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Abstract. The ferritic stainless steel Crofer 22 APU is attractive for the use as interconnects in solid 

oxide fuel cell stacks. The oxidation rate of this alloy in air at 800 °C was reduced by pre-oxidation at 

higher temperatures in either air or N2-9%H2-1%H2O. Conversely, the oxidation rate increased when 

the alloy grain size was increased by heat-treating in H2 (pO2 ~ 10-21 atm). In all cases the scale formed 

on Crofer 22 APU consisted of an outer (Mn,Cr)3O4 layer, an inner Cr2O3 layer and sub-scale MnCr2O4 

nodules that preferentially formed at alloy grain boundaries. 
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1. Introduction 

 

Solid oxide fuel cells (SOFC) offer an environmentally friendly way of converting the chemical energy 

in fuels such as H2, CO or CH4 to electrical energy at a high electrical conversion efficiency [1]. A 

single SOFC unit consists of a dense, oxide ion conductive electrolyte sandwiched between two porous 

electrodes and has an open circuit potential of ~ 1 V in typically used fuel mixtures [1]. To obtain higher 

voltages needed for practical applications several cells are stacked in series. Interconnects are then used 

between the electrodes of adjacent cells to provide a path for the current and separate the fuel supplied 

to one cell from the oxidant supplied to the other. In addition to being electrically conductive and stable 

in the fuel and oxidant atmospheres, the interconnect material should be chemically compatible with 

the electrode materials, have a thermal expansion coefficient matching the other SOFC components, 

easy to manufacture and shape, and affordable [2,3].  

Ferritic stainless steels (FSS) are promising for this application as they satisfy many of the above  

criteria [4,5]. In recent years, a number of new alloys such as Crofer 22 APU, Sanergy HT and Hitachi 

ZMG232 have been developed specifically for the application as the SOFC interconnect material [6–

8]. These alloys have several common features such as: a high Cr-content (20-24 wt.%) to ensure a 
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large “Cr-reservoir” for long-term stability [9], minor additions of Mn (< 1 wt.%) to form an outer 

(Mn,Cr)3O4 scale that reduces Cr-volatilization [10], and additions of reactive elements such as La or 

Zr for improved scale adherence and oxidation resistance [11,12]. However, using even these 

specialized FSS grades as the interconnect material in SOFC stacks presents some challenges.  

The corrosion resistance of FSS relies on the formation of a Cr2O3 scale and the Cr concentration in 

the alloy decreases as this scale grows with time. For thin components or long operation times the Cr 

content may decrease beneath the critical level where breakaway oxidation occurs, which limits the 

interconnect lifetime [13]. Furthermore, the moderate electrical conductivity of Cr2O3 leads to an 

increase in the SOFC stack resistance as the oxide scale grows with time [14,15]. Another challenge is 

the volatilization of Cr(VI) species, which have been found to degrade the electrochemical performance 

of the oxygen electrode [16,17]. These adverse effects require that the FSS is coated in order to meet 

satisfactory service lifetimes [18].   

(Mn,Co)3O4 spinels are promising coating materials that have been shown to reduce the FSS 

oxidation rate and limit Cr-volatilization [19–23]. We have previously [24] reported on the oxidation 

behaviour of MnCo1.7Fe0.3O4 coated Crofer 22 APU in air at 800 °C.  The coating was deposited by 

electrophoretic deposition and heat-treated in either air or N2-9%H2-1%H2O at different temperatures, 

resulting in different coating densities. A porous coating (heat treated 2h in air at 900 °C) reduced the 

parabolic oxidation rate of Crofer 22 APU by a factor of 3, while a more dense coating  (heat treated 5h 

at 1100 °C in N2-9%H2-1%H2O and 5h at 800 °C in air) reduced the oxidation rate of Crofer 22 APU 

by a factor of 10. The difference in oxidation resistance was postulated to be mainly an effect of the 

difference in coating density, however, the influence of alloy pre-oxidation could not be excluded, i.e. 

the observed difference could in principle be an effect of the pre-treatment.  

Magdefrau et al. [25] showed that the parabolic oxidation rate of Crofer 22 APU in air at 800 °C 

could be reduced by a factor of 3.5 by heat treatment in Ar at 1050 °C for 4 h, which increased the alloy 

grain size from ca. 16 to 250 µm. The beneficial effect of this heat treatment was attributed to an 

increased proportion and grain size of the MnCr2O4 layer formed on top of the Cr2O3 scale. Others have 

reported that pre-oxidation of Crofer 22 APU in air is beneficial for improving the oxidation resistance 

during subsequent exposure to H2-H2O [26]. Also , pre-oxidation in H2-H2O was found beneficial for 

reducing erosion-corrosion of Incoloy 800H in air at 500 °C with silica as the erodent [27]. The 

influence of pre-oxidation on Cr volatilization was studied by Wongpromrat et al. [28]. Literature on 

the effect of pre-oxidation of chromia forming alloys is otherwise limited. 

In this work, we investigate the effect of pre-oxidation on the oxidation resistance of Crofer 22 APU 

in air. The conditions for pre-oxidation were chosen based on the heat treatment procedures previously 

used in  [24] to densify protective spinel coatings. This is to clarify whether some of the variation in 

oxidation rate with coating density should be attributed (fully or in part) to modifications of the alloy 

or thermally grown oxide scale, rather than to the direct effect of the coating. Additionally, samples 

where Crofer 22 APU was heat treated to increase the alloy grain size without forming an external oxide 
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scale were included to investigate whether the change in oxidation resistance could be ascribed to an 

increase of the alloy grain size [25].   

 

2. Materials and methods 

 

A 1 mm thick sheet of Crofer 22 APU (Thyssen Krupp) with the composition given in Table 1 was used 

for this study. This batch belongs to the newer batches of Crofer 22 APU, with low Si and Al contents. 

The sheet was cut into 20×20 mm coupons and a 3 mm hole was drilled in one of the corners to allow 

for hanging in the oxidation furnace. The coupons were ground with SiC-paper, polished down to 1 μm 

using diamond abrasive and cleaned in acetone and ethanol for 10 minutes each in an ultrasonic bath. 

