at the alloy grain boundaries area. 
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Fig. 4.12 Surface Fe-rich nodules of annealed 430 dual samples after 100, 200 and 

400 hours dual oxidation. 
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(Fe,Cr)2O3 

area (at%) 
Cr Mn Fe 

Between 

Fe-rich 

nodules 

Cr Mn Fe 
Cr-rich 

area 
Cr Mn Fe 

#1 18.5 6.6 75.0 #2 46.8 31. 21.8 #3 78.3 14.9 6.8 

#4 17.1 7.9 75.0 #9 31.6 22.3 46.1 #14 70.8 17.2 12.0 

#5 19.2 8.0 72.8 #10 45.3 35.7 19.0 #15 65.2 20.4 14.5 

#6 14.0 7.4 78.6 #11 42.7 35.2 22.1 #16 73.0 16.3 10.7 

#7 16.8 7.2 76.0 #12 45.6 29.1 21.9 #17 58.7 28.1 13.2 

#8 15.7 5.8 78.5 #13 39.1 35.0 26.0 #18 77.4 14.9 7.8 

 

Fig. 4.13 Annealed 430 air side surface images for EDS analysis after 800°C-400hr 

dual oxidation 

 

Fig. 4.14 shows the microstructure of annealed 430 air side after 100, 200 and 400 

hours dual atmosphere oxidation.  For samples after 100 and 200 hours dual atmosphere 

oxidation, the Fe-rich nodules are formed near the alloy grain boundaries area.  For 100-

hour treated samples, needle–shape particles were found at the top of the oxide scale.  For 

200-hour treated sample, Si-rich particles were found at the interface between the alloy 

and oxide scale.  The SEM and EDS analysis showed that Fe-rich or Cr-rich nodules 

covered the whole alloy grains, which is consistent with the surface oxide scale 

microstructure observation.   
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Fig. 4.14 Interface microstructure between Fe-rich nodule and alloy after 200hr 

dual (etched by aqua regia; A: alloy substrate, C: Ni coating, D: Cr2O3, E: Fe-rich 

nodules.) 
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Alloy 441 

  Fig. 4.15 shows the XRD patterns of alloy 441 after 100 hours dual oxidation.  The 

XRD patterns of 200 hours and 400 hours dual samples are similar.  The oxide scales are 

all composed of the surface (Mn,Cr)3O4 spinel and underlying Cr2O3.  Fig. 4.16 shows 

the surface and cross section microstructure of the air side of 441 after 100, 200 and 400 

hours dual oxidation at 800°C.  On the surface microstructure, ridge-shape areas were 

found on oxide scales.  The area surrounded by the ridge has similar size as the alloy 

grain, which suggests that the ridges are formed by the fast outward diffusion of alloy 

element along the alloy grain boundaries.  Only after 200 and 400 hours dual oxidations, 

441 showed Fe-rich nodules in some areas as shown in Fig. 4.16b.  As shown in Fig. 

4.16b, the Fe-rich nodule is very close to the ridge.  The formation of Fe-rich nodules is 

possibly related with the alloy grain boundaries.  In Fig. 4.16f, the white areas in the 

alloy contained higher Nb concentration, which is Fe2Nb Laves phase at the alloy grain 

boundaries.  The oxide scale is a little thicker near this Nb-rich area. 

 

Fig. 4.15 The XRD patterns of annealed 441 after 100 hours dual oxidation. 
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Fig. 4.16 Alloy 441 surface and cross section microstructures after 100, 200 and 400 

hours dual oxidation. (A: alloy substrate; B: Oxide scale; C: Ni coating.) 
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Grain boundaries vs. grain oxidation 

As shown in Fig. 4.16, ridge-shape areas were found on oxide scales surface.  The 

size surrounded by the ridge is similar as the alloy grain size.  The ridges are possibly 

related with the oxide scale growth along alloy grain boundaries.  For annealed 441 

samples after 400 hours dual oxidation, the compositions of ridge and none-ridge area 

were compared by measuring the composition at 25 randomly selected locations.  Fig. 

4.17 shows the atomic ratio of Mn by (Cr+Mn+Fe).  EDS results indicated that Ti-rich 

particles were discretely distributed at the ridge.  To remove the influence of Ti, the ratio 

between Mn and (Cr+Mn+Fe) was selected to compare the Mn concentration difference.  

For all three samples, the ridge area has a higher Mn ratio than that of none-ridge area.  

Comparing the three samples, annealed 441 control samples showed the lowest Mn ratio 

among the three samples.  The Mn ratio of annealed 441 air side is only a little lower than 

that of the as-received 441 control sample.       

 

 

Fig.  4.17 Mn ratio to Cr+Mn+Fe of 441 after 400 hours dual oxidation at alloy 

grain and grain boundaries 
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Fig. 4.18 shows the average Mn concentration of 430 and 441 after 400 hours dual 

oxidation.  Similar to results in Fig. 4.17, annealed 430 and 441 control samples have the 

lowest Mn concentration.  Annealed 430 and 441 air sides showed a little higher Mn 

concentration than that of the annealed control samples.  As-received control samples 

have the highest Mn concentrations and the smallest grain size.    

 

Fig.  4.18 Average Mn concentration of alloy 430 and 441 oxide scale after 400 hours 

dual oxidation. (Control samples with large grain are annealed control samples.) 

 The EDS measurements in Fig. 4.17 show that the Mn concentration was higher at 

the alloy grain boundaries region.  The average Mn concentration of the as-received 

control samples (Fig.  4.18) is higher than those of annealed control samples.  The as-

received 430 control sample (16 µm) has a higher surface average Mn concentration than 

the as-received 441 control sample (50 µm).  All these results demonstrate that alloy 

grain boundaries are the fast path for Mn outward diffusion.  The lower Mn concentration 

of annealed control samples is possibly due to the large alloy grain size.  The large alloy 

grain size increases distance for Mn to diffuse from the grain to the grain boundaries and 
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also reduces the amount of fast grain-boundaries quantities for Mn diffusion to form Mn-

rich spinel phase.    

