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Abstract. The adhesion of thermal oxide scale grown at 800°C on ferritic stainless steel AISI 441 proposed 

as SOFCs interconnectors was investigated. The influence of oxidising atmosphere was considered by 20% 

O2-N2 or 20% H2O-N2 as the representative cathode and anode atmospheres, respectively. A tensile test in an 

SEM chamber was used to assess the adhesion behaviour. The spallation of oxide scale on AISI 441 has to 

important as the candidate of interconnectors in SOFCs. The adhesion energy was considered as strain energy 

stored in the oxide, which was calculated at the first spallation of scale. The adhesion energy of scale on steel 

substrate was shown in the range of 173-214 J m-2. The adhesion energy of scale on steel oxidised in water 

vapour was higher than that in oxygen. This might be due to the presence of a silica layer at the scale-steel 

interface of steel oxidised in water vapour. The qualitative assessment of scale adhesion in terms of strain 

initiating the first spallation suggested the good adhesion behaviour of scale grown in the anode atmosphere. 
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1 Introduction  
Among the types of fuel cells that are currently under 

development: proton-exchange membrane fuel cells 

(PEMFCs), phosphoric acid fuel cells (PAFCs), molten 

carbonate fuel cells (MCFCs), alkaline fuel cells (AFCs), 

and solid oxide fuel cells (SOFCs). The SOFCs are 

gaining increased attention. SOFCs have several 

advantages over other types of fuel cells due to their high 

operating temperature (600-1000°C) and solid materials. 

Since they are operated at high temperatures, the SOFCs 

have a better ability to tolerate the presence of impurities. 

Also the component is solid, there is no need for 

electrolyte loss maintenance and electrode corrosion is 

eliminated [1]. Solid oxide fuel cells are electrochemical 

conversion device that generates energy by oxidising a 

fuel. Solid oxide fuel cells use a solid oxide material as 

the electrolyte.  

A solid oxide electrolyte is used in SOFCs to transfer 

negative oxygen ions from the cathode to the anode. 

When multiple cells are stacked in a series, an 

interconnector is used to connect the fuel-side anode and 

the air-side cathode. It also enables electron transmission 

from one cell to the next and the external circuit. Ceramic 

materials, such as doped lanthanum chromite have been 

proposed as interconnectors for standard SOFCs 

operating at approximately 1000°C [2-4]. The 

interconnector must be extremely stable because it is 

exposed to both the oxidising and reducing sides of the 

cell at high temperature. As interconnect materials, 

ceramics have shown to be more effective than metals. 

However, when compared to metals, these ceramic 

interconnect materials are quite expensive. As lower 

temperature (600-800°C) SOFCs are developed, steel-

based alloys are becoming more promising. Stainless 

steels are considered promising interconnector materials 

[5-8]. Mostly because of their gas-tightness and high 

electrical conductivity.  

In comparison to ceramic materials, economic 

advantages such as low cost, availability, and 

processability are also important. Ferritic materials are 

chosen from among the numerous varieties of stainless 

steel due to their low coefficient of thermal expansion. 

However, when stainless steel is used at SOFCs 

temperatures such as 800°C the oxide scale forms as 

chromia on the steel substrate [9-11]. This scale is semi-

conductor and reduces the electrical conductivity  

[12, 13]. At high temperatures, the increasing oxide scale 

can cause spallation resulting in an air gap between the 

substrate and the oxide, which perform as an insulator 

[14]. This work has been interested in industrial ferritic 

grade (AISI 441). This steel has 18% Cr content and is 

suitable for usage in high temperature applications. Good 

adhesion is critical to avoid oxide-steel decohesion, which 

could operate as a local infinite electrical resistor 

inhibiting current flow through the cell. The scale 

formation and adhesion on metallic substrates are 

influenced not only by the metal chemical compositions 

[15, 16], but also by their roughness and polishing 

direction. The adhesion of oxide scale on metallic alloys 

is normally determined by observing the oxide-steel 

interface qualitatively or directly measuring spallation in 

service. Only a few testing methods, such as the 

indentation test [17], have been developed to quantify the 

interfacial fracture of scale, although they are not entirely 

precise. Alternatively, the inverted blister test [18, 19] can 
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be used although thin metal specimens are required. The 

tensile test is also developed to assess scale adherence on 

stainless steel [20-22]. For this study, the in situ tensile 

tests are employed to measure scale adhesion on a steel 

substrate. This test allows for continuous observation of 

oxide scale spallation, while increasing applied strain. 

