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oxidationshastigheden, krom indholdet og den elektriske modstand i det voksende 
oxidlag på Crofer 22APU prøverne. Den positive effekt af LSM og LSC belægningerne 
blev forøget endog mere, når de var i kombination med et indre Co3O4-belægningslag. 
For Sandvik 1C44Mo20 prøverne belagt med Co3O4 + LSM blev der kun observeret en 
lille mindskning i oxidationshastigheden i forhold til den LSM belagte Sandvik 
1C44Mo20 prøve. For Sandvik 1C44Mo20 prøverne belagt med Co3O4 + LSC blev der 
observeret en drastisk øgning af oxidationshastigheden i forhold til Sandvik 1C44Mo20 
prøver belagt med et enkelt lag af LSC. En signifikant mængde krom blev tillige 
observeret i oxidlaget på de Co3O4 + LSC belagte Sandvik 1C44Mo20 prøver. Forskellen 
i overskuddet af mangan for Crofer 22APU og Sandvik 1C44Mo20 prøverne er blevet 
foreslået som en mulig forklaring på, at de kobolt-rige belægningerne giver en positiv 
effekt på Crofer 22APU legeringsprøverne og deres manglende effekt på Sandvik 
1C44Mo20 legeringsprøverne. Det indikerede at der var brug for en vis mængde mangan 
for at stabilisere oxidlagets vækst på legeringsprøver belagte med en kobolt-rig 
belægning. Supplerende oxidationseksperimenter for Co3O4 + LSC belagte Sandvik 
legeringsprøver med varierende mangan indhold understøttede denne hypotese. Baseret 
på mikrostrukturen af de dannede oxidlag på alle Co3O4 + LSC belagde Fe-22Cr 
legeringsprøver i dette studie og deres vægtøgning, forekommer det, at der er brug for et 
optimalt mangan indhold i legeringen på omkring 0.3-0.5 vægt. % for at kunne udnytte de 
positive effekter af kobolt-rige belægninger. 
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1.3 Structure of present thesis 
In chapter 2 the weight gain data/kinetical data collected for all coated/uncoated alloy 
samples during the project are listed. These weight gain experiments, measuring the 
oxidation rate of the coated/uncoated alloy samples, functioned as a screening process 
during the project to find the most successful and interesting alloy/coating 
combinations. 
 
Chapter 3 is devoted to the oxidation rate and the oxide scale microstructure and 
composition formed on single layer coated Crofer 22APU samples.  
 
In chapter 4 the favourable effects of combining some of the single layer coatings 
studied in chapter 3 on Crofer 22APU samples are studied. 
 
Chapter 5 is a comparison of the different oxidation mechanisms found on different 
chromia forming ferritic alloys coated with identical slurry coatings.  
 
In chapter 6 the electrical resistance of the oxide scales on some of the most 
successfully coated Crofer 22APU samples are measured and compared. The effects 
of a mechanical load, an electrical load as well as the oxidation temperature on the 
growth of the oxide scales are studied.  
 
In the extended appendix 5, tests of a method for measuring the tracer diffusion of 
chromium in MnCo2O4 are presented. The tests did not give any conclusive results, 
but they generated information of how to improve the measuring method into an 
effective and useful method of measuring the tracer diffusion coefficient of chromium 
in MnCo2O4. 
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2. Screening/oxidation rate experiments 

2.1 Introduction 
As described in chapter 1 the oxidation mechanisms and the interactions between 
slurry coatings and an interconnect alloy are studied in this project. In the initial stage 
of this study several different slurry coatings of interest were prepared and applied 
onto samples of the commercially available interconnect alloy Crofer 22APU and the 
test alloy Sandvik 1C44Mo20. The samples were long term oxidized in a cycling 
oxidation experiment where the oxidation rates were calculated by measuring the 
weight gain of the samples. As the project proceeded Crofer 22APU and Sandvik 
1C44Mo20 samples with new slurry coatings were added to the cycling oxidation 
experiment as well as coated samples of Sandvik OYC44 alloy and model alloys 
consisting of Sandvik 350, Sandvik 433, Sandvik 434, and Sandvik 515. These weight 
gain measurements functioned as a screening process to determine the most successful 
and interesting coating/alloy combinations, which would be analyzed further in 
scanning electron microscopy, SEM, and exposed to complementary oxidation 
experiments using thermogravimetric analysis, TGA.  
 
The total list of slurry coatings included in the oxidation experiments is presented in 
this chapter together with all the curves for the weight gain data collected during the 
project for the different coating/alloy combinations. Also described in this chapter is 
the sample preparation of the oxidation samples. Furthermore, the preparation of the 
cross-sections of the oxidized samples for further analysis in SEM later on in the 
project is described. It should be noted that not all of the oxidized samples listed in 
this chapter are further analyzed or discussed in the thesis. 

2.2 Experimental 
The alloys included in the oxidation study are Crofer 22APU, Sandvik 1C44Mo20, 
Sandvik OYC44, Sandvik 350, Sandvik 433, Sandvik 434, and Sandvik 515. The 
compositions of these alloys are displayed in table 2.1. 
Table 2.1. Steel compositions of Crofer 22APU, Sandvik 1C44Mo20, Sandvik OYC44, Sandvik 350, Sandvik 433, 
Sandvik 434 and Sandvik 515 (in wt %) and the foil thicknesses within parenthesis. 

 

Alloy 
(foil thickness) 

Fe Cr Mn Si C Ni Al La N Mo Ti Add. 