In another work, laves phase formed along the grain boundaries of Laves-phase 

ferritic alloy in an H2-H2O atmosphere was considered to limit the outward diffusion of 

Fe, Cr and Mn along alloy grain boundaries [80].  In current work, a continuous Fe2Nb 

Laves phase also formed at the 441 alloy  grain boundaries (Fig. 4.7a) and a ridge-shape 

with a high concentration of Mn was formed on the oxide scale (Fig. 4.16 a-c).  It was 

not occurred in current test that Fe2Nb Laves phase limits Mn outward diffusion.  This 

inconsistency may have been caused by the different oxidation atmosphere.  Current test 

atmosphere is air or wet air and cations outward diffusion controls the growth of oxide 

scale.  The oxide scale growth in H2-H2O atmosphere is dominated by oxygen inward 

diffusion.  Based on EDS measurement in Fig. 4.17, high Mn concentration were found 

at the ridge-shape oxide scale.  Even if there is large amount of Laves phase along 441 

alloy grain boundaries, Mn can still diffuse along alloy grain boundaries.   

Comparing the EDS results shown in Fig. 4.17 and 4.18, the annealed air side has a 

higher Mn concentration than the  annealed control samples for both alloys 430 and 441. 

SEM observation of 430 dual oxidation experiments also found that the Fe-rich nodules 

tend to form close to the alloy grain boundary area (Fig. 4.10 and 4.14).  Annealed 441 

dual oxidation experiments shows similar trend (Fig. 4.16b).  Hydrogen has been found 

to  diffuse preferentially along alloy grain boundaries in ferritic alloys [109].  Hydrogen 

diffusion along the alloy grain boundaries may increase the concentration of metal 

vacancies at grain boundaries area and thus facilitate the outward diffusion of alloy 

elements in the chromia scale [11, 96].  Fe outward diffusion may contribute to the 
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formation of Fe-rich nodules.  Another possible mechanism for Fe-rich nodule formation 

is that hydrogen may diffuse through the alloy grain boundaries and make the air side 

more acidic at grain boundaries area, which favors the hematite formation relative to 

chromia [38].  This would likely occur when the metal is exposed, which could be in the 

early stages of oxidation or later if portions of the oxide spall off.  Although hematite 

may form due to rapid kinetics, if it is contact with the metal, chromium in the alloy 

would react with the hematite to form chromia.  So, as shown in Fig. 4.10 and 4.11, 

chromia is formed between the Fe-rich nodule and the alloy.  For samples with small 

alloy grain size, Mn may diffuse to the interface between the Fe-rich nodule and alloy 

substrate.  In this case, chromia and spinel phases are formed between the nodule and the 

alloy (Fig. 3.5d).  

Based on the SEM observation results of annealed 430 after dual oxidation, a model 

is created to describe the growth of oxide scale for samples with large alloy grain size.  

Generally, Cr and Mn form the (Mn,Cr)3O4 spinel phase, which can reduce the oxidation 

rate and Cr evaporation [23, 27].   The most notable effect of grain size is that there is 

less Cr and Mn diffusion along alloy grain boundaries in the large grain alloys.  As 

shown in Fig. 4.19, the growth of oxide scale can be divided into three stages.  At the 

initial stage is the formation Fe2O3 near the alloy grain boundaries.  Hydrogen diffuses 

through alloy grain boundaries, which may increase the outward diffusion of Fe or create 

a more acid environment.  The hydrogen diffusion along alloy grain boundaries promotes 

the formation of Fe2O3.  The second stage includes two parts.  One part is that a spinel 

phase forms near the Fe-rich nodules.  After the initial stage, some Mn can still diffuse 

along alloy grain boundaries and form spinel phase next to the Fe-rich nodules.  The 
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other part is that Cr diffuses to the alloy surface and form a Fe-rich solid solution of 

Fe2O3 and Cr2O3.  The final stage is that one whole alloy grain is covered by normal 

oxide scale (Cr-rich area) or Fe-rich area, which is controlled by the local Cr and Mn 

concentration.  Similar as the step II, Spinel phase can still grow by Mn and Cr outward 

diffusion along the alloy grain boundaries 

 

 

 

Fig. 4.19 Model for oxide scale growth of samples with large alloy grain size in dual 

atmosphere oxidation. 

Comparing the annealed 430 and 441 dual samples, a large amount of Fe-rich 

nodules were found close to the 430 alloy grain boundaries areas, where as 441 dual 
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atmosphere samples contained  Fe-rich nodules only in isolated areas.  The main 

difference between 430 and 441 is that alloy 441 contains Nb and Ti elements.  An earlier 

study found that during high temperature corrosion of 441 Nb-containing laves phase 

precipitates deposited at alloy grain boundary.  In the current work, Fe2Nb precipitates 

were found at the alloy grain boundaries (Fig. 4.7b).  The crystal structure of Fe2Nb is 

C14 laves phase, which has been extensively studied as a hydrogen storage material [71, 

72], so hydrogen could occupy the interstitial sites of Fe2Nb and thus act as a hydrogen 

trap for hydrogen diffusion through the alloy.  These grain boundary precipitates are not 

present in 430.  The grain boundaries of alloy 430 are reversible site for hydrogen storage, 

which has a lower binding energy (<80KJ/mol) to hydrogen.  Generally, reversible site 

do not prevent the diffusion of hydrogen through the grain boundaries [51-55].  Therefore, 

more rapid hydrogen diffusion along grain boundaries is expected.    

 

4.4 Conclusions 

The dual atmosphere oxidation of samples with large alloy grain size led to the 

formation of Fe-rich nodules, which is related with the hydrogen diffusion along the alloy 

grain boundaries.  Hydrogen may facilitate the outward diffusion of Fe or create a more 

acid environment, which favors the formation of Fe2O3.  Fe-rich nodules tend to form at 

the surface area close to the alloy grain boundaries.  