The formation of oxide scale on steel isothermally 

oxidised in 20% O2-N or 20% H2O-N2 as representative 

cathode and anode atmospheres respectively is 

investigated. The adhesion of scale in terms of adhesion 

energy is also studied. 

2 Materials and methods

2.1 Materials and oxidation procedures  

The study used an AISI 441 sheets of ferritic stainless 

steel grade, which is available from ARCELOR with a 

thickness of 2 mm. Table 1 shows the chemical 

composition of the steel. 

Table 1. Chemical composition of the AISI 441 steel (wt.%). 

Element wt.% 
Cr 17.83 

Ni 0.10 

C 0.01 

Mn 0.24 

Si 0.60 

Ti 0.13 

Nb 0.55 

Fe Bal. 

 

A sample is cut from AISI 441 sheets and polished 

with SiC paper up to 1200 grade. Then, the sample is 

cleaned by an ultrasonic cleaning method using ethanol 

cleaner, followed by drying in air. The sample is oxidised 

in a horizontal furnace with 20% O2-N2 or 20% H2O-N2 

as simulated SOFCs atmosphere at 800°C for 100 hours. 

Oxidation in water vapour (20% H2O) is calculated by the 

Clausius-Clapeyron equation as follows, 

 

�� �
� ��� = 	∆��→�

� ��
� − �

����         (1) 

 

where � is the vapour pressure (0.2 atm), ∆� is the 

enthalpy change of reaction (40,893 J mol-1), � is the gas 

constant (8.314 J mol-1 K-1), and � is the temperature in 

Kelvin. Using equation (1), the temperature at 20% of the 

vapour pressure of water is 332.43 K (59.43°C). 

The scale thickness can be calculated by average mass 

gain as pure chromia assumed. The following equation is 

commonly used to estimate scale thickness. 
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where ∆$ is the mass change before and after oxidation 

(g), 5 is an area (cm2), +. is the molecular weight of 

oxygen  

(16 g mol-1), +,-.  is the molecular weight of iron oxide  

(72 g mol-1), and 6,-.  is the density of the iron oxide  

(5.745 g cm-3). 

2.2 Determination of oxide scale adhesion 
energy  

The determination of adhesion energy by the tensile test 

is extensively described in previous papers [20-23]. 

Electro-erosion is used to prepare specimens with a 

special shape that fit into the tensile machine sitting in a 

scanning electron microscope chamber as shown in 

Figure 1. 

 

 
 

 

 

 

 

 

Figure 1. In situ tensile machine and typical shape of steel. 
 

During tensile loading, stress and strain of the sample 

are continuously recorded. The strain rate is   

7 × 10-5 s-1 and the test is conducted at room temperature. 

The scale morphology and scale failure during the tensile 

test is observed by scanning electron microscope (SEM-

EDS, JEOL JSM-6400). The oxide surface is observed by 

backscatter electrons mode and secondary electrons mode 

with a magnification of 200×, 500×, 1500×, and 2000×. 

The adhesion energy of the oxide scale is identified as 

interfacial fracture energy which is derived from stress 

and strain at the first spallation. Due to the small size 

machine and sample, the elongation during the test is far 

from specimen central. Equation (3) is used to evaluate 

the actual strain. 

 

    7�8�9�: = 7-;<->?�-@� − AB C �
D1EF1GHI1JK

− �
DI1KL�

MN   (3) 

 

where 7�8�9�: is actual metal strain, 7-;<->?�-@�  is an 

experimental strain of the metal, B is metal stress (GPa), 

O-;<->�-@�  is experimental Young’s modulus of the metal 

(GPa), and O�-��:  is Young’s modulus of the metal (GPa). 
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The adhesion energy of oxide scale grown on metal have 

been published [20, 21]. As is widely accepted [24], it is 

assumed that the scale-metal interface has complete 

adhesion. The scale-metal interfacial fracture is called as 

scale spallation. The mechanical adhesion energy at the 

initial spallation can be determined using the following 

equation. 