Crofer 22APU 
(0.3 mm) 

Bal. 22.6 0.4 0.1 0.01 0.2 0.1 0.07 0.01 - 0.06  

Sandvik 
1C44Mo20 
(0.3 mm) 

Bal. 22.3 0.1 0.2 - 0.3 - - 0.03 1.0 - Zr, Ti, 
Nb 

OYC44 
(0.2 mm) 

Bal. 21.6 0.3 0.3 0.02 0.2 0.003 - 0.03 - - Ce 

350 
(0.1 mm) 

Bal. 22.1 0.1 0.1 - 0.09 - - 0.08 1.0 0.04 Nb 

433 
(0.25 mm) 

Bal. 22.4 0.6 0.2 - 0.1 0.04 0.05 - - - Ce 

434 
(0.2 mm) 

Bal. 22.2 5.1 0.1 - 0.1 0.01 0.04 - - - Ce 

515 
(0.2 mm) 

Bal. 21.9 0.3 0.1 - 0.07 - - 0.02 - 0.01 Nb 
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2.2.1  Sample preparation  
From alloy foils of Crofer 22APU, Sandvik 1C44Mo20, Sandvik OYC44, Sandvik 
350, Sandvik 433, Sandvik 434, and Sandvik 515 samples for use in the cyclic 
oxidation experiment were cut. The dimension of the samples cut were 20*20 mm2 
and with a 2 mm hole in the centre of one side ca. 2 mm from the edge. The 
thicknesses of the alloy foils are listed in table 2.1 above. For the TGA experiments 
six similar samples were cut from the Crofer 22APU foil. The dimensions of these 
samples were 20*10*0.3 mm3 and with a 2 mm hole in the centre of one of the short 
sides ca. 2 mm from the edge. All the samples for both the cyclic oxidation and the 
TGA experiments were etched in hydrofluoric acid for 30 minutes to remove any 
native oxides formed during alloy processing. The samples were rinsed for 10 minutes 
in water after etching and finally rinsed in alcohol for yet another 10 minutes.  
 
The etched samples were slurry coated, using a hand spray gun, as soon as possible 
after being etched. As carrier gas technical air at room temperature was used. The 
slurries consisted of approximately 33 wt.% powder of the coating material dissolved 
in ethanol with a small amount of polyvinylpyrrolidone, PVP-binder, mixed into it. 
Before the slurries were applied onto the alloy samples, the slurries were ball-milled 
until desired particle size distributions were achieved. The slurry coatings were 
applied on both sides of the samples. In table 2.2 below the total list of used coating 
slurries are presented. The measured particle sizes in the slurries are also included. 
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i from Alfa Aesar 
ii produced in rotating furnace 
iii fine powder from Aldrich 
iv measured by a Beckman coulter I/S particle size analyiser 

 
Six samples of the Crofer 22APU and Sandvik 1C44Mo20 alloys respectively were 
left uncoated as reference samples during the oxidation experiments as well as two 
Crofer 22APU samples for the TGA oxidation tests. As mentioned above the 

Table 2.2. Description of used coatings, all deposited by slurry coating. 

Name Content Synthesis Calcination Ø50
iv 

[ m] 
LSMa (La0.85Sr0.15)MnO3 

10% Mn excess 
Glycine-nitrate method 5 parts 1200°C/2h  

1 part 800°C/2h 
1.9 

LSMb (La0.85Sr0.15)MnO3 
10% Mn excess 

Glycine-nitrate method 5 parts 1200°C/2h  
1 part 800°C/2h 

2.3 

LSMc (La0.85Sr0.15)MnO3 
10% Mn excess 

Glycine-nitrate method 5 parts 1000°C/2h  
1 part 800°C/2h 

1.3 

LSMd (La0.85Sr0.15)MnO3 
10% Mn excess 

Glycine-nitrate method 5 parts 1000°C/2h  
1 part 800°C/2h 

1.0 

LSMe (La0.85Sr0.15)MnO3 
10% Mn excess 

Glycine-nitrate method 5 parts 1200°C/2h  
1 part 800°C/2h 

2.1 

Co3O4
a Co3O4 99.7% cobalt (II,III) oxidei   2.5 

Co3O4
b Co3O4 99.7% cobalt (II,III) oxidei  0.7 

Co3O4
c Co3O4 99.7% cobalt (II,III) oxidei  0.6 

Co3O4
d Co3O4 99.7% cobalt (II,III) oxidei  1.1 

Co3O4
e Co3O4 99.7% cobalt (II,III) oxidei  1.3 

Co3O4
f Co3O4 99.7% cobalt (II,III) oxidei  6.0 

Co3O4
g Co3O4 99.7% cobalt (II,III) oxidei  1.2 

LSCa 90 wt% (La0.85Sr0.15)CoO3  
+ 10 wt% Co3O4 

LaSrCoO3 from Topsøii 
99.7% cobalt (II,III) oxidei 

 1.9 

LSCb/c 90 wt% (La0.85Sr0.15)CoO3  
+ 10 wt% Co3O4 

LaSrCoO3 from Topsøii 
99.7% cobalt (II,III) oxidei 

 1.3 

LSCd 90 wt% (La0.85Sr0.15)CoO3  
+ 10 wt% Co3O4 

LaSrCoO3 from Topsøii 
99.7% cobalt (II,III) oxidei 

 0.4 

LSCe 90 wt% (La0.85Sr0.15)CoO3  
+ 10 wt% Co3O4 

LaSrCoO3 from Topsøii 
99.7% cobalt (II,III) oxidei 

 1.9 

LSFCa (La0.54Sr0.36)(Fe0.8Co0.2)O3 
+ Ce 

From Topsøii 850°C/2h 0.6 

LSFCb (La0.54Sr0.36)(Fe0.8Co0.2)O3 
+ Ce 

From Topsøii 850°C/2h 0.7 

LSFCc (La0.54Sr0.36)(Fe0.8Co0.2)O3 
obs no Ce 

From Topsøii 850°C/2h 1.1 

LSFCd (La0.54Sr0.36)(Fe0.8Co0.2)O3  
obs no Ce 

From Topsøii 850°C/2h 1.5 

MnCo2O4 MnCo2O4 Glycine-nitrate method 900°C/8h 1.0 

Al2O3 Al2O3 99.8% aluminum oxideiii   3.2 
SiO2 SiO2   1.3 
ZrO2 ZrO2   2.7 
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Since there in most cases were five samples of each alloy/coating combination left in 
the oxidation furnace for up to 1000 hours of oxidation, an average value of the 
parabolic rate constant for each alloy/coating was achieved. In table 2.4-5 the 
calculated parabolic constants are listed, in order of increasing constants. In some 
cases an alloy/coating combination has two different constants, since the slope of the 
weight gain-time1/2 curve changes as oxidation proceeded. The change in the slope 
indicates a change of the rate determining process in the oxide scale.  
 