 Large alloy grain size limits the outward diffusion of Cr and Mn.  Due to the large 

grain size, the alloy substrate may not supply enough Mn to form protective (Mn,Cr)3O4 

spinel layer.  After dual atmosphere oxidation, a large amount of Fe-rich nodules near the 

alloy grain boundaries are formed on the air side of annealed 430 dual samples.  For 
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longer time, (Fe,Cr)2O3 nodules are  formed and the (Fe,Cr)2O3 nodules are enlarged to 

cover one whole alloy grain surface.  Spinel phase is formed at the alloy grain boundaries 

area by Mn and Cr outward diffusion along the alloy grain boundaries.   

In the case of 441, Fe-rich nodules are present only in isolated areas and the oxide 

scale consists mostly of spinel phase and underlying Cr2O3.  The hydrogen trapped by 

Fe2Nb at alloy grain boundaries area might contribute to the lower amount of Fe-rich 

nodules on 441 oxide scale.  
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CHAPTER 5 

LOW-CHROMIUM ALLOYS FOR SOFC INTERCONNECTS 

 

5.1 Introduction 

Ferritic stainless steel alloys have a combination of good oxidation resistance and 

appropriate coefficient of thermal expansion that makes them attractive for use as 

interconnects in SOFCs [4, 8].  However, chromia can be oxidized to vapor species, 

which can lead to poisoning of the cathode.  For reducing the Cr poisoning, different 

alloy elements have been added in the ferritic stainless steel, including Mn and Ti.  These 

additions of alloy elements formed an oxide scale with lower Cr activity.  Another 

possible method is to reduce the Cr concentration in the alloy.  In this work, the samples 

with chromium contents from 13-18% and other alloying additions typical of those of 

alloy 441 (i.e. small amounts of niobium and titanium) were evaluated by dual 

atmosphere oxidation experiments. 

For long-term application of ferritic stainless steel as SOFC interconnect, ceramic 

coating is the most feasible method to reduce the Cr evaporation.  Other work has found 

that spinel coating of cobalt and manganese shows good performance due to its good 

electrical conductivity and compatibility with other SOFC components [127, 138].   With 

the ceramic coating, alloys with lower chromium contents could potentially be used.  In 

this work, the oxidation behaviors of a series of Mn1.5Co1.5O4-coated and uncoated 
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ferritic steel alloys were studied to determine if the reduction of Cr concentration 

influence the oxidation resistance of Mn1.5Co1.5O4-coated samples in SOFC environment. 

 

5.2 Experimental  

 

5.2.1 Dual atmosphere oxidation of uncoated samples with different Cr concentration 

Table 5.1 lists the compositions of the ferritic alloys with different Cr concentration, 

which were provided by Allegheny Technologies Inc..  The composition of 17%Cr and 

18%Cr samples is similar to that of alloy 441.  The Circular disks (33 mm dia) were 

sectioned from plates (thickness: 1.0 mm) by electrical discharge machining (EDM).  For 

each dual-atmosphere test the circular disk was sealed to the end of an AISI304 stainless 

tubing (OD: 25.4 mm, ID: 19.3 mm) by Ni-based BNi-2 braze.  The braze sealing was 

performed in a vacuum furnace (at least 1×10
-3

 torr) by heating from room temperature to 

1050°C, holding for 30 min, and then cooling to room temperature.  The dual oxidation 

experiments of uncoated samples were done in the same setup as previous dual oxidation 

(Fig. 3.1).  One side of the coupon was exposed to 35ml/min wet Ar-5 vol% H2 (3vol% 

H2O) and the other side was exposed to 5ml/min dry cylinder air (moisture ≤67.0PPM).  

The wet hydrogen and air were prepared by passing the gas through water bubblers at 

room temperature.  Another plate sample was kept in the quartz tube as the control 

sample.  The quartz tube was kept in a tube furnace.  Before heating, the system was 

flushed with the experimental atmosphere for 24 hours.  The samples were then heated 

and held at 800°C for 200 hours.   
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Table 5.1 composition of alloys with different Cr concentration 

Element 

(wt%) 

Cr Mn Si Ti Nb Fe 

13%Cr 13.0 0.3 0.4 0.2 0.3 Balance 

15%Cr 15.1 0.3 0.4 0.2 0.3 Balance 

17%Cr 16.9 0.3 0.4 0.2 0.4 Balance 

18%Cr 17.8 0.3 0.4 0.2 0.4 Balance 

441 18.0 0.4 0.3 0.2 0.5 Balance 

 

After the dual oxidation test, the tube furnace was turned off and the experimental 

atmosphere was maintained while cooling to room temperature. After the test, the 

samples were cleaned with acetone and the weight of control samples was measured.  

Then, the dual atmosphere exposed coupon was removed by cutting the end of the 304 

tubing.  The surface of the dual atmosphere and control samples were analyzed by X-ray 

diffraction (XRD) and a JEOL JSM-7000F scanning electron microscope (SEM).  The 

average composition of surface oxide scale was measured by EDS in five random areas 

with 200X magnification.  The compositions of grain and grain boundaries were 

compared in 5 random areas with 5 grain and 5 grain boundary point EDS tests.  After 

surface observation, the samples were electroplated with Ni and a cross-section sample 

was prepared using an Accutom-5
®

 cut-off machine.  The control and dual-atmosphere 

samples were epoxy-mounted, polished and characterized using the SEM.  The 

thicknesses of the oxide scales were estimated by measuring 5 thicknesses in micrographs 

from 10 random positions (i.e. 50 measurements).   
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5.2.2 Oxidation of  Mn1.5Co1.5O4  coated samples with different Cr level 

The spinel Mn1.5Co1.5O4 powder was applied by the Pacific Northwest National 

laboratory (PNNL) with a slurry-based coating process [97]. Mn1.5Co1.5O4 powder was 

synthesized by glycine–nitrate process.  The precursor ash was achieved by heating 

solution of Mn(NO3)3, Co(NO3)3 and glycine to combustion point.  Then calcination of 

the ash was performed in air at 800°C for 4 hours and attrition milled.  After the milling, 

the powder was mixed with Ferro BV-111-2 binder to form slurry.  The slurry was 

sprayed onto stainless steel plate samples and dried in oven at 80°C for 1-2 hour.  To 

obtain a denser coating, the coated samples were heat treated in an Ar-3%H2O-2.75%H2 

environment at 800°C for 2 hours.  Then, the Mn1.5Co1.5O4 spinel layer was developed in 

subsequent oxidation experiment. 