    P = Q ∙ R         (4) 

where G is the mechanical adhesion energy (J m-2), Q is 

the strain energy per unit volume accumulated in the 

oxide scale until the first spallation (J m-3), and R is the 

scale thickness (m). The strain energy can be calculated 

using the stress-strain curve in loading and transverse 

directions until the first spallation. The strain energy is 

calculated by the following equation as described in the 

literature [20, 21].  

 

  Q = ∫ B ∙ T7 = ∑ QV; + ∑ QVX       (5) 

3 Results and discussion
The average mass gain was used to calculate the thickness 

of the oxide scale, assuming pure chromia formation. The 

thickness of the oxide scale was 1.67 um for steel oxidised 

in 20% O2-N2, which was higher than 1.09 um for steel 

oxidised in 20% H2O-N2. Scanning electron microscopy 

was used to examine the surface morphology of steel 

isothermally oxidised in oxygen and water vapour as 

shown in Figure 2.  

 

 
Figure 2. Surface morphology of steel oxidised in oxygen and 
water vapour.  

It was seen that the surface of steel oxidised in water 

vapour seems to be smoother. Figure 3 illustrates the 

surface of steel oxidised in oxygen with a magnification 

of 2000× by secondary electrons mode was shown. An 

energy-dispersive spectroscopy equipped with a scanning 

electron microscope was applied to characterise the steel 

surface. Peaks of Fe, Cr, O, C and Ti were detected. This 

indicated the existence of oxide containing Cr and Ti at 

the surface. Meanwhile, Figure 4 illustrates the surface of 

steel oxidised in water vapour with a magnification of 

1500× by secondary electrons mode was shown. Peaks of 

Fe, Cr, O, C and Ti were observed. The predominance of 

Cr and Ti was presented on both steels. The scale 

consisted of major Cr2O3-rich oxide and dispersion of 

TiO2 as reported [11]. 

 

Figure 3. Surface morphology of steel oxidised in oxygen 
magnified of 2000× and EDS pattern on the surface of steel 
oxidised in oxygen.

Figure 4. Surface morphology of steel oxidised in water vapour 
magnified of 1500× and EDS pattern on the surface of steel 
oxidised in water vapour.
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For a tensile test, scale transverse cracks perpendicular 

to the tensile loading was first observed, followed by local 

scale spallation. Figure 5 depicts the evolution of scale 

failure during the tensile test. In these images, steel 

oxidised in 20% H2O-N2 significantly showed less 

spallation. However, it can be noted that the through-scale 

transverse cracks perpendicular to the tensile loading was 

first observed, followed by local scale spallation. This 

indicated that the steel oxidised in  

H2O-N2 was smoother and less defective. The force of 

spallation was increased with increasing strain. It should 

be also noted that the transverse crack on steel oxidised in 

water vapour was evidently increased by strain. Figure 6 

presents the strain initiating the first spallation of the steel 

oxidised in H2O-N2 was 5.50%. This value was higher 

than that of the steel oxidised in O2-N2 which was 2.70%.   

 

Figure 5. Evolution of scale failure on steel oxidised at 800°C
during 100 h in 20%O2-N2 (left) and 20%H2O-N2 (right).
 

 
Figure 6. Strain initiating the first spallation of scale on steel 
oxidised at 800°C during 100 h in 20%O2-N2 and in 
20%H2O-N2.

The fraction of surface area during the tensile test was 

recorded. The spallation ratio was obtained from these 

results and plotted in Figure 7. It was observed that the 

strain at the first strain of steel oxidised in 20% O2-N2 was 

lower than that of the steel oxidised in 20% H2O-N2. 

Moreover, the spallation ratio of steel oxidised in 20% O2-

N2 was obviously increased with increasing strain. It can 

be noted that the spallation ratio of steel oxidised in 20% 

H2O-N2 trends to be identical for initiating strain, while 

rapidly increased with increasing strain for steel oxidised 

in 20% O2-N2. 

 

Figure 7. Spallation ratio of oxide scale on steel oxidised at 
800°C during 100 h in 20%O2-N2 and in 20%H2O-N2.
 