Typical thickness after polishing was 0.8-0.9 mm.  

 

Table 1. Composition of Crofer 22 APU alloy used in this study in wt.%. Analysed by Optical Emission 

Spectroscopy (OES) at Force Technology, Denmark. 

Alloy Fe Cr Mn Ti La C Si Al 

Crofer 22 APU Bal. 23 0.42 0.068 0.04-0.201  0.003 0.0492 0.007 

1La was not analysed by OES. Concentration is according to manufacturer’s datasheet 

2Determination of Si content by OES is associated with large uncertainty  

 

 

The coupons were heat treated to either grow an oxide layer and/or increase the grain size of the alloy. 

The pre-oxidation heat treatments were chosen based on the heat treatment procedures previously used 

in  [24] to densify spinel coatings on Crofer 22 APU. Some coupons were also left in the polished state 

to serve as a reference, from here on referred to as the “as-received” samples. An overview of the pre-

oxidation heat treatment procedures and sample abbreviations used throughout this text is given in Table 

2. All heat treatments were performed in tubular furnaces with the coupons suspended vertically 

(hanging from an alumina rod) and with heating and cooling rates of 120 °C/h. Air and N2-9%H2 were 

bubbled through water at 5 °C to achieve a water vapour content of ca. 1%. During heat treatment in 

H2, the furnace tube was (for safety reasons) initially purged with Ar and heated to 50 °C for 3 min 

before pure H2 was introduced. The gas was switched to Ar during cooling below 425 °C. The flow rate 

of both gasses was 13 L/min. The pO2 in the furnace at 1100 °C was ca. 10-21 atm (measured by a 

zirconia sensor). The H1100 samples were re-polished before further oxidation.   

Oxidation behaviour of the as-received and pre-oxidized samples was studied in stagnant air at 

700 °C, 800 °C and 900 °C. Three to five coupons of each type were suspended vertically in a chamber 

furnace (hanging from an alumina rod). Every 250 h, the furnace was cooled to room temperature 

(180 °C/h) and the coupons were weight on a scale with 0.00001 g accuracy (XS205 Mettler Toledo).  
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Surface structural characterization was performed on a Bruker D8 X-ray diffractometer (XRD) with 

Cu Kα radiation. The diffractograms were collected on rotating samples from 15 to 75° 2θ using a step 

size of 0.02° and a collection time of 1 s per step.  

Microstructural characterization was made using a Zeiss Supra 35 Field Emission scanning electron 

microscope (SEM) equipped with an energy dispersive X-ray spectroscopy detector (EDX, Noran 

System SIX X-ray microanalysis system). For cross sectional analysis the steel coupons were cold 

vacuum embedded in epoxy, ground and polished in successive steps down to 1 µm, and finally carbon 

coated. EDX data were collected at an acceleration voltage of 15 kV and analysed using the Noran 

System SIX software (Thermo Scientific, ver. 2.3). Quantification of the collected spectra was 

performed by standardless analysis and the results are therefore semi-quantitative.  

To reveal the alloy grains, epoxy mounted, polished samples were etched for 40 s by immersion in 

a mixture (by volume) of 1 part HNO3, 3 parts glycerol and 5 parts HCl. The etched samples were 

inspected in an optical microscope (Leitz Aristomet) and the grain size was quantified by the linear 

intercept method on images of 1200×900 m. At least four lines on four representative images were 

analysed for each sample.    

 

Table 2. Overview of heat treatment procedures and sample abbreviations used throughout this text. 

Abbreviation  Pre-oxidation heat treatment 

As received  

O900 900 °C, air-1%H2O, 2h  

R900+O800 900 °C, N2-9%H2-1%H2O, 2h + 800 °C, air-1%H2O, 2h 

R1100+O800 1100 °C, N2-9%H2-1%H2O, 5h + 800 °C, air-1%H2O, 5h 

R1100+O800-P 
1100 °C, N2-9%H2-1%H2O, 5h + 800 °C, air-1%H2O, 5h, polished after pre-

oxidation to remove the formed oxide scale 

H1100 1100 °C, H2 (pO2 10-21 atm), 2h, polished after heat treatment 

 

 

3. Results 

 

3.1 Characterization after pre-oxidation 

 

XRD analysis of the sample surfaces after pre-oxidation heat treatment (see Table 2) is shown in Figure 

1. The XRD for all of the samples shows an increasing background with increasing 2θ angle due to Fe 

fluorescence. The sample heat treated in pure H2 (H1100) has peaks belonging to the alloy only, 

identified as body centred cubic FeCr-alloy in the PDF-2 database. The surface of the H1100 sample 

had a metallic shine and no oxide scale was visible by SEM. Although no detectable oxide scale formed 
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after the H1100 heat treatment, these samples were polished before further oxidation in air. This was 

done to introduce the same mechanical deformation to the surface as the “as-received” samples, which 

were also polished. XRD after the O900 (heated in air at 900 °C) and R900+O800 heat treatments 

(heated in H2-N2 at 900 °C, then in air at 800 °C) shows peaks belonging to the alloy and a cubic spinel 

oxide, matching well with MnCr2O4 in the PDF-2 database. The relative intensity of the peaks belonging 

to the oxide are weaker for O900, reflecting formation of a thinner oxide scale. XRD of the 

R1100+O800 (heated in H2-N2 at 1100 °C, then in air at 800 °C) sample shows peaks belonging to 

Cr2O3 in addition to peaks belonging to the alloy and a cubic spinel oxide similar to the one observed 

on O900 and R900+O800 samples. 

SEM backscatter electron (BSE) images of the R900+O800 sample after pre-oxidation are shown in 

Figure 2. The surface is mostly covered by an oxide scale of sub-micron (100-200 nm) sized grains. 

The cross sectional micrograph (Fig. 2b) shows a 0.3-0.8 µm thick oxide scale containing significant 

amounts of Fe in addition to Cr and Mn according to EDX analysis. The O900 heat treatment leads to 

the formation of a 0.1-0.3 µm thick oxide scale with a composition as listed in Figure 2. The grain size 

of the oxide surface is similar that after the R900+O800 pre-oxidation.  