The isothermal oxidation experiment was performed in Lindberg
®

 54233 tube 

furnace at 800°C in lab air for 800 and 1600 hours.  Cyclic oxidation experiment was 

performed in Blue M Stabil-Glow
®

 box type furnace at 800°C for 800 hours.  The cyclic 

oxidation was consisted of 25-hour exposures in laboratory air with furnace heating and 

cooling between cycles.  Between each cycle, the weight was measured.  The weight 

change was used to determine the oxidation rate.  After the oxidation experiment, the 

surface oxide scale was characterized by XRD and SEM with EDS.  Then the samples 

were electroplated with Ni and the cross section microstructure was characterized by 

SEM.  The oxide scale thickness was measured by 5 measurements in 10 randomly 

selected areas (i.e. 50 measurements).  The interface between the oxide scale and 

Mn1.5Co1.5O4 coating was one of the most critical concerns in current study.  The element 

distribution was studied by EDS at the interface region.   
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5.3 Results and discussion 

 

5.3.1 Dual atmosphere oxidation of uncoated samples with different Cr level  

The weight gains of control samples are shown in Fig. 5.1.  The 13%Cr sample has 

the highest weight gain of  all four control samples.  Normally, samples with higher Cr 

concentration form more protective Cr2O3 oxide scale, which can effectively reduce the 

growth of oxide scale.  18%Cr control sample has a little higher Cr concentration and 

should have a lower weight gain than that of 17% Cr control sample.  The opposite 

results may be caused by the spallation of oxide scale during experiment.  Previous study 

has found that the oxide scale of alloy 441 is not stable and fracture occurs at the weak 

bonding between Fe2Nb Laves phase and TiO2 particles at alloy grain boundaries areas 

[83].  Another possible reason is that the Cr concentration is only 1% difference between 

17%Cr and 18%Cr samples.  The test time is only 200 hours and not long enough to 

show difference in oxidation behavior.   

 

Fig. 5.1 Weight gain of 13%Cr-18%Cr control samples after 200 hours dual 

oxidation. 
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Fig. 5.2 shows the scale thickness of control samples and air side of dual samples 

measured by SEM.  The thickness differences are compared by statistic ANOVA analysis 

with 95% probability.  The scale thickness measurement results have a similar trend as 

the weight change results.  Samples with higher Cr concentration have thinner oxide scale.  

18%Cr control sample has a statistically thinner oxide scale than that of 17%Cr control 

samples, which is slightly different with the weight gain results in Fig. 5.1.  The area 

selection for thickness measurement by SEM avoided the spallation area.  It is reasonable 

that 17%Cr sample has thicker oxide scale than that of 18%Cr samples.  Comparing to 

control and air side in each group, it looks that, except 13%Cr samples, other samples has 

a little thicker oxide scale on control sample than that of air side, but ANOVA analysis 

found that the different is insignificant.  In this work, the oxide scale of air sides has a 

similar thickness with that of air control samples.  The standard deviation of 13%Cr air 

side is very large.  This is caused by the thick Fe-rich nodules formed at air side after 

dual oxidation. 

 

Fig. 5.2 Oxide scale thickness measurement results of control and air side after 200 

hours dual oxidation with standard deviation 
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The XRD patterns of air control and side is shown in Fig. 5.3.  Except 13%Cr air 

side, the XRD patterns of all other samples are similar and composed of Cr2O3 and 

(Mn,Cr)3O4 spinel phase.  XRD patterns of all control samples are also composed of 

Cr2O3 and (Mn,Cr)3O4 spinel phase.  The XRD pattern of 13%Cr air side shows Fe2O3 

peaks next to the peaks of Cr2O3.  Subsequent SEM observation found large amount of 

Fe-rich nodules on surface of 13%Cr after 200 hours dual oxidation, which is consistent 

with the XRD patterns.   

 

 

Fig. 5.3 XRD pattern of air side after 200 hours dual oxidation. 
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The control and air side surface microstructure of 13%Cr-18%Cr samples after 200 

hours dual oxidation are shown in Fig. 5.4.  On the air-side surface of 13%Cr samples, 

large amounts of Fe-rich nodules were found.  Fe concentration in these nodules is close 

to 90% and they show needle-shape appearance.  XRD spectra contained Fe2O3 peaks 

indicating that the Fe-rich nodules are Fe2O3.  The surface oxide scale of 15%Cr sample 

air side contained only a small area with Fe-rich nodules.  For 17%Cr an 18Cr samples, 

similar surface microstructure was found on air control and air side.  With increase Cr 

concentration, the samples have a better dual oxidation resistance.  High Cr is expected to 

promote the formation of more protective Cr2O3 layer, which limits the outward diffusion 

of Fe to form Fe-rich nodules.  Based on the SEM results of uncoated 13%Cr-18%Cr 

samples dual atmosphere oxidation, Cr concentration of 13%Cr and 15%Cr samples is 

too low to avoid abnormal growth of Fe-rich nodules. 