The strain energy was considered as residual stress. 

Due to the mismatch between the oxide and steel thermal 

expansion coefficients, it was widely known that oxide 

growth and cooling on steel accumulates strain in the 

oxide. The oxide scale was accumulated by residual 

compressive stress due to oxide growth and cools down 

with the value of 0.2 GPa. The values of strain energy for 

chromia scale of 103.47 MJ m-3 for steel oxidised in 20% 

O2-N2 and 196.65 MJ m-3 for steel oxidised in 20% H2O-

N2 were shown in Figure 8. It was observed that the strain 

energy of steel oxidised in 20% H2O-N2 was higher than 

that of the steel oxidised in 20% O2-N2. 

 

 
Figure 8. Strain energy of oxide scale formed in 20%O2-N2 and
20%H2O-N2 at 800°C during 100 h. 
 

The calculated adhesion energy of steel oxidised in 

20%O2-N2 was 172.79 J m-2 which was 2.70% of the 

strain initiating the first spallation. This value was lower 

than that of the steel oxidised in 20% H2O-N2 which was 

214.34 J m-2 at 5.50% by strain initiating the first 

20%O2-N2 

20%H2O-N2 
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spallation. The mechanical adhesion energy was shown in 

Figure 9. 

 

 
Figure 9. Mechanical adhesion energy of oxide scale formed in 
20%O2-N2 and 20%H2O-N2 at 800°C during 100 h.  

 

Figure 10 and Figure 11 shows tensile specimen in the 

SEM chamber before and after the tensile loading of steel 

oxidised at 800°C for 100 hours in 20%O2-N2 and 

20%H2O-N2 respectively. The image was captured using 

backscatter electrons at a magnification of 30×. It was 

seen that the spallation of oxide scale revealed global 

scale failure, particularly on specimen centre. During 

tensile loading, the maximum stress was subjected in the 

region of gage length and it was due to the sudden change 

in the cross-section near the gage length that leads to high 

stress concentration. The stress greatly affected the global 

area of the specimen.  The scale failure on the specimen 

was depending on the oxide scale formation. The 

spallation of scale can be seen more in steel oxidised in 

oxygen and less in steel oxidised in water vapour. This 

was due to lower adhesion at the scale-steel interface 

when the scale oxidised in oxygen.

 

 
Figure 10. Tensile specimen in SEM chamber before and after 
tensile loading of steel oxidised in 20%O2-N2 at 800°C during 
100 h. 

 
Figure 11. Tensile specimen in SEM chamber before and after 
tensile loading of steel oxidised in 20%H2O-N2 at 800°C during 
100 h.  
 

Figure 12 and Figure 13 shows the specimen after the 

tensile test of steel oxidised at 800°C for 100 hours in 

20%O2-N2 and 20%H2O-N2 respectively. It was shown 

that the area of scale spalled out after the tensile test. An 

EDS equipped with SEM was applied to characterise the 

steel substrate. In the case of steel oxidised in O2, peaks 

of Fe, Cr and C were detected. In the case of steel oxidised 

in H2O, peaks of Fe, Cr, Si, Ti, C and O were detected.  

 

Figure 12. Oxide scale and substrate of steel oxidised in 
20%O2-N2 at 800°C during 100 h after straining by 27.14% and 
EDS pattern on metal substrate observed as the white area. 
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Importantly, this indicated the silica layer formation at 

the scale-steel interface. This was due to the relatively 

high Si content (0.60%) in the AISI 441 stainless steel, 

which corresponded to promoting Si activity in the steel 

substrate and allowing the formation of an insulating 

interfacial silica layer. This result was shown to reduce an 

oxide thickness and exhibited to promote scale adherence. 

The qualitative assessment of scale adhesion was 

summarised in Table 2. 

 

Figure 13. Oxide scale and substrate of steel oxidised in 
20%H2O-N2 at 800°C during 100 h after straining by 7.65% and 
EDS pattern on metal substrate observed as the white area.

 

Table 2. The conclusion of the experiment results. 