SEM BSE images of the R1100+O800 sample after pre-oxidation are shown in Figure 3. The oxide 

scale has a plate and whisker-like morphology, characteristic for oxide scales formed in reducing 

atmospheres [10,13,29]. The cross sectional micrograph shows a 2.8-3.0 µm thick oxide scale with 

some alloy inclusions. According to EDX analysis (not shown) the top and bottom part of the scale are 

rich in Mn and Cr, while the central zone is practically pure Cr2O3. Internal Ti-rich oxides are visible 

in the near-scale areas of the alloy as darker contrast spots in the brighter contrast alloy. The brighter 

spot highlighted in Figure 3b is La-rich according to EDX. Such bright spots were observed in the alloy 

bulk of all samples. It should be noted that there was no indication of nitride formation after any of the 

heat treatments in N2-9%H2.  

Optical micrographs of etched cross sections of as-received Crofer 22 APU and after the H1100 and 

R1100+O800 heat treatments are shown in Figure 4. The average grain size, determined by the linear 

intercept method, is 35 µm for the as-received sample, 380 µm for H1100 and 230 µm for 

R1100+O800. Heat treatment for 2 h at 900 °C did not lead to any significant grain growth, i.e. the 

grain size after the O900 and R900+O800 heat treatments is the same as in the as-received alloy. As 

seen in Figure 4, the alloy grains in the R1100+O800 sample are smaller in the near-surface region of 

the sample compared to in the centre, while the grains of the H1100 sample are of more uniform size 

across the whole sample thickness. This is likely due to the formation of an oxide scale on the surface 

of R1100+O800, which inhibited grain-growth in the near-surface region of the alloy. The smaller 

grains in the near-surface region of the R1100+O800 sample account for the smaller average grain size, 

despite the longer heat treatment (5h) at 1100 °C compared to the H1100 sample (2 h at 1100 °C).  
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3.2 Oxidation kinetics 

 

The average mass gain during pre-oxidation is 0.055 mg/cm2 for O900, 0.096 mg/cm2 for R900+O800, 

and 0.556 mg/cm2 for R1100+O800. The H1100 heat treatment results in an average mass loss of 

0.024 mg/cm2. The mass change of all samples during subsequent oxidation in air at 800 °C is shown 

in Figure 5a. The mass gain during pre-oxidation has been added at t= 0 for the O900, R900+O800 and 

R1100+O800 samples, to emphasize that these samples had an oxide scale at the start of the aging test. 

The oxidation kinetics were evaluated using a double-logarithmic plot (log mass change versus log 

time; see Figures S1-S3 in Supplementary material). The slope of the double-logarithmic plot indicates 

what kind of power law type expression that would fit the weight gain curves the best  [30]. The kinetics 

of the as-received, O900 and R900+O800 samples are in good agreement with a parabolic rate law: 

(𝛥𝑚 𝐴⁄ )2 = 𝑘𝑃𝑡 + 𝐶                                                                 (1) 

where ∆m/A is the mass change per unit area [mg/cm2], t is the time [s], kP is the parabolic rate constant 

[g2/cm4s] and C is an integration constant. The parabolic rate constants were determined by a linear fit 

of the slope of a (∆m/A)2 versus t plot using the mass change measured between 250 and 1000 h 

oxidation. The parabolic rate constants are 4.2×10-14 g2/cm4s for the as-received sample, 

2.5×10-14 g2/cm4s for O900 and 1.8×10-14 g2/cm4s for R900+O800. I.e. pre-oxidation in both air and N2-

9%H2-1%H2O at 900 °C lower the oxidation rate of Crofer 22 APU at 800 °C in air.  It should be noted 

(cf. Fig. 5 a and b) that the pre-treatment does in fact change the growth kinetics during the 800 °C 

aging test; the effect is stronger than just adding a certain scale during the pre-oxidation that impedes 

further corrosion in the subsequent aging period. If this was the only effect of the pre-oxidation, it 

should be possible to make the curves overlay in Fig. 5 a by shifting them on the time scale (That this 

is not possible is illustrated in Fig. S5 in the supplementary material).   

The mass change of the R1100+O800 and H1100 samples deviates strongly from parabolic oxidation 

kinetics. The mass gain of the R1100+O800 samples is too low and irregular over the measured time 

for fitting to a rate equation. Nevertheless, from Figure 5 it is clear that the oxidation rate in the 1200 h 

following the R1100+O800 pre-oxidation is considerably decreased relative to the as-received sample. 

However, comparing the mass gain of the as-received and R1100+O800 samples in Figure 5a shows 

that the R1100+O800 pre-oxidation is equivalent to more than 1600 h aging at 800 °C.  

During the initial ca. 750 h of oxidation the mass gain of H1100 is the same as the mass gain of the 

as-received samples, but with further aging H1100 has a higher oxidation rate. After 1000 h at 800 °C 

the average mass gain of the H1100 samples is 0.44±0.02 mg/cm2, while the average mass gain of the 

as-received samples is 0.38±0.03 mg/cm2. By fitting the mass change of H1100 to the general rate 

equation, (𝛥𝑚 𝐴⁄ )𝑚 = 𝑘𝑚𝑡 + 𝐶, the coefficient m was determined to ca. 1.4, which indicates oxidation 

kinetics intermediate between linear and parabolic [30] (see Figure S3 in the Supplementary material). 

Thus, increasing the grain size has a clear adverse effect on the oxidation kinetics of Crofer 22 APU in 

air at 800 °C. To investigate whether the beneficial grain size effect reported by Magdefrau et al. [25] 
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could be due to internal oxidation or depletion of Mn from the alloy, some of the R1100+O800 samples 

were re-polished after pre-oxidation to remove the formed oxide scale (sample R1100+O800-P). The 

average mass gain of these samples after 1000 h at 800 °C was 0.32±0.04 mg/cm2, which is smaller 

than for the as-received samples (0.38±0.03 mg/cm2) (see Figure S4 in the Supplementary material). 