Table 2.4.a. Parabolic rate constants for Crofer after 4000 hours oxidation neglecting the weight gain from the 
first 250 hours. 
 

 kp,1·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

kp,2·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

Remark 

15 m Co3O4
b  + 15 m LSFCb 0.13±0.02 3000 0.53 3000-4000  

15 m Co3O4
b  + 15 m LSCb 0.11±0.02 2500 0.57 2500-4000  

7 m Co3O4
a

  + 15 m LSCa 0.20±0.05 2750 0.63 3000-4000  
7 m Co3O4

a + 15 m LSFCa 0.22±0.07 3250 0.67 3250-4000  
15 m Co3O4

c  + 15 m LSFCc 0.21±0.05 1750 1.1 1750-4000  
15 m LSCb  0.35±0.08 4000    
15 m LSFCb 0.37±0.05 4000    
15 m LSFCc 0.46±0.1 4000    
15 m Co3O4

b  + 15 m LSMa 0.49±0.1 3000 0.77 3000-4000  
7 m Co3O4

a + 15 m LSMa 0.58±0.07 4000    
15 m LSCe  + 15 m LSMc 0.56±0.2 4000    
ZrO2 1.1±0.08 1000 0.29±0.2 1000-4000 Dev. from 

parabolic 
15 m LSMc  + 15 m LSCe 0.91±0.2 2250 3.0 2250-3500  
15 m LSMa  1.2±0.2 4000    
30 m LSMb 1.2±0.2 4000    
15 m Co3O4

b  1.3±0.2 2750 1.9 3000-4000  
Al2O3 1.7±0.09 1000 0.25±0.05 1000-4000 Dev. from 

parabolic 
7 m Co3O4

a 2.9±0.3 4000    
Uncoated 7.5±1.1 1000   Break away ox. 

1000h 
SiO2 7.5±0.01 1250   Break away ox. 

1250h 
MnCo2O4 9.3±1.0 1250   Break away ox. 

1250h 

Table 2.4.b.  Parabolic rate constants for Sandvik 1C44Mo20 after 4000 hours oxidation neglecting the weight 
gain from the first 250 hours. 
 

 kp,1·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

kp,2·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

Remark 

15 m LSFCd 0.33±0.04 4000    
15 m LSCc  0.42±0.06 1250 0.10±0.01 1250- 

4000 
Dev. from 
parabolic 

7 m Co3O4
d + 15 m LSMb 0.62±0.1 4000    

pre-ox.15 m Co3O4
e +15 m LSMc 0.63±0.1 4000    

15 m Co3O4
d  + 15 m LSMb 0.66±0.2 4000    

15 m LSMb  0.92±0.3 4000    
15 m Co3O4

d  1.2±0.1 4000    
15 m Co3O4

d  + 15 m LSCc 1.4±0.5 4000    
15 m Co3O4

d  + 15 m LSFCd 1.7±0.1 4000    
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The suggested mechanisms for logarithmic oxidation behaviour do not apply very 
well to the oxidation conditions of the Al2O3 and ZrO2 coated Crofer 22APU samples 
in this study. It is more likely that the oxidation of the Al2O3 and ZrO2 coated samples 
is best described by a parabolic oxidation mechanism just as the other coated Crofer 
22APU samples. However, due to the possible reaction mechanisms presented in the 
complex oxidation system on the Al2O3 and ZrO2 coated samples becoming more 
significant the weight gain plots tend to deviate slightly from characteristic parabolic 
distribution. The oxidation behaviour of Al2O3 and ZrO2 coated Crofer 22APU 
samples will be discussed further in section 3.4.5-6. 
 
After ca. 1000 hours of oxidation drastic weight increase was observed for the 
MnCo2O4 coated sample and the uncoated sample indicating break away oxidation.  
 
Independent of the oxidation behaviour all the coatings lowered the weight gain 
compared to the uncoated Crofer 22APU sample except for the MnCo2O4 coating, 
which appeared to have an even higher weight increase rate than the uncoated 
samples. The MnCo2O4 coated samples were also the only coated samples that 
showed break away oxidation behaviour, and it took place around the same time as 
the break away took place at the uncoated samples. 
 
Table 3.1 summarizes the parabolic oxidation constants for the uncoated and the 
single layer coated Crofer 22APU samples, and the thickness of the formed oxide 
scales on the samples as determined from the SEM micrographs in figure 3.4-6. The 
parabolic rate constant decreases after 1000 hours of oxidation for both of the Al2O3 
and the ZrO2 coated samples. The decrease in the slope of the weight gain plot for the 
Al2O3 coated sample are as easily discerned on the weight increase-log(time) plot as 
on the weight increase-time1/2 plot. 
 