Scheme O2-N2 H2O-N2 

Thickness (μm) 1.67 1.09 

Strain at first crack (%) - 3.82 

Strain at first spall (%) 2.70 5.50 

Strain energy (MJ m-3) 103.47 196.65 

Adhesion energy (J m-2) 172.79 214.34 

 

The qualitative assessment of scale adhesion in terms 

of strain initiating the first spallation confirmed the good 

adhesion behaviour of scale grown in water vapour (anode 

atmosphere). With this value, it was possible to compare 

results from the literature [25]. It was investigated that the 

adhesion of thermal oxide scale grown at 800°C in 2% 

H2O in H2 on AISI 441 ferritic stainless steel proposed as 

interconnectors in solid oxide fuel cells. The adhesion 

energies were shown to lie in the range  

10-100 J m-2. Adhesion values exhibited decreasing with 

increasing oxide thickness and good adhesion of oxide 

grown in water vapour compared to oxygen.  

For this study, the adhesion energy at the strain 

initiating the first spallation was found in the range 173-

214 J m-2. As a matter of discussion, the good adhesion of 

scale grown in water vapour compared to oxygen. This 

could be the result of hydrogen-containing species 

diffusing inwards in the oxide during scale growth, 

leading to a scale-steel interface of better growth 

direction. Another idea was that the oxide containing Si 

observed at the scale-steel interface during steel oxidised 

in a water vapour atmosphere. This oxide could be 

promoted scale adhesion on a steel substrate. Another 

point of interest was the higher scale thickness of steel 

oxidised in oxygen compared to water vapour. The 

adhesion of steel oxidised in oxygen should be less. This 

might be due to forming voids at the scale-steel interface 

during metals diffuse to the external scale. The thicker 

scale had higher voids. Then the adhesion should be 

worse.  

The significance of this study was to focus on the 

adhesion of oxide scale on the ferritic stainless steel AISI 

441. Comparison between oxidation in oxygen and water 

vapour. Because of high-temperature operation, the oxide 

scale that grows on SOFCs can cause spallation resulting 

an insulating air gap between the oxide and the substrate. 

It could inhibit current flow through the cell. Adhesion 

results should confirm whether the atmosphere could 

grow oxide scale adhesive proper to be used as SOFCs 

interconnectors. The materials used as components have 

thermally challenged that need to be solved. For 

improving materials as shown in the literature [26], a 

concentrated solar power plant (CSP) was another future 

sustainable energy source like fuel cells which produce 

electrical energy by chemical reactions. The CSP was the 

most efficient, reliable, and cost-effective. However, the 

corrosion was still violent for most materials at high 

temperature, thus the selection of the material was 

important. The ferritic stainless steel AISI 409 can be 

improved by the Al slurry coating technique. 

4 Conclusion
The ferritic stainless steel AISI 441 on a candidate to be 

used as interconnectors in SOFCs was isothermally 

oxidised in oxygen (cathode atmosphere) and water 

vapour (anode atmosphere). The tensile test was used to 

determine adhesion energy. From the results, the 

following conclusions could be drawn:  

4.1 The thickness of steel oxidised in 20%H2O-N2 was 

shown more lowly than steel oxidised in 20%O2-N2. This 

might be due to the present silica layer as a barrier at  

scale-steel interface. 

4.2 Tensile loading could be used to assess the adhesion 

behaviour of oxide formed in the H2O-N2 atmosphere, 

giving through-scale transverse cracking followed by 

scale spallation, which was unseen when oxidised in  

O2-N2. 

4.3 The adhesion energy at the strain initiating the first 

spallation was found in the range 173-214 J m-2. Adhesion 
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energy was higher for scale grown in an H2O-N2 

atmosphere due to the possible formation of an oxide 

containing Si at the scale-steel interface during scale 

growth, which promotes scale adhesion. 

4.4 Regarding oxidation and oxide scale adhesion, ferritic 

stainless steel AISI 441 oxidised in water vapour seems to 

be better than oxidised in an oxygen atmosphere. This was 

due to lower scale thickness and formation of silica layer 

on steel oxidised in water vapour. 

4.5 The present work studied the oxidation and adhesion 

of ferritic stainless steel AISI 441. The additional study of 

ferritic stainless steel AISI 444 should be carried out for 

comparison. 
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