This indicates that the beneficial effect of grain size reported by Magdefrau is probably due to Mn 

depletion or internal oxidation. This is discussed further in section 4.2.  

The “instantaneous” apparent parabolic rate constant, calculated as the local slope of the (∆m/A) 2 

versus time data, is plotted in Figure 5b. It is emphasized that not all samples obeyed parabolic oxidation 

kinetics, as described above. Nevertheless, Figure 5b allows for comparing the change in oxidation 

behaviour with time for the different samples and indicates possible changes in the oxidation 

mechanism with time. The as-received, O900 and R900+O800 samples show similar behaviour with 

rate constants that increase marginally with time. The development in kp with time shows that the 

beneficial effect of the O900 and R900+O800 pre-oxidation treatments is maintained over the full aging 

period, i.e. the scales formed with the pre-treatment (O900 and R900+O800) or possible changes to the 

sub-scale steel matrix, leads to a stronger reduction in corrosion rate than would a pre-oxidation at 800 

°C. The apparent kP of the H1100 samples increases at a relatively faster rate, which further supports 

that the oxidation rate increases as the alloy grain size is increased. The apparent kP of the R1100+O800 

samples shows considerable scatter, however, the trend appears to be that the rate constant is increasing 

with time. This indicates that with continued oxidation, as the sample is equilibrated to 800 °C, the 

oxidation rate of the R1100+O800 samples may approach the oxidation rate of the O900 and 

R900+O800 samples.   

The oxidation rates (in air) of the as-received and R900+O800 samples were also investigated at 

700 °C and 900 °C. The mass change with time data are shown in Figure 6a and b, respectively. For 

the R900+O800 samples, the mass change was re-calculated to include the mass gain during pre-

oxidation (0.096 mg/cm2) and the curves were shifted along the x-axis to adjust for the “equivalent 

age” of the sample. The “equivalent age” is taken as the time the as-received Crofer 22 APU would 

have to be  oxidized in air at the 700 °C or 900 °C before acquiring the same mass gain as during the 

pre-oxidation heat treatment. After this re-calculation, the difference in the mass change of the as-

received and pre-oxidized samples is within one standard deviation, as seen in Figure 6. It should be 

noted that when the results for oxidation at 800 °C are corrected for the equivalent age, there is a clear 

difference between the as-received and pre-oxidized samples (Figure S5 in the Supplementary 

Material). I.e. the oxidation kinetics at 800 °C are indeed reduced by the pre-oxidation.  

Parabolic oxidation kinetics are obeyed at both 700 °C and 900 °C with the rate constant equal to 

1.8×10-15 g2/cm4s at 700 °C and 1.3×10-12 g2/cm4s at 900 °C (calculated based on results for the as-

received samples). Fitting the parabolic rate constants measured at 700 °C, 800 °C and 900 °C to the 

Arrhenius equation (𝑘𝑃 = 𝑘0 exp(𝐸𝐴 𝑅𝑇⁄ )) results in an activation energy of 310 kJ/mol. This is  a 

little higher than previously reported by Palcut et al. [31] for the oxidation of Crofer 22 APU in air 
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between 800 °C and 900 °C (252 kJ/mol). A possible explanation for these differences is small batch 

to batch variations in the steel. Another possibility is that the oxidation kinetics change a little within 

the investigated temperature interval (700-900 ° C). In case of the FSS Sandvik HT, Skilbred et al. [7] 

reported that the activation energy is higher when evaluated between 700 and 1000 °C (396 ± 33 

kJ/mol) than between 800 and 900 °C (272 ± 20 kJ/mol).  

 

 

3.3 Characterization after oxidation at 800 °C  

 

X-ray diffractograms of all samples after 1000 h oxidation at 800 °C in air are shown in Figure 7. Peaks 

identified as belonging to chromia, a cubic spinel and the alloy can be observed for all samples. The 

H1100 sample shows slightly stronger reflections for chromia compared to the other samples; 

otherwise, the differences between the different samples are minimal.   

The morphology and composition of the oxide scale after 1000 h oxidation at 800 °C in air is similar 

for the as-received, O900 and R900+O800 samples. Figure 8a shows surface SEM micrographs of the 

as-received Crofer 22 APU after oxidation. The surface morphology is characterized by oxide ridges 

arranged in a pattern with a periodicity commensurate with the grain size of the alloy (cf. Fig. 4a). The 

high magnification insert shows oxide grains in the range of 200-300 nm. Slightly fewer ridges cover 

the surface of the R900+O800 samples (not shown).  

A cross sectional SEM image of the as-received sample is shown in Figure 8b. The oxide scale 

appears dense and well adherent to the alloy. The average oxide scale thickness was 1.8±0.3 µm. The 

thickness of the scale measured on the O900 and R900+O800 samples was 1.7±0.4 µm and 1.6±0.3 µm, 

respectively. Oxide nodules with a diameter of ca. 2-5 µm are observed protruding into the alloy at 

periodic intervals of ca. 20-40 µm. The scale above these nodules is buckled and slightly thicker than 

the scale a few µm away from the nodules. The distance between the oxide nodules corresponds well 

with the distance between the ridges observed on the sample surface (cf. Fig. 8a) and the alloy grain 

size (35 µm). The insert in Figure 8b shows an optical micrograph of the same sample after chemical 

etching, demonstrating that the oxide nodules are located on alloy grain boundaries.    

Figure 9 shows compositional EDX maps of the oxide scale on the as-received sample, revealing 

that the nodules beneath the scale are rich in Mn and Cr. Quantitative EDX point analysis indicate a 

Cr/Mn atomic ratio close to 2/1, suggesting the composition is close to MnCr2O4. The scale above these 

spinel nodules consists of an inner Cr2O3 layer and an outer (Mn,Cr)3O4 layer. The Mn/Cr ratio in the 

outer (Mn,Cr)3O4 layer varied across the sample. Overall, the Mn fraction was smaller at the 

Cr2O3/(Mn,Cr)3O4 interface compared to at the interface with air. However, it should be noted that this 

variation could be an artefact of the EDX interaction volume. Smaller internal oxides rich in Ti can also 

be identified in the EDX map. These were observed in the 30-40 µm subsurface region of all samples 

after oxidation.  
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Figure 10 shows SEM images of the surface and cross section of the H1100 sample after 1000 h 

oxidation at 800 °C in air. The grain size of the surface oxide is approximately 200-400 nm. Oxide 

ridges can again be observed on the surface however, the distance between these is clearly greater than 

the distance between the ridges on the as received sample (cf. Fig. 8a). Correspondingly, fewer oxide 

nodules protruding into the alloy are observed in the cross sectional image of the H1100 sample (Fig. 