In table 3.1 the samples are in order of increasing oxidation rate according to the 
parabolic oxidation constants going downwards. Just as seen in the weight gain plot in 
figure 3.1 the LSC, LSM and the ZrO2 coated samples presented the lowest weight 
gain. For the LSM coating two different coating thicknesses were tested, but no 
difference in the weight gain was found as illustrated in figure 3.1-2. In comparison 
the Co3O4 coated samples, which had a higher weight gain than the LSM coated 
samples, showed a difference in weight gain depending on the thickness of the Co3O4 
coating. The thicker the Co3O4 coating was the smaller the weight gain observed. The 
Al2O3 coated samples had a similar weight gain as the Co3O4 coated samples during 
the initial 1500 hours. Hereafter the weight gain rate of the Al2O3 coated samples 
decreases and approaches the level for the LSC, LSM and the ZrO2 coated samples. 
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Table 3.1.a. Parabolic rate constants for the coated and uncoated Crofer samples after 4000 hours oxidation 
neglecting the weight gain from the first 250 hours. 
 

 kp,1·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

kp,2·10-3 
[(mg/(cm2h1/2))2] 

Time 
[h] 

Remark 

15 m LSCb  0.35±0.08 4000    
ZrO2 1.1±0.08 1000 0.29±0.2 1000-4000 Deviation from 

parabolic ox. 
15 m LSMa  1.2±0.2 4000    
30 m LSMb 1.2±0.2 4000    
15 m Co3O4

b  1.3±0.2 2750 1.9 3000-4000  
Al2O3 1.7±0.09 1000 0.25±0.05 1000-4000 Deviation from 

parabolic ox. 
7 m Co3O4

a 2.9±0.3 4000    
Uncoated 8.8±2.7 1000    
MnCo2O4 9.3±1.0 1250    

Table 3.1.b. Parabolic rate constants for uncoated and LSM coated Crofer samples calculated from oxidation 
data in the TGA equipment during 250 hours oxidation.  
 

 kp,1·10-3 
[(mg/(cm2h1/2))2] 

Etched, uncoated 11±0.008 
15 m LSMd 4.3±0.008 

Table 3.1.c.  Measured oxide scale thicknesses, t, on the BSE micrographs. 
 

 t [ m] 
500 h 

t [ m] 
1000 h 

t [ m] 
2000 h 

t [ m] 
4000 h 

Remark 

15 m LSCb  4.1±1.2 4.3±1.6 5.4±1.5 9.2±1.9 Tot. ox. scale 
ZrO2  8.3±1.7 9.8±1.8 11.8±2.3 Tot. ox. scale 
15 m LSMa  4.7±1.6 6.5±1.7 7.3±1.3 10.6±2.8 Tot. ox. scale 
15 m Co3O4

b  5.6±1.6 
(10.6±2.0) 

6.8±2.0 
(13.3±3.8) 

9.2±1.9 
(16.2±2.8) 

14.5±1.8 
(21.0±2.7) 

Cr2O3 scale 
(Formed oxide + 

sintered/reacted coating) 
Al2O3   10.0±1.5 8.5±2.4 Tot. ox. scale 
7 m Co3O4

a  7.1±1.4 
(10.5±2.0) 

8.4±1.7 
(10.3±1.8) 

15.2±3.0 
(19.2±7.0) 

14.9±4.0 
(16.6±4.5) 

Cr2O3 scale 
(Formed oxide + 

sintered/reacted coating) 
Uncoated 9.8±3.2 11.9±2.9 15.3±2.0  Tot. ox. scale 
MnCo2O4 8.5±1.0 

(15.5±1.4) 
13.3±1.5 
(21.2±3.1) 

19.1±1.8 
(26.4±2.7) 

25.±3.0 
(31.6±3.2) 

Cr2O3 scale 
(Formed oxide + 

sintered/reacted coating) 

 
The weight increase data collected for the uncoated and LSM coated Crofer samples 
in the TGA equipment are presented below in figure 3.3. These data give information 
about the initial oxidation during the first 250 hours of oxidation that is lost in the 
long term, cycling oxidation experiment. The collected data was corrected for 
buoyancy with a reference sample made of alumina in the same dimensions as the 
oxidation samples. In the weight increase-time and weight increase-time1/2 plots in 
figure 3.3a and 3.3b respectively it was found that as expected there was great weight 
loss during the heating ramp for the coated samples due to the organic burn-off. When 
the temperature in the TGA-chamber reached 900°C all the organic material appeared 
to have burnt off and a parabolic weight increase was observed. The constants 
calculated from these weight plots are presented in table 3.1b. When comparing the 
parabolic rate constants to the ones calculated from the cyclic oxidation experiments, 
the ones from the TGA-chamber are much higher than the ones from the cyclic 
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oxidation experiment. Both the uncoated and the LSM coated samples show the same 
trend.  
 

 

Figure 3.3.a. The weight increase data collect with TGA for uncoated LSM coated Crofer. 

 

Figure 3.3.b. The weight increase-time1/2 plots for uncoated LSM coated Crofer samples from the TGA-
measurements. 

 
Micrographs of the cross-sections of the coated and uncoated Crofer samples after 
different oxidation times are presented in figure 3.4-6. The scale thicknesses presented 
in table 3.1 are measured on micrographs like these. In the micrographs in figure 3.4 
of the uncoated Crofer samples the duplex oxide scale expected to be found is visible 
[3, 10]. The outer (Mn,Cr)-spinel phase is lighter grey than the inner Cr2O3 phase. A 
number of metal inclusions is observed in the oxide scale. The micrographs of the 
LSM coated samples in the same figure show a thinner oxide scale than the uncoated 
ones and fewer metal inclusions. The heavier, bright LSM particles seem to be pushed 
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in front of the growing oxide scale and are not incorporated into the oxide scale. On 
the other hand, in the growing oxide scale on the LSC coated samples bright La- and 
Sr-rich particles appear to be incorporated. These areas probably consist of LaCrO3 
and/or SrCrO4 due to dissociation of the LSC coating. The oxide scale on the LSC 
coated samples are thinner than on the uncoated ones, but the oxide/alloy and 
oxide/coating interfaces are not as smooth as on the LSM coated samples. In the LSC 
coating, areas containing high amounts of chromium, cobalt and manganese were also 
found.  
 