In chapter 3, the oxide scale formed on the air side of 441 contains some Fe-rich 

nodules under the same dual oxidation experiment.  Alloy 441 has similar composition as 

17%Cr and 18%Cr samples, but there are no Fe-rich nodules observed on the oxide scale 

of 17%Cr and 18%Cr samples.   The difference between these 17%Cr and 18%Cr 

samples and alloy 441 is the alloy grain size.  The alloy grain size of the samples with 

different Cr concentration is about 38 µm, while the grain size of 441 is 50 µm.  Samples 

with smaller alloy grain size have more alloy grain boundaries as the fast path for Cr and 

Mn outward diffusion.  It has been found that Cr2O3 and (Mn,Cr)3O4 spinel phase 

effectively reduce the diffusion of hydrogen [31] [94, 95].  Small alloy grain size is 

beneficial to the fast formation of protective Cr2O3 and (Mn,Cr)3O4 spinel phase, 
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especially at initial stage.  The Cr2O3 and (Mn,Cr)3O4 oxide scale become a barrier for 

hydrogen to diffuse into the alloy and mitigate the growth of Fe-rich nodules.    
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Fig. 5.4 Oxide scale surface microstructure of 13%Cr,15%Cr 17% and 18%Cr 

samples after 200 hours dual atmosphere oxidation.  

 

13%Cr control 13%Cr air side 

15%Cr control 15%Cr air side 

17%Cr control 17%Cr air side 

18%Cr control 18%Cr air side 

Fe-rich nodule 

Fe-rich nodule 



95 

 

Fig. 5.5 shows section microstructure of Fe-rich nodules formed on normal oxide 

scale after 200 hours dual atmosphere oxidation of 13%Cr samples.  In most areas, the 

oxide scale is composed of Cr2O3 and a surface (Mn,Cr)3O4 spinel layer.  In the Fe-rich 

nodule area, a similar oxide scale formed as the Fe-rich nodules in 441 after dual 

oxidation.  Cr2O3 and (Mn,Cr)3O4 spinel layers formed at the interface between the Fe-

rich nodules and alloy.  Fig. 5.6 shows the cross section microstructure of 15%Cr, 17%Cr 

and 18%Cr air side after 200 hours dual oxidation.  They all have same cross section 

microstructure as the oxide scale formed under normal single atmosphere oxidation.  In 

both Fig. 5.5 and 5.6, slightly high concentrations of Ti, Si and/or Nb are found at the 

interface between the alloy and oxide scale, which is consistent with the 441 oxidation 

results in previous chapters.  
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Fig. 5.5 Cross section microstructure of 13%Cr air side after 200 hours dual 

oxidation 
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Fig. 5.6 Cross section of uncoated 15%Cr, 17%Cr and 18%Cr air side after 200 

hours dual oxidation. 
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The average composition of surface oxide scale is shown in Fig. 5.7.  Due to 

formation of large area of Fe-rich nodules, 13%Cr is not included in Fig. 5.7.  Comparing 

15%Cr, 17%Cr and 18%Cr samples, the Ti and Cr compositions of the surface oxide 

scale are similar.  The oxide scale on the air side showed a little less Mn and little higher 

Fe concentration than the oxide scale surface formed on the control samples.  The higher 

Fe concentration at air side might have been due to the hydrogen diffusion in dual 

oxidation.  In other studies, hydrogen was found to diffuse into the Cr2O3  and create 

vacancies[96], which increased the outward diffusion of  Cr in the chromia scale [11, 96].  

In the current work, hydrogen may have diffused through the alloy and form vacancies in 

the oxide scale of air side.  These vacancies may have facilitated the Fe outward diffusion.   

 

Fig. 5.7 Average surface oxide scale composition of 15%Cr, 17%Cr and 18%Cr 

samples after 200 hours dual atmosphere oxidation. 
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Fig. 5.8 shows the ratio of Mn and Fe to Cr+Mn+Fe on the surface after dual 

atmosphere oxidation.  Because of randomly distributed TiO2 at the ridges on the oxide 

scale surface, the ratios of Mn or Fe to Cr+Mn+Fe are selected to analyze if Mn and Fe 

tend to diffuse along the grain boundaries area.  Based on Fig. 5.8, there is a high Mn 

concentration at the ridge on the oxide scale surface, which is consistent with results 

presented in a previous chapter indicating that Mn tends to diffuse along alloy grain 

boundaries.    Fig. 5.8 shows similar results in Fig. 5.7 that the oxide scale of air side has 

a little higher Fe concentration than that of the control samples.  The deviation of 

Fe/(Cr+Mn+Fe) is high and this should be attributed by the scattered distribution of Fe 

elements.  Ridge areas showed similar Fe concentration as that in grain.  Comparing to 

as-received 441, the grain size of 15%Cr, 17%Cr and 18%Cr samples is smaller and more 

alloy grain boundaries are available for Mn and Cr outward diffusion along alloy grain 

boundaries.  The sample with smaller alloy grain size may form a more protective oxide 

scale at the alloy grain boundaries area.  This may have reduced the diffusion of 

hydrogen along the oxide scale near the alloy grain boundaries, so Fe did not show a 

strong tendency to diffuse near alloy grain boundaries in current study. 
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Fig. 5.8 Mn and Fe ratios in surface oxide scale on alloy grain and grain boundaries 

area. 

 

5.3.2 Oxidation experiment of Mn1.5Co1.5O4 coated samples with different Cr level 

The weight gain of samples with fitted line after 800°C-800hour cycle oxidation is 

shown in Fig. 5.9.  Due to the reoxidation of cobalt in the coating, the overall weight gain 

of coated samples are larger than those of the uncoated samples.  For the coated samples, 

the parabolic oxidation rate was fit beginning at 75 hours.  Fig. 5.10 shows the parabolic 

rate constant as the Cr concentration.  After the initial stage with large weight gain, the 

subsequent growth rate of the coated samples were lower than those of uncoated samples.  
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This suggest that the MCO spinel coating may have limited the inward diffusion of 

oxygen and prevented detrimental effects, such as spallation of oxide scale.  Except 

15%Cr, the weight gains of coated and uncoated samples  are similar.  17%Cr and 18%Cr 

samples have similar composition as 441 and were expected to behavior similarly, but, 

uncoated 17%Cr and 18%Cr samples shows a much higher oxidation rate than those of 

441.  The reason is not clear yet, but may have been related with small amount difference 

in minor alloy elements or process difference with the relatively small batch size.   