10b). Considering the larger grain size of this sample before oxidation (Fig. 4b), this further proves that 

the nodules primarily are formed at alloy grain boundaries. The average oxide scale thickness after 

1000 h oxidation at 800 °C in air was measured to 2.1±0.4 µm.  

The composition of the oxide scale far away from the subscale nodules is different between  the as-

received and the H1100 samples. EDX linescans of the two samples are shown in Figure 11. In both 

cases, the scale consist of an inner Cr2O3 layer and an outer (Mn,Cr)3O4 layer but the oxide scale formed 

on H1100 has a greater fraction of Cr2O3 than the as-received sample. This is in accordance with the 

XRD results (Fig. 7) showing relatively higher intensity for peaks belonging to Cr2O3 on the H1100 

sample. For the as-received sample, it may be noted that the fraction of spinel is greater in this flat part 

of the scale compared to above the oxide nodules (cf. Fig. 9). Trace amounts (< 1 wt.%) of Fe are 

detected in the oxide scale of both samples. 

Surface and cross sectional SEM images of the R1100+O800 sample after 1000 h oxidation at 

800 °C in air are shown in Figure 12. In this case, the surface is without any distinct oxide ridges. The 

high magnification insert in Figure 12a shows a more faceted oxide scale compared to the as-received 

and H1100 samples, with grains in the range of 300-800 nm. The average thickness of the oxide scale 

was measured to 2.91±0.3 µm. Very few oxide nodules protruding into the alloy were found along the 

length of the sample. Alloy inclusions can be observed in the centre of the scale. EDX mapping of the 

cross section (Fig. 13) shows that the oxide scale below these alloy inclusions consist of a nearly 

continuous layer of (Mn,Cr)3O4, with composition close to MnCr2O4 according to quantitative EDX 

analysis. The scale above the alloy inclusions consists of an inner Cr2O3 layer and an outer (Mn,Cr)3O4 

layer. The Mn concentration in the (Mn,Cr)3O4 layer increases from the interface with Cr2O3 and 

outwards.  

 

4. Discussion  

 

4.1 Effect of pre-oxidation 

 

The results show that the oxidation rate of Crofer 22 APU at 800 °C in air can be somewhat reduced by 

pre-oxidation above this temperature and that pre-oxidation in N2-9%H2-1%H2O leads to a slightly 

larger improvement in the oxidation resistance compared to pre-oxidation in air. Noteworthy, a heat 

treatment that increases the alloy grain size without forming an oxide scale has an adverse effect on the 
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oxidation resistance. The composition and morphology of the thermally grown oxide scales is clearly 

influenced by the heat treatment procedure. Before discussing how this may have influenced the 

oxidation behaviour, the oxidation of as-received Crofer 22 APU will be addressed.  

The mass gain of as-received Crofer 22 APU followed parabolic kinetics and the oxidation rate 

constant at 800 °C in air (4.2×10-14 g2/cm4s) is in line with previously reported results [13,25,31]. 

Parabolic behaviour is typically interpreted as kinetics controlled by solid state diffusion through the 

growing oxide scale [30]. According to two-stage 16O/18O oxidation experiments on Crofer 22 APU in 

air the oxide scale grows by predominantly outward diffusion of cations, with a minor contribution from 

inward diffusion of oxygen [32,33].  

After 1000 h at 800 °C in air the scale on as-received Crofer 22 APU comprises an inner Cr2O3 layer, 

an outer (Mn,Cr)3O4 layer, and “subscale” MnCr2O4 nodules. This morphology has been observed in a 

number of previous oxidation studies of Crofer 22 APU and similar ferritic stainless steels 

[10,11,13,25,34,35]. Thermodynamically, the presence of MnCr2O4 at the alloy/scale interface is to be 

expected. Gibbs energy for the formation of MnO is more negative than for the formation of Cr2O3, and 

MnCr2O4 is the most stable compound at elevated temperatures and at the low pO2 expected at the 

alloy/scale interface [36]. Nevertheless, the major portion of (Mn,Cr)3O4 spinel is typically observed to 

form at the scale/atmosphere interface. This observation has been explained by the high oxygen affinity 

of Mn2+ and the greater diffusivity of Mn2+ compared to Cr3+ in thermally grown chromia [37,38]. Stott 

et al. [39] predicted that the high oxygen affinity of Mn2+ would with time result in decomposition of  

any (Mn,Cr)3O4 initially present at the alloy/scale interface, unless Mn supply from the alloy is 

sustained. Here, the 1 mm thick sample with 0.42 wt.% Mn (Table 1) contains enough Mn to form a ca. 

14 µm thick MnCr2O4 layer. Thus, the alloy is not depleted of Mn after 1000 h oxidation at 800 °C and 

the (Mn,Cr)3O4 layer is expected to remain at the alloy/scale interface for a long period of oxidation at 

800 °C.  

The subscale spinel nodules were observed to form preferentially at the alloy grain boundaries, 

which indicates that grain boundaries are fast diffusion paths for Mn. Zhu et al. [40] estimated that the 

bulk diffusion coefficient of Mn is twice that of Fe and Cr in ferrite at 800 °C and hypothesized that the 

difference in diffusivity should be even greater along the grain boundaries. Thorning and Sridhar  [41] 

suggested that fast transport of Mn to the alloy surface instead should be attributed to an initially higher 

concentration of Mn at the alloy grain boundaries. With increasing temperature the difference between 

grain boundary and bulk diffusion in the alloy should decrease, explaining why a more continuous layer 

of (Mn,Cr)3O4 is formed at the alloy/scale interface after the R1100+O800 heat treatment (see Figure 

13) [42]. The continuous (Mn,Cr)3O4 layer at the alloy/scale interface is not believed to have a major 

influence on the oxidation rate as MnCr2O4 is considered to be less protective than Cr2O3 due to the 

faster cation diffusion in the former [38,39,43].  