The oxide scale on the Co3O4 coated samples in figure 3.5 consists of a Cr2O3 layer, 
which thickness is included in table 3.1, and a spinel phase layer. This spinel phase 
layer consists of the sintered/reacted Co3O4 coating plus the naturally forming spinel 
phase on Crofer. The Cr2O3 phase is slightly darker grey than the spinel phase. Line 
scans presented in figure 3.9 and appendix 2 support this. For the 15 µm Co3O4 coated 
Crofer 22APU sample oxidized for 500 hours the epoxy has detached from the 
oxidized sample and the surface of the sample has become visible. In figure 3.6 a 
similar division of the Cr2O3 layer and the spinel phase consisting of the 
sintered/reacted spinel coating and the forming spinel as found on the Co3O4 coated 
samples were observed on the MnCo2O4 coated samples. The Cr2O3 layer was 
however significantly thicker than on any of the coated and uncoated samples. After 
ca. 1000 hours of oxidation the edges of the MnCo2O4 coated samples started to 
experience heavy oxidation. This was not observed on any of the other coated or 
uncoated samples; here the oxide scales on the edges appeared similar to the oxide 
found along the flat surfaces of the samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

















Chapter 3 

 37 

Ta
bl

e 
3.

2.
 S

pi
ne

l c
om

po
si

tio
n 

in
 th

e 
ou

te
r o

xi
de

 sc
al

e 
on

 th
e 

un
co

at
ed

 a
nd

 c
oa

te
d 

C
ro

fe
r s

am
pl

es
 o

xi
di

ze
d 

in
 th

e 
lo

ng
 te

rm
 c

yc
lin

g 
ox

id
at

io
n 

ex
pe

rim
en

t. 
       

40
00

 h
 

Fe
 

  0.
1±

0.
1 

0.
2±

0.
1 

0.
1±

0.
0 

0.
1±

0.
0 

 Fe
 

0.
0±

0.
1 

C
o 

  0.
8±

0.
1 

0.
7±

0.
2 

1.
9±

0.
2 

1.
3±

0.
1 

 A
l 

0.
2±

0.
2 

M
n 

 1.
3±

0.
1 

0.
5±

0.
2 

1.
4±

0.
1 

0.
4±

0.
2 

1.
1±

0.
1 

1.
0±

0.
1 

M
n 

0.
3±

0.
4 

C
r 

 1.
6±

0.
1 

1.
6±

0.
3 

0.
8±

0.
1 

0.
7±

0.
3 

0.
5±

0.
1 

1.
9±

0.
1 

C
r 

2.
5±

0.
6 

20
00

 h
 

Fe
 

0.
1±

0.
0 

 0.
1±

0.
1 

0.
2±

0.
1 

 0.
1±

0.
1 

 Fe
 

0.
1±

0.
0 

C
o 

  0.
9±

0.
1 

1.
0±

0.
2 

2.
2±

0.
2 

1.
4±

0.
2 

 A
l 

0.
4±

0.
4 

M
n 

1.
2±

0.
4 

1.
3±

0.
2 

0.
7±

0.
4 

1.
2±

0.
3 

0.
3±

0.
2 

1.
3±

0.
2 

1.
0±

0.
3 

M
n 

1.
1±

0.
3 

C
r 

1.
7±

0.
3 

1.
6±

0.
2 

1.
3±

0.
4 

0.
6±

0.
2 

0.
4±

0.
1 

0.
2±

0.
1 

1.
9±

0.
3 

C
r 

1.
4±

0.
3 

10
00

 h
 

Fe
 

  0.
1±

0.
1 

0.
1±

0.
0 

     

C
o 

  0.
9±

0.
2 

0.
9±

0.
3 

2.
0±

0.
1 

1.
6±

0.
2 

   

M
n 

1.
4±

0.
2 

1.
4±

0.
2 

0.
5±

0.
2 

1.
3±

0.
2 

0.
4±

0.
1 

1.
3±

0.
2 

1.
1±

0.
1 

  

C
r 

1.
6±

0.
2 

1.
5±

0.
2 

1.
5±

0.
4 

0.
7±

0.
1 

0.
6±

0.
1 

0.
1±

0.
0 

1.
8±

0.
1 

  

50
0 

h 

Fe
 

  0.
1±

0.
0 

0.
4±

0.
1 

     

C
o 

  0.
9±

0.
2 

1.
1±

0.
1 

2.
1±

0.
1 

1.
6±

0.
2 

   

M
n 

1.
1±

0.
1 

1.
5±

0.
1 

0.
6±

0.
3 

1.
2±

0.
2 

0.
2±

0.
1 

1.
2±

0.
1 

   

C
r 

1.
9±

0.
1 

1.
4±

0.
1 

1.
4±

0.
5 

0.
3±

0.
0 

0.
6±

0.
1 

0.
1±

0.
0 

   

  U
nc

oa
te

d 

15
 

m
 L

SM
a  

15
 

m
 L

SC
b  

7 
m

 C
o 3

O
4a  

15
 

m
 C

o 3
O

4b  

M
nC

o 2
O

4 

Z
rO

2 

 A
l 2O

3 

                                                                                             





Chapter 3 

 39 

The results in table 3.3 clearly show that the presence of a coating increases the spinel 
ratio of the oxide layer. The Co3O4 and MnCo2O4 coated samples show high spinel 
ratios at least initially. However, it should be noted that the spinel phase on these 
samples consists of both sintered/reacted spinel coating and the forming spinel phase 
during the oxidation process. For the Al2O3 coated sample oxidized for 2000 hours a 
spinel ratio of about 35% is found. When considering the 4000 hours sample the 
spinel ratio was drastically decreased. 