 

Fig. 5.9   Weight gain of coated and uncoated samples after 800°C-800 hours cycle 

oxidation (25-hour cycles). 
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Fig. 5.10 Parabolic rate constant for cycle oxidation of coated and uncoated samples 

in air at 800°C. 

 

The weight gains of several samples after isothermal oxidation in lab air are shown in 

Fig. 5.11.  Due to the reoxidation of cobalt in the MCO spinel coating, the weight gains 

of coated samples are higher than that of uncoated 430 and 441 at the initial stage (such 

as 200 hours).  This is similar as the cycle oxidation result.  After 800 hours isothermal 

oxidation, the weight gain of C-13%Cr is very high and C-18%Cr have the least weight 

gain in coated samples.   C-17%Cr sample had a little lower weight gain than that of C-

13%Cr sample.  After 1600 hours oxidation, it seems that the weight gain shows an 

opposite  result.  This result is related with the spallation of coating, which was observed 

in subsequent surface SEM observation.  Fig. 5.12 shows the oxide scale thickness by 

SEM measurement.  After 800 hours oxidation, the oxide scale thickness decrease with 

increase Cr concentration in the coated samples.  After 1600 hours oxidation, all the 
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coated samples have the similar oxide scale thickess.  These are consistent with the 

weight gain result in Fig. 5.10.  

 

Fig. 5.11 Weight gain of 430, 441 and Coated and uncoated samples after isothermal 

oxidation experiment. 

 

 

Fig. 5.12 Oxide scale thickness of coated samples after 800 and 1600 hours 

isothermal oxidation in lab air. 
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Fig. 5.13 shows the XRD patterns of coated samples after 800 and 1600 hours 

isothermal oxidation in lab air.  After 800 hours oxidation, all the coated samples have 

similar XRD pattern, which is composed of (Mn,Co)3O4 spinel phase.  The XRD patterns 

of coated samples after 800-hour cycle oxidation are almost same as those oxidized in the 

800-hour isothermal condition.  After 1600 hours, the coated samples show a new peak at 

65 degrees.  This peak could be the Cr2O3 or Fe peaks, but no other Cr2O3 or Fe peaks are 

shown.  Besides of the peak at 65 degree, some other peaks are shown in coated 13%Cr 

samples after 1600 hours oxidation, which do not correspond to the chromia or iron.  

These peaks might be the CoFe2O4.  In SEM observation, a high concentration of Fe was 

found in the oxide scale of C-13%Cr sample after 1600 hours oxidation.  13%Cr sample 

has the lowest Cr concentration in all the four coated samples.  For coated samples after 

1600 hours oxidation, 13% Cr is not enough to form protective oxide scale to prevent the 

Fe outward diffusion.  It is possible that Fe diffused outward and formed CoFe2O4 spinel 

phase by reacting with Co.  

The cross section microstructure of coated samples after 800 hours isothermal 

oxidation is shown in Fig. 5.14.  All the four coated samples show a similar 

microstructure and the oxide scale is mainly composed of Cr2O3.  After 800 hours 

oxidation, a relatively clear interface between the oxide scale and Mn1.5Co1.5O4 coating is 

formed.  In general, the interface has relatively higher Co concentration than Mn.  At the 

interface between the alloy and oxide scale, a slightly high Ti concentration was found.  

In the coating, Fe concentration is very low, even for C-13%Cr sample.   
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Fig. 5.13 XRD patterns of coated samples after 800 and 1600 hours isothermal 

oxidation in lab air. 
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Fig. 5.14 Cross section microstructure of coated samples after 800 hours isothermal 

oxidation.  
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The surface microstructure of coated samples after 1600 hours isothermal oxidation 

is compared in Fig. 5.15.  For the samples with less Cr, more oxide scale spallations were 

observed.  The spalled area has about 20% Fe, which is much higher than in the unspalled 

area.  Fig. 5.16 shows the average surface composition of coated samples after 1600 

hours isothermal oxidation.  With the increase of Cr concentration, Fe concentration on 

the surface oxide scale reduced.  No Fe was found on the surface oxide scale of C-17%Cr 

and C-18%Cr samples.  

The spallation area in C-13%Cr is possibly related with the abnormally thick oxide 

area as shown in Fig. 5.17.  The abnormal thick oxide scale is composed of Cr2O3, but 

there are some Fe2Nb white particles near the abnormally thick oxide area. Generally, 

Fe2Nb Laves phases tend to continuously deposit along the alloy grain boundaries.  At 

the interface between the oxide scale and the alloy, slightly high concentration of Ti and 

Nb were found, which indicates that the abnormally thick area is close to the alloy grain 

boundary area.  The abnormally thick oxide is possibly related with the oxygen inward 

diffusion, which often occurs at alloy grain boundaries area [7].  It is found that alloy 

elements in 441 and 430 tend to diffuse along alloy grain boundaries.  This outward 

diffusion along alloy grain boundaries leads to higher stress at oxide scale on alloy grain 

boundaries than that on lattice.  High stress may cause the opening of alloy grain 

boundaries and facilitate the oxygen inward diffusion [7]. 13%Cr has the lowest Cr 

concentration and the Cr2O3 layer formed on 13%Cr is less protective than the other 

coated samples, so it as compared to other coated samples with higher chromium content, 

it should be easier for Fe to diffuse outward.  After 1600 hours isothermal oxidation, 

CoFe2O4 peaks are present in the XRD spectrum of 13%Cr indicating that Fe may have 
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reacted with Co and form CoFe2O4 in the spinel coating.  The thermal expansion 

coefficients of CoFe2O4 and Cr2O3 are 14.9 and 9.6×10
-6

/°C, respectively [139, 140].  

The large difference of the thermal expansion coefficient could cause a large stress in the 

coating lead to coating spallation more often for C-13%Cr samples than for the other 

samples.  Without the protection of the spinel coating, oxygen atoms can easily diffuse 

through the Cr2O3 oxide scale on C-13%Cr sample and form thick oxide scale near the 

alloy grain boundary area.   