The volume increase associated with formation of the subscale MnCr2O4 nodules will result in tensile 

stresses in the external scale, assuming the nodules form and grow continuously while the chromia scale 
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grows [44]. This is evident by the buckling of the alloy and scale above the nodules (see Figure 9). 

Unless the tensile stresses can be alleviated by creep, the oxide scale will be prone to cracking [45]. 

Cracks in the scale expose fresh alloy surface to the oxidizing gas, which leads to an increase in the 

oxidation rate. No cracks were directly observed by inspection in SEM after oxidation, however, this 

could be due to rapid crack healing by formation of new oxide. This seems plausible when noting that 

the oxide scale in proximity of the nodules often is thicker and has a greater fraction of Cr2O3 compared 

to the scale some distance away from the nodules (compare Fig. 9 and 11). Fewer sub-scale nodules 

should accordingly lead to a lower oxidation rate, which in part may explain the beneficial effect of pre-

oxidation. However, considering that the highest mass gain was measured for H1100, which formed 

fewer nodules than the as-received, O900 and R900+O800 samples, the higher mass gain near the sub-

scale nodules is most likely a minor contributor to the overall oxidation rate. 

The beneficial effect of pre-oxidation is more likely related to changes in the transport properties of 

the thermally grown Cr2O3 scale resulting from a modification of the grain size and/or the defect 

structure. Cation diffusivity along Cr2O3 grain boundaries is several orders of magnitude larger than the 

lattice diffusivity and the  oxidation rate should therefore decrease as the grain size of the Cr2O3 scale 

is increased [38,46,47]. The grain size of (Mn,Cr)3O4 on the surface of the R1100+O800 sample (300-

800 nm) was larger than on the surface of the as-received sample (200-300 nm) after oxidation. 

Although the Cr2O3 grain size in the different samples could not be measured, it is reasonable to expect 

that also this was larger for the R1100+O800 sample because of the higher temperature heat treatment. 

From previous work on ferritic stainless steels and Ni-based alloys, it is known that the oxide scale 

formed in H2-H2O is different from that formed in air [27,31,48,49]. The oxide scales formed in H2-

H2O are in these studies reported to be more adherent and have lower residual growth stresses. The 

oxidation atmosphere may also affect the defect chemistry of thermally grown chromia. Interstitially 

dissolved H in an M2O3 oxide would increase the concentration of metal vacancies and decrease the 

concentration of oxygen vacancies, leading to an increased transport of cations and decreased transport 

of oxygen [50,51]. This in turn influences the growth mechanism and growth rate of the oxide scale. 

Latu-Romain et al. [52,53] showed that a Ni-30Cr alloy oxidized at 10-10 or 10-5 atm O2 formed Cr2O3 

with p-type character at the scale/atmosphere interface and n-type character at the scale/alloy interface, 

while Cr2O3 with exclusively n-type character was formed during oxidation at 10-14 atm O2. If a 

modification of the defect chemistry is responsible for the improved oxidation resistance after heat 

treatment in N2-9%H2-1%H2O, the effect should last only until the scale is equilibrated with air. The 

results here do not indicate that the beneficial effects of the O900 and R900+O800 pre-oxidation 

treatments are transient; however, the oxidation behaviour will need to be studied over longer time to 

confirm this. More detailed inspection of the oxide scale by transmission electron microscopy would 

also aid to elucidate the beneficial effect of pre-oxidation.  
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The R900+O800 pre-oxidation heat treatment had no apparent effect on the oxidation resistance of 

Crofer 22 APU in air at 700 °C and 900 °C (See Figure 6) , in contrast to what was observed at 800 °C. 

The reasons for this are not apparent.  

 

4.2 Effect of increasing the alloy grain size 

 

Increasing the alloy grain size in an atmosphere that does not lead to oxidation of the alloy was shown 

to increase the oxidation rate of Crofer 22 APU in air at 800 °C. After 1000 h at 800 °C the mass gain 

of the H1100 sample (grain size 380 µm) was ~ 15 % higher than the mass gain on the as-received 

samples (grain size 35 µm). This is expected, as the transition to selective oxidation of Cr is known to 

take place at lower Cr contents for alloys with a smaller grain size or for alloys that have been cold-

worked to induce dislocations in the subsurface [30,54]. The faster formation of a protective scale is 

attributed to the more rapid diffusion of Cr along alloy grain boundaries, dislocations and similar short-

circuit paths. The alloy grain size also has an influence on the mechanical properties, and may thereby 

affect the stresses between the oxide scale and the alloy. Generally, the net stress in a thermally grown 

Cr2O3 scale will be compressive, leading to, on average, a tensile stress in the metal substrate [30]. One 

way of relieving the generated stresses is by creep, which  is more significant in the metal substrate than 

in the oxide scale [55]. The creep resistance increases will increasing grain size, which means that other 

mechanisms for stress relief, such as scale cracking and buckling might become more important [56,57]. 

This could be a contributing reason for the increased oxidation rate observed with increased alloy grain 

size.  

The results obtained here are in contradiction with those presented by Magdefrau et al. [25], where 

the parabolic oxidation rate of Crofer 22 APU in air at 800 °C was reduced by a factor of 3.5 by 

increasing the grain size of the alloy from ca. 16 to 250 µm. There, the grain size was increased by heat-

treating in Ar at 1050 °C for up to 4 h. The pO2 in this atmosphere and the mass change during the heat 

treatment was not stated. However, the authors report the presence of internal Ti-oxide precipitates in 

the near-surface region of the alloy and that the samples were polished after the heat treatment. 