3.4 Discussion 

3.4.1 Uncoated 
During both the cyclic oxidation and the TGA experiment it was found that etched, 
uncoated Crofer presents parabolic oxidation behaviour in accordance with literature 
[3, 10]. After 1000 hours of oxidation at 900°C in air containing 1% water, break 
away oxidation is displayed by the weight increase plots. Even though the oxidation 
behaviour was found to be the same for the samples exposed to cyclic oxidation and 
samples oxidized in the TGA equipment, the samples oxidized in the TGA chamber 
presented an almost twice as big parabolic oxidation constant as the samples in the 
cyclic oxidation furnace. In the two oxidation experiments the same heating and 
cooling ramps, oxidation temperature, and inlet-atmosphere were used, meaning that 
there should not be any differences in the experimental setup between the cyclic 
oxidation experiment and the TGA experiment. The higher oxidation rate found in the 
TGA experiment could be due to faster initial oxidation behaviour that is not possible 
to capture in the cyclic oxidation experiment due to too few measurements points. A 
possible explanation could be that the spinel phase of the forming oxide scale was fast 
growing and dominated the oxide scale growth during the initial 250 hours. 
Considering the spinel ratios in table 3.3 it is observed that, even though the spinel 
ratio is relatively stable throughout the oxidation process, there is a small trend of 
higher spinel ratio after the first 500 hours in comparison to after 1000 and 2000 hours 
oxidation. This could support the hypothesis that the spinel growth dominates the 
initial oxidation. This fast spinel growth during the initial 250 hours oxidation should 
not be confused with the transient oxidation taking place during the very initial 
oxidation before a protecting oxide scale has formed and steady state parabolic 
kinetics have been established in the system. A second explanation to the difference in 
oxidation rate between the two oxidation experiments could be that the gas in the 
TGA chamber is totally exchanged twice as often during an hour as the gas in the 
cyclic oxidation furnace. This might create small differences in the water content in 
the oxidation atmospheres that might affect the oxidation rate.  
 
In figure 3.11 a principle sketch of the diffusive fluxes during the oxidation of 
uncoated Crofer is presented. 
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In the figure 3.1 and table 3.1 it is illustrated that a thicker layer of the Co3O4 coating 
reduced the oxidation rate. According to table 3.2 the chromium and manganese 
content in the outmost spinel phase are slightly lowered for a thicker Co3O4 coating 
layer. This could be due to the longer diffusion distance for the outwardly diffusing 
cations and inwardly diffusing vacancies that is a consequence of the thicker Co3O4 
layer, which in turn leads to a lowered oxidation rate. A second explanation could be 
that the larger amount of Co present in the spinel phase has the effect of reducing the 
effective diffusion of chromium in the layer and therefore both the chromium content 
in the outmost spinel phase is lowered and the oxidation rate is decreased.  
 
The MnCo2O4 coating increased rather than decreased the oxidation rate of the Crofer 
samples when comparing the weight gain and the parabolic rate constants for 
uncoated and MnCo2O4 coated Crofer samples in figure 3.1 and in table 3.1, 
respectively. Considering the micrographs in figure 3.6 and the measured scale 
thicknesses in table 3.1 the MnCo2O4 coating appeared to enhance the growth rate of 
the Cr2O3 scale.  
 
The diffusion and interface reaction conditions on the MnCo2O4 coated sample are as 
on the Co3O4 coated samples assumed to be similar to the ones found on uncoated 
Crofer however with some modifications. In figure 3.14 a sketch over the diffusive 
fluxes likely to occur in the parabolic oxidation process of MnCo2O4 coated samples 
are presented. 
  

 

Fig. 3.14. Diffusive fluxes of ions during oxidation of MnCo2O4 coated 
Crofer. 

 
The possible interface reactions on the MnCo2O4 coated samples are believed to be 
the same as those on uncoated Crofer plus the extra IId interface reaction in table 3.4 
and 3.6. However, instead of decreasing the oxidation rate the interface reaction on 
the MnCo2O4 coated samples increases the oxidation rate of the Crofer alloy. The list 
of significant properties and conditions that should be important for the effect of the 
coating and the corrosion rate described above first mentions the concentration profile 
of Mn and Cr across the chromia scale. Due to the presence of the MnCo2O4 coating 
the concentration profile of Mn across the chromia scale is decreased while the 
concentration profile of Cr has not changed. Also mentioned on the list is the relative 
density of the spinel phase and the number of grain boundaries in the spinel phase. In 
the micrographs in figure 3.5 and 3.6 the spinel phase on the MnCo2O4 coated 
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LSM coating a thicker LSM coating should have resulted in a lower oxidation rate 
due to the longer diffusion distance. After establishing the free access to oxygen at the 
oxide surface a sketch over the likely diffusive fluxes in the oxide scale on LSM 
coated Crofer samples could be assembled, and it is presented in figure 3.16. 
 

 

Fig. 3.16. Diffusive fluxes during oxidation of LSM coated Crofer. 

 
The interface reactions taking place on the LSM coated Crofer samples are assumed 
to be similar to the interface reactions on the uncoated Crofer listed in table 3.4 and 
the extra II-interface reaction in table 3.6 above. Just as for uncoated Crofer there is 
grain boundary diffusion of Mn- and Cr-cations through the chromia scale. At 
interface II Cr2O3 is formed by consuming oxygen from the oxygen lattice in the 
neighbouring spinel. The formed Cr2O3 phase can be transformed into MnCr2O4 
according to reaction IIb, or outwardly diffusing Cr- and Mn-cations might directly 
form a spinel phase by filling up an incomplete unit cell consisting of oxygen and 
cation vacancies as described in reaction IIc. The Cr2O3 phase might also react with 
the spinel phase according to reaction IId creating a spinel phase with higher 
chromium content. The Mn- and Cr-cations continue to diffuse outward through the 
spinel phase via cation vacancies formed on the spinel surface according to reaction 
IIIa. At interface III the growing oxide scale also reacts with the LSM coating. As 
mentioned in section 3.3.1 above it is the Mn2O3 phase in the coating that reacts with 
the growing oxide scale, and the thermodynamically stable (La0.85Sr0.15)MnO3 
perovskite particles are pushed in front of the oxide scale as seen in figure 3.4. The 
Mn2O3 phase is probably present as particles spread out in the LSM coating and they 
are illustrated in figure 3.16 as smaller, greyish particles. It is probably the Mn2O3 
particles placed next to the alloy/oxide surface that will contribute to the interface 
reaction. The oxidation number for the Mn-cation in the Mn2O3 phase is +3 while it is 