 

     

     

Fig. 5.15 Surface microstructure of coated samples after 1600 hours oxidation. 
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Fig. 5.16 Average surface composition of coated samples after 1600 hours oxidation  

 

 

    

Fig. 5.17 Surface microstructure of C-13%Cr sample after 1600 hours oxidation 
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The typical cross section microstructure of coated samples after 1600 hours oxidation 

is shown in Fig. 5.18.  The coating surfaces of low-Cr samples (C-13%Cr and C-15%Cr) 

samples contain about 10% Fe, but  there is no measurable Fe in coating surfaces on the 

high-Cr alloys (C-17%Cr and C-18%Cr).  The surface and cross section SEM images 

indicate that the Cr concentration in 13%Cr and 15%Cr samples is too low to form a 

protective Cr2O3 layer for long term SOFC application. Similarly, after 800 hours 

oxidation (Fig. 5.14), the ratio of Co to Mn at interface was always higher than that in the 

coating.  The difference is that the interface became blurred for coated samples after 1600 

hours oxidation (Fig. 5.18).  This should be contributed by the inter-diffusion between 

these two regions.   

 Based on other studies, a similar model of reaction layer growth was created and is 

shown in Fig. 5.19 [140].  The reaction layer is composed of two regions.  One is Cr
3+

 

outward diffusion from the oxide scale into the spinel coating.  The other is the Mn
2+

 and 

Co
2+

 inward diffusion into the Cr2O3 oxide scale.  Other studies found that Cr have a very 

strong tendency to occupy the octahedral position of spinel phase [141, 142].  At the 

region next to the Cr2O3 oxide scale, oxide scale can supply enough Cr to occupy the 

octahedral position of spinel phase.  So, only Mn
2+

 and Co
2+

 can diffuse into this region.  

In another work, a similar model was proposed [140].  This work study the reaction layer 

by directly heating a diffusion couple of (Mn,Co)3O4 and Cr2O3 plate in lab air.  This 

work found higher ratio of Co to Mn at the reaction layer and the ratio of Co to Mn is 

about 3.  Based on the empirical site preference energy calculation, Co
2+ 

has a higher 

preference to occupy tetrahedral site to that of Mn
3+

 and Cr
3+

 [141].  Another possible 

reason is that Co has a higher diffusivity in reaction layer or (Mn,Co)3O4 spinel coating 
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than that of Mn.  In current work, the ratio of Co to Mn is smaller than 3, which means 

more Mn in reaction layer.  During the high temperature oxidation, coated alloy samples 

supplied Cr to form the reaction layers.  At the same time, the coated samples may have 

supply Mn to the reaction layer, especially at the initials stage.  So, the ratio of Co to Mn 

is smaller than that using Cr2O3 plate. 
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Fig. 5.18 Cross section microstructure of coated samples after 1600 hours 

isothermal oxidation  
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Fig. 5.19 Reaction layer development during oxidation of coated samples at 800°C.  

 

5.4 Conclusion 

 

The dual atmosphere oxidation of uncoated 13%Cr results in the formation of a large 

amount of Fe-rich nodules at the surface of oxide scale.  With higher Cr concentration of 

the uncoated sample, quantities of Fe-rich nodules were reduced.  The samples with 

higher Cr concentration have a better dual oxidation resistance.    

Comparing with as-received 441, the smaller alloy grain size of 17%Cr and 18%Cr 

samples may have facilitated the formation of more protective oxide scale, especially at 

alloy grain boundary region.  Hydrogen diffusion into the alloy may have facilitated the 

Fe outward diffusion at both alloy grain and grain boundary areas.   
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After long term oxidation, the coated samples with relatively low Cr concentration 

have more scale spallation.  The scale spallation is possibly related with the formation of 

CoFe2O4, which has a large mismatch of the thermal expansion coefficient with Cr2O3 

and (Mn,Co)3O4.   

During high temperature oxidation, a reaction layer was formed in coated samples at 

the interface between the oxide scale and the coating.  With longer oxidation, the 

interface between the scale and coating becomes more blur.  High ratio of Co to Mn was 

found at the reaction layer.  This is possibly attributed to the higher tetrahedral preference 

of Co
2+

 relative to Mn
3+

 and Cr
3+

 or higher diffusivity in reaction layer or (Mn,Co)3O4 

spinel coating than that of Mn.   

Based on the oxidation results, Cr concentration should be at least 17% to form a 

protective oxide scale in the SOFC environment for both coated and uncoated samples.  
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CHAPTER 6 

CONCLUSIONS AND PERSPECTIVES 

 

 In this research, five aspects have been studied for the application of Cr-

containing ferritic steel alloys 430 and 441 as SOFC interconnect materials, including the 

effects of water vapor in air, comparison of different flow rate in dual atmosphere 

oxidation, oxidation behavior at alloy grain boundaries in dual atmosphere oxidation, the 

effects of chromium level to the dual atmosphere oxidation behavior and long term 

oxidation behavior of (Mn,Co)3O4 spinel coated ferritic alloys with different chromium 

levels.   

For samples oxidized in air containing water vapor, the presence of water vapor in 

the air promoted the inward diffusion of oxidant and appears to improve the adherence of 

the oxide scale to the alloy.  In this work, 430 showed a higher growth rate with higher 

humidity level, but the weight change of 441 did not follow this trend.  This difference 

may be contributed by spallation of oxide scale and chromium depletion.  Due to the 

weak bond between the Fe2Nb and TiO2, the oxide scale tends to spall more easily than 

on 430.  After dual atmosphere oxidation, the oxide scale on both 430 and 441 treated 

with high hydrogen flow rate contain localized Fe-rich nodules, which accelerate growth 

of oxide scale at the air side.  High hydrogen flow rate supplied more hydrogen to diffuse 

through alloy to the air side and may have formed more interstitial protons in the oxide 

scale, which facilitate the outward diffusion of Cr, Mn and Fe and lead to more thick 
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oxide scale.  The formation of Fe-rich nodules is possibly contributed by the Fe outward 

diffusion or the presence of acidic conditions at air side.  