Normally, the pO2 in supplies of noble gasses such as Ar is in the range above 10 ppm, making it an 

oxidizing atmosphere. Based on this information, we suggest an alternative explanation for the reduced 

oxidation rate with increased grain size observed by Magdefrau et al. Assuming the pO2 during heat 

treatment was sufficiently high to oxidize Mn, the heat treatment and subsequent sample polishing 

would essentially decrease the concentration of Mn in the alloy. From literature it is known that the 

oxidation rate of ferritic stainless steels decreases with decreasing concentration of Mn in the alloy 

[58,59]. This hypothesis is corroborated by the mass gain results for the R1100+O800-P samples, which 

were polished after pre-oxidation to remove the oxide scale. The mass gain of these samples after 1000 h 

at 800 °C (0.32 mg/cm2) was slightly lower than measured for both the as-received (0.38 mg/cm2) and 

H1100 (0.44 mg/cm2) samples. It should be mentioned that although the addition of Mn to the alloy 
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leads to an increase in oxidation rate, the formation of an outer (Mn,Cr)3O4 scale is beneficial for 

reducing Cr-volatilization [10].  

Oxidation kinetics intermediate between parabolic and linear suggests that growth of the oxide scale 

on H1100 is partially controlled by some interfacial reaction [30]. From the available results it is not 

clear what this reaction could be. Since the H1100 sample was heat treated in pure H2, a possible 

influence by dissolved hydrogen in the steel should be considered. Tveten et al. [60] showed that the 

initial oxidation rate of chromium at 900 °C in O2 is higher for samples containing hydrogen compared 

to samples where the hydrogen content was decreased by vacuum annealing. Analysis of 18O depth 

profiles indicated that Cr diffusion was faster and O diffusion was slower in the Cr2O3 scale formed on 

samples containing more H. This is consistent with changes in the Cr2O3 defect chemistry due to 

interstitially dissolved hydrogen, as discussed in Section 4.1.    

 

4.3 Comparison with spinel coated Crofer 22 APU  

 

In a previous paper [24] we reported on the oxidation behaviour of MnCo1.7Fe0.3O4 coated Crofer 22 

APU, where the coating was heat treated in different ways producing coatings of different density. The 

heat treatment procedures were identical to those used here to pre-oxidize the uncoated alloy, i.e. O900, 

R900+O800 and R1100+O800. The coated samples all followed parabolic oxidation kinetics in air at 

800 °C. The deduced rate constants from [24] are summarized in Table 3.  

Comparing the oxidation rate of coated and bare pre-oxidized Crofer 22 APU it is clear that the 

coating has a smaller influence on the oxidation kinetics than if the results are compared against Crofer 

22 APU that has not been pre-oxidized. However, it should be stressed that these mass gain 

measurements have not been corrected for effects of Cr vaporization. In [24] it was shown that the Cr 

evaporation rate of Crofer 22 APU in air-3% H2O at 800 °C was reduced by a factor of 10 by the O900 

coating and by a factor of 30 by the R1100+O800 coating. Thus, the lower apparent mass gain of 

uncoated Crofer 22 APU must in part be attributed to a higher mass lost by Cr evaporation. The exact 

contribution from Cr evaporation cannot be accurately assessed  due to the lack of data for the testing 

conditions used in this study (stagnant air and low H2O content). 

Nevertheless, the results presented here show that a part of the reduction in oxidation rate observed 

when applying a protective coating and heat treating it (as done for example in Ref. [24]) may also be 

induced by the heat treatment (pre-oxidation) in absence of the coating. As discussed above, the 

beneficial effect of the pre-oxidation seems to lie in a combination of fewer sub-scale MnCr2O4 nodules 

and a  change in the defect chemistry and/or grain size of the oxide scale formed at the higher 

temperature and in the reducing atmosphere experienced during the pre-oxidation step. This is an 

important finding to keep in mind when benchmarking different coating solutions utilizing different 

heat treatment procedures to fabricate or densify the coating on the alloy.  
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Table 3. Parabolic rate constant for bare and MnCo1.7Fe0.3O4 coated Crofer 22 APU oxidized in air at 

800 °C after different pre-oxidation heat treatments.  

 Pre-oxidized Crofer 22 APU  

[g2/cm4s1] 

MnCo1.7Fe0.3O4 coated  

[g2/cm4s1] 

As-received 4.2×10-14  N/A 

O900 2.5×10-14  1.4×10-14  

R900+O800 1.8×10-14  1.3×10-14  

R1100+O800 N/A 0.34×10-14  

 

 

5. Conclusions 

 

The oxidation rate of Crofer 22 APU in air at 800 °C was shown to be slightly reduced by pre-oxidation 

above this temperature. Pre-oxidation at 900 °C in N2-H2 resulted in a slightly larger improvement in 

the oxidation resistance than pre-oxidation in air. Whereas the overall weight gain (pre-oxidation + 

aging period) was highest for a sample pre-oxidized for 5 h in N2-H2 at 1100 °C, this sample showed 

the smallest mass gain during the 1200 h aging period at 800 °C. The 900 °C pre-oxidation treatment 

in N2-H2 (R900+O800) did not change the oxidation kinetics at 900 °C in air, as expected. More 

surprisingly, the beneficial effect of pre-oxidation observed during aging at 800 °C, was not observed 

when aging at 700 °C.   

Heat-treating the alloy in pure H2 at 1100 °C (pO2 ca. 10-21 atm) increased the alloy grain size from 35 

to 380 µm without forming an oxide scale. This heat treatment and the induced grain growth had a clear 

negative effect on the oxidation resistance of Crofer 22 APU in air at 800 °C. Removing the oxide scale 

formed during pre-oxidation in N2-9%H2-1%H2O at 1100 °C resulted in an overall slightly lower 

oxidation rate in air at 800 °C, due to preferential removal of Mn from the alloy.  

The thermally grown oxide scale comprised Cr2O3 at the alloy/scale interface, (Mn,Cr)3O4 at the 

scale/atmosphere interface and subscale MnCr2O4 nodules that preferentially formed at alloy grain 

boundaries. The subscale nodules caused buckling of the alloy and oxide scale in their proximity. 