3
12  in the Cr1.5Mn1.5O4 spinel found on the LSM coated sample according to the 

spinel compositions listed in table 3.2 for LSM coated samples. Since the Mn-content 
is ca. 17% higher in this spinel phase than in the MnCr2O4 spinel phase found on 
uncoated Crofer sample, it is suggested that the extra Mn is originating from the LSM 
coating. When the Mn2O3 phase is reacting with the outer spinel layer on the growing 
oxide scale to form the spinel composition seen in table 3.2, the Mn-cations from the 
Mn2O3 might contribute with oxygen to the oxide scale growth that will not be 
registered in the weight gain of the oxidizing sample. The reaction between the 
MnCr2O4 spinel on the alloys sample and the Mn2O3 is described in table 3.8 below.  
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LSM coated samples. The increase of the relative thickness of the spinel layer would 
be consistent with a net flux of Cr species from spinel into LSM and/or the 
contribution of Mn from LSM to spinel development. The thicker spinel layer on the 
LSM coated samples would reinforce the ability to hinder inward oxygen diffusion in 
the oxide scale. This would reduce the overall oxidation rate and the oxidation process 
becomes more controlled by outward cation diffusion. The reduced number of 
metallic inclusions in the coated samples could be an indication on this. 
 
In figure 3.16 the thermodynamically stable (La0.85Sr0.15)MnO3 particles are illustrated 
by the larger, black figures in phase D. During the initial stages of the oxidation these 
(La0.85Sr0.15)MnO3 particles will implement a geometrical protection against 
oxidation. The outwardly diffusing cations will be forced to diffuse an extra distance, 
x, along the particle to reach the oxide surface and accessible oxygen which is 
illustrated in figure 3.16 as well. The effect of the geometrical protection of the 
coating particles on the surface will slowly loose its importance as the thickness of the 
oxide scale grows larger than the diameter of the coating particles, and the extra 
diffusion distance implemented by the coating particles on the oxide surface is 
negligible compared to the total diffusion distance through the oxide scale. 
 
TGA measurements on LSM coated Crofer resulted in a parabolic rate constant four 
times higher than the parabolic rate constant calculated from the recorded weight gain 
in the cyclic oxidation experiment. The parabolic rate constant for uncoated Crofer 
samples was also found higher in the TGA measurements compared to the cyclic 
oxidation experiment. Here the rate constant was only twice as high, and it could be 
that a fast spinel formation during the initial oxidation stage could explain the 
difference in rate constant from the TGA experiment and the cyclic oxidation 
experiment. A second explanation could be a difference in water content in the 
oxidation atmospheres. However, the first explanation involving the initial fast spinel 
formation is supported by the fact that the weight gain rate is increased twice as much 
for the LSM coated sample compared to the uncoated sample in the TGA experiment. 
It is observed that the LSM coated samples have a higher spinel ratio than the 
uncoated ones in table 3.3, which might be caused by the extra access to Mn from the 
coating. If a fast spinel formation exists during the initial oxidation it is quite likely 
that this spinel formation would be even faster on the LSM coated sample due to the 
larger ability to form spinel  
 
To summarize, the LSM coating decreased the oxidation rate, increased the spinel 
ratio in the oxide scale and decreased the chromium content in the outer oxide scale. 
Studying the microstructure of the oxide scale both the chromia and spinel phase 
appeared to have high density, even higher than the density observed for the oxide 
phases on Co3O4 coated samples. The bright LSM coating particles were also 
observed to remain on the oxide surface during the whole oxidation process being 
pushed in front of the growing oxide scale. At the same time the excess Mn in the 
LSM coating is chemically changing the chemical composition of the growing oxide 
scale. 

3.4.4 LSC coating 
The LSC coated Crofer samples presented parabolic oxidation behaviour with a 
parabolic rate constant 18 times lower than the corresponding rate constant for 
uncoated Crofer. The scale thicknesses displayed in table 3.1 also showed that the 
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scale on the LSC coated samples was clearly thinner compared to uncoated Crofer. 
Comparing the microstructures of the oxide scales on the two perovskite coated 
samples it is seen that the alloy/oxide interface is smoother on the LSM coated sample 
than on the LSC coated samples. For the LSC coated sample there are also bright 
LaCrO3 and SrCrO4 containing areas within the oxide scale, mainly in the spinel 
layer. These bright particles originate from the LSC coating. Also visible in the 
micrographs in figure 3.4 is that the LSC coating is porous and should not create any 
hindrance for oxygen diffusion to the surface of the forming oxide scale. During the 
oxidation process, oxide products form in the LSC coating that might create a 
geometrical blockage against O2 penetration. However, based on the appearance of 
the LSC coatings in the micrographs in figure 3.4, the porosity of the LSC coating is 
not decreased enough during the oxidation process to significantly limit the oxygen 
penetration. The outmost part of this forming oxide scale, which is assumed to consist 
of a spinel phase, had chromium content almost as high as the corresponding spinel 
phase on the LSM coated samples. But, the Mn content was decreased in favour for 
Co in the spinel on the LSC coated samples. The area ratio of this spinel phase on the 
LSC coated sample was almost 50% after the first 500 hours of oxidation. As 
oxidation proceeded the spinel ratio decreased to ca. 40% after 4000 hours oxidation. 
Based on these observations plausible diffusive fluxes are illustrated in figure 3.18. 
 

 

Fig. 3.18. Diffusive fluxes during oxidation of LSC coated Crofer. 