In this work, the 100 and 200 hours dual atmosphere oxidation of alloy 430 with 

large alloy grain size led to the formation of Fe-rich nodules tend along the alloy grain 

boundaries.  After 400 hours dual atmosphere oxidation, (Fe,Cr)2O3 nodules are enlarged 

to cover one whole alloy grain surface.  Spinel phase is formed at the alloy grain 

boundaries area by Mn and Cr outward diffusion along the alloy grain boundaries.  These 

results indicate that the hydrogen diffusion along alloy grain boundaries facilitates the 

formation of Fe-rich nodules.  In the current work, Mn concentration was higher at alloy 

grain boundaries area than that in the grain.  With fewer grain boundaries, the larger alloy 

grain size supplies less grain boundaries as the fast path for the outward diffusion of Cr 

and Mn, so the alloy substrate may not supply enough Mn to form protective (Mn,Cr)3O4 

spinel layer to cover the entire oxide scale.  In the case of 441, Fe-rich nodules are 

present only in isolated areas and the oxide scale consists mostly of a spinel phase and 

underlying Cr2O3.  The difference between 430 and 441 is that the Fe2Nb phase 

segregates to the alloy grain boundaries.  Fe2Nb phase have been considered as a 

hydrogen storage material, so hydrogen trapped by Fe2Nb at alloy grain boundaries area 

might inhibit the supply of hydrogen to the surface and the lower amount of Fe-rich 

nodules on 441 oxide scale. 

To reducing the cathode poison by Cr, ferritic samples with different Cr level 

have been tested, including uncoated and (Mn,Cr)3O4 coated samples.  After the dual 

atmosphere oxidation, the quantities of Fe-rich nodules on the samples were reduced with 

increasing Cr concentration.  The samples with higher Cr concentration can form a more 
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protective oxide scale.  As-received 441 has similar composition as 17%Cr and 18%Cr 

samples, but no Fe-rich nodules were formed on these two samples after dual atmosphere 

oxidation at the same condition.  17%Cr and 18%Cr samples have smaller alloy grain 

size than as-received 441, which provides further evidence that small alloy grain sizes 

facilitate the formation of more protective oxide scale, especially at alloy grain boundary 

region.  

For ferritic alloy as the SOFC interconnect material, a ceramic coating is 

necessary for reducing chromium volatilization during long-term application.  In the 

current work, more scale spallations were observed on the coated samples with relatively 

low Cr level after long term oxidation.  Formation of CoFe2O4, which has a large 

mismatch of the thermal expansion coefficient with Cr2O3 and (Mn,Co)3O4, is possibly 

the reason for the scale spallation.  During high temperature oxidation, a reaction layer 

was formed in coated samples at the interface between the oxide scale and the coating.  

This reaction layer was formed by the Co and Mn inward diffusion and Cr outward 

diffusion.  There is high ratio of Co to Mn at the reaction layer, which may be due the 

higher tetrahedral preference of Co
2+

 relative to Mn
3+

 and Cr
3+

 or higher diffusivity in 

reaction layer or (Mn,Co)3O4 spinel coating than that of Mn.   Based on the oxidation 

results, current work found that Cr concentration in the alloy should be at least 17% to 

form a protective oxide scale in the SOFC environment for both coated and uncoated 

samples. 

As the SOFC interconnect, the effects of hydrogen to the high temperature 

oxidation behavior of uncoated and MCO coated ferritic alloys still need further studies, 
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including the ferritic alloy with different alloy grain sizes or alloy dopants and hydrogen 

diffusion measurement.   

1)  Current work found that alloy grain boundaries play an important role for the 

dual atmosphere oxidation behavior of ferritic alloys.  Generally, the ferritic samples with 

smaller grain sizes show better dual atmosphere oxidation resistance and mitigate the 

formation of Fe-rich nodules.  In the future, alloy 441 with smaller alloy grain size, even 

nano-grain size samples, should be developed and tested in dual atmosphere.  In the 

future, a system work should be performed to control the alloy grain size of 441 more 

preciously by heat treatment and cold work.  Test of samples with several different alloy 

grains should give a more quantitive relationship between the oxide scale growth and 

alloy grain size. 

2) In current work, Fe2Nb phase appears to mitigate the diffusion of hydrogen 

through the alloys.  Fe2Nb phase is one of hydrogen storage materials and tends to 

segregate at the alloy grain boundaries in the ferritic alloys.  Adding elements with high 

hydrogen storage abilities has been considered as an important method to improve the 

resistance of hydrogen embrittlement.  Similar method may applied for the development 

of ferritic alloys as the interconnect materials.  Ta has very similar properties as Nb and 

has been added into steels applied at high temperature.  By ion implantation, Nb and Ta 

may be doped into 430.  The effects of Nb and Ta dopants could be compared by dual 

atmosphere oxidation of the doped 430, which may guide the development of new alloys 

as the SOFC interconnect. 

3) Current work performed the oxidation experiment of the coated samples in lab 

air.  For practical application in SOFC, the coated samples should also be tested in dual 
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atmosphere oxidation.  In dual atmosphere, the oxidation will be aggravated by the 

diffusion of hydrogen from hydrogen side to air side.  

4) For better understanding the hydrogen diffusion in uncoated and MCO coated 

ferritic alloys, it is necessary to systemically study the diffusivity of hydrogen in coating 

materials, Cr2O3, (Mn, Cr)3O4, uncoated and coated candidate alloys by hydrogen isotope 

diffusion test.  The hydrogen diffusivity in uncoated ferritic alloy samples with different 

alloy grain sizes may also be compared.  A quantitive relationship between the grain size 

and hydrogen diffusivity may be achieved, which will further increase our understanding 

of the effects of alloy grain boundaries.       
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