Samples oxidized in N2-9%H2-1%H2O for 5 h at 1100 °C formed a nearly continuous layer of 

(Mn,Cr)3O4 along the alloy/scale interface, resulting in less scale buckling.  
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Figure 1. X-ray diffractograms of Crofer 22 APU after pre-oxidation heat treatment. Alloy = PDF 65-

4664, Spinel = PDF 75-1614, Chromia = PDF 38-1479. 

 

 

Figure 2. SEM BSE micrographs of R900+O800 after pre-oxidation heat treatment. (a) surface, (b) 

cross section and EDX point analysis results (in wt.%).  
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Figure 3. SEM BSE micrographs of R1100+O800 after pre-oxidation heat treatment. (a) surface, (b) 

cross section.  

 

 

Figure 4. Optical micrographs of etched cross sections. (a) as-received Crofer 22 APU, (b) after 

H1100 heat treatment, (c) after R1100+O800 pre-oxidation heat treatment. 
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Figure 5. Mass change of Crofer 22 APU during cyclic oxidation in air at 800 °C. Each point is the 

average of 3-5 samples and error bar shows the standard deviation. a) Mass gain versus time. Mass gain 

during pre-oxidation is added to t=0 h.  b) Instantaneous apparent parabolic rate versus time. Note the 

break in the y-axis.  

 

 

Figure 6. Mass change during cyclic oxidation in air. (a) at 700 °C, showing also the parabolic fit to 

the mass change of the as-received sample,  (b) at 900 °C.  
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Figure 7. X-ray diffractograms of Crofer 22 APU after 1000 h oxidation in air at 800 °C. Alloy = PDF 

65-4664, Spinel = PDF 75-1614, Chromia = PDF 38-1479. 

 

 

Figure 8. Micrographs of as-received Crofer 22 APU after 1000 h oxidation at 800 °C in air. (a) SEM-

SE surface, (b) SEM-BSE of cross section and (insert) optical micrograph of etched cross section. 
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Figure 9. Cross-section SEM-BSE micrograph and EDX maps of as-received sample after 1000 h 

oxidation at 800 °C in air. 

 

 

Figure 10. Surface (a) and cross sectional (b) SEM micrographs of H1100 sample after 1000 h 

oxidation at 800 °C in air. 

 

 

Figure 11. Cross sectional SEM-EDX images and EDX compositional linescans of the as-received 

(top) and H1100 (bottom) samples after 1000 h oxidation at 800 °C in air.  
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Figure 12. Surface (a) and cross sectional (b) SEM micrographs of R1100+O800 sample after 1000 h 

oxidation at 800 °C in air 

 

 

Figure 13. SEM-BSE micrograph and EDX maps of R1100+O800 sample after 1000 h oxidation at 

800 °C in air. 
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The general rate equation for oxidation may be expressed as [1]: 

𝑚𝑛 = 𝑘𝑛𝑡 + 𝐶    (S.1) 

where m is the mass gain, kn is the rate constant, t is the time, and C is an integration constant. The 

exponent n has values of 1, 2 and 3 for linear, parabolic and cubic oxidation kinetics, respectively. 

Taking the logarithm of Equation S1 gives: 

log 𝑚 =
1

𝑛
log 𝑡 + 𝐶    (S.2) 

Thus, a double-logarithmic plot of the mass gain versus time provides a method for evaluating the 

oxidation rate law.  

Double-logarithmic plots for all samples oxidized in air at 800 °C are shown in Figures S1-S3. In 

case of the pre-oxidized samples, the mass gain during oxidation was included in the evaluation 

(0.055 mg/cm2 for O900, 0.096 mg/cm2 for R900+O800, and 0.556 mg/cm2 for R1100+O800) and it 

was adjusted for the “equivalent age” of the pre-oxidation. The equivalent age is taken as the time the 

as-received Crofer 22 APU was oxidized in air at 800 °C before acquiring the same mass gain as during 

the pre-oxidation heat treatment. For example, the mass gain after R1100+800 pre-oxidation was 0.556 

mg/cm2, and as-received Crofer 22 APU was oxidized ca. 1650 h at 800 °C before gaining the same 

mass. Thus, the equivalent age of the R1100+O800 pre-oxidation is 1650 h. By making this adjustment, 

the existing oxide scale on pre-oxidized samples is accounted for when comparing the oxidation results.   

The exponent n, determined as the inverse slope of the linear fit to the plots in Figures S1-S3, is 

listed in Table S1. In case of the R1100+O800 sample, only the three last points were used in the fitting.  
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Figure S1. Double-logartihmic plot for oxidation of as-received, O900 and R900+O800 samples.  

 

 

 
Figure S2. Double-logartihmic plot for oxidation of R1100+O800 sample. 
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Figure S3. Double-logartihmic plot for oxidation of H1100 sample. 

 

 

Table S1. Exponent n (Eq. S1) for oxidation at 800 °C in air, determined from double-logarithmic 

plots in Figures S1-S3.  

Sample n 

As-received  1.9 

O900 2.0 

R900+O800 2.3 

R1100+O800 12.5 

H1100 1.4 

 

 

Polished coupons of Crofer 22 APU were oxidized in N2-9%H2-1%H2O at 1100 °C for 5 h and then in 

air at 800 °C for 5 h (R1100+O800). The oxide scale was subsequently removed by grinding and 

polishing. Figure S4 shows the mass change of these samples measured during oxidation at 800 °C in 

air. The results for the as-received sample are shown for comparison.   
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FIGURE S4. Mass change measured during oxidation at 800 °C in air. Average of three samples with 

error bars showing standard deviation.  

 

 

Figure S5 presents the mass change re-calculated to include the mass gain during pre-oxidation with 

the curves shifted along the x-axis to adjust for the “equivalent age” of the sample. The “equivalent 

age” is taken as the time the as-received Crofer 22 APU would have to be  oxidized in air at the 800 °C 

before acquiring the same mass gain as during the pre-oxidation heat treatment 

 

 
Figure S5. Mass change of Crofer 22 APU during oxidation in air at 800 °C, including the mass change 

during pre-oxidation and a curve shift along the x-axis to account for the equivalent age.  
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