 
The interface reactions are assumed to be similar to the ones listed for uncoated 
Crofer in table 3.4 and the extra II-interface reaction in table 3.6 when the spinel 
phase has another composition than the on Crofer naturally forming MnCr2O4. Cr and 
Mn diffuse through the Cr2O3 scale via the grain boundaries, and at interface II a 
Cr2O3 phase is formed according to reaction IIa and a spinel phase according to the 
reactions IIb and/or IIc and/or a version of IId. The manganese uptake in the spinel 
might be slightly hindered owing to the presence of Co in the spinel phase. At 
interface III oxygen uptake is taking place. One possible reaction would be reaction 
IIIa in table 3.4. A second interface reaction at interface III might include oxygen 
uptake from the LSC in contact with the (Cr,Mn)-oxide. The (La0.85Sr0.15)CoO3 
perovskite is not thermodynamically stable at the oxidation conditions and dissociates 
into LaCrO3, SrCrO4 and (Co,Cr,Mn)-spinel in contact with outward diffusing 
chromium and manganese ions. The Co-cations in the LSC perovskite are reduced 



Chapter 3 

 52 

during this dissociation/reaction and might therefore contribute with oxygen 
originating from the coating to the oxide scale growth. In table 3.9 a type reaction of 
the dissociation and reaction between the MnCr2O4 spinel phase and the 
(La0.85Sr0.15)CoO3 perovskite is suggested. 
 
Table 3.9. The extra interface reaction at interface III on LSC coated Crofer. 
 

Interface Reaction equation i 

IIIc 443242315.085.0 40634340)(40 CrMnCoOSrCrOLaCrOOOMnCrCoOSrLa  iIIIc 

 
In appendix 3 calculation of possible oxygen contribution form the LSC coating to the 
growth of the oxide scale are presented. In figure 3.17 both measured and 
theoretically calculated weight increase data for LSC coated Crofer samples is 
presented. It is shown that only minor changes, almost negligible, in the order of 
precedence in the weight gain of the oxidized samples are observed when considering 
the calculated theoretical weight gain for the LSC coated sample. That is the oxygen 
uptake from the LSC coating instead of the atmosphere is not a significant effect on 
the lowered oxidation rate.  
 
When the LSC coating dissociate and reacts into LaCrO3, SrCrO4 and (Co,Cr,Mn)-
spinel via reaction with outward diffusing chromium and manganese, the 
thermodynamically stable LaCrO3 and SrCrO4 particles appear to be incorporated into 
the growing oxide scale. The incorporated SrCrO4 and LaCrO3 particles would 
provide a geometrical protection against oxidation, since outward diffusing Mn- and 
Cr-cation are forced to diffuse an extra distance, x, around them as illustrated in figure 
3.18 to reach the oxide surface. This geometrical hindrance for oxidation will not 
become negligible after the oxide scale has grown thicker than the diameter of the 
incorporated particles as was the case for the geometrical protection provided by LSM 
coating particle on the surface of the growing oxide scale. As the oxide scale grows 
thicker, more coating particles will become incorporated and the extra diffusion 
distance, implemented by their presence, will be of the same dimension as the 
thickness of the oxide scale. However, as seen in figure 3.4 there are still coating 
particles present on the surface of the oxide scale also providing a geometrical 
protection just as the LSM coating particles did.  
 
The spinel phase on the LSC coated samples appeared denser than the spinel phases 
on the Co3O4 and MnCo2O4 coated samples. Compared to the spinel phase on the 
LSM coated samples the spinel phase on the LSC coated samples might appear 
slightly less dense. This might be due to the incorporation of the LaCrO3 and SrCrO4 
particles originating from the LSC coating that might create porosity during the 
incorporation process. Once the particles have been incorporated into the oxide scale 
they might increase the mechanical stresses in the oxide scale and in the alloy/oxide 
interface. It was for example observed that the alloy/oxide interface on the LSM 
coated samples were smoother than the same interface on the LSC coated samples, 
and on the LSM samples no inclusions of coating particles were observed.  

3.4.5 Al2O3 coating 
The weight gain data from the Al2O3 coated samples showed deviation from a 
parabolic oxidation behaviour, and the parabolic rate constant in the mathematical 
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expression for parabolic oxidation would have to change for the equation to fit the 
collected weight gain data. But, independent of the oxidation mechanism the coating 
decreased the weight gain compared to the uncoated Crofer samples. In the 
micrograph in figure 3.5 incorporation of the Al2O3 coating particles was observed. 
Incorporation of the coating particles in both the chromia and the spinel phase was 
observed. These coating particles should provide a continuous geometrical protection 
effect against oxidation through out the oxidation process even after the scale 
thickness has grown larger than the diameter of the coating particles. The extra 
diffusion path, x, implemented by the presence of the coating particle within the 
forming oxide is illustrated in figure 3.19 where the possible diffusive fluxes in the 
oxide scale are presented. 
 

 

Fig. 3.19. Diffusive fluxes during oxidation of Al2O3 coated Crofer. 

 
Al2O3 is more thermodynamically stable than both MnCr2O4 and Cr2O3 and is 
therefore unlikely to dissociate when incorporated into the growing oxide scale. The 
aluminium signals detected in the outer spinel phase on the forming oxide scale in 
table 3.2 is therefore believed to originate from Al2O3 coating particles embedded in 
the oxide scale not visible on the micrographs, and not from dissolved aluminium in 
the oxide. The (Mn,Cr)-spinel composition remaining if the aluminium signal is 
ignored is similar to the spinel composition formed on uncoated Crofer samples, only 
with a slightly higher Mn-content. Since there is no chemical effect of the Al2O3 
coating on the growing oxide scale, the interface reactions on the Al2O3 coated 
samples are based on the same assumptions as for the uncoated Crofer sample listed 
in table 3.4. Instead, the slight variations in the spinel composition compared to 
uncoated Crofer samples are believed to be caused by diffusion effects. It has been 
shown that surface diffusion of chromium on Al2O3 proceeds relatively slowly [35], 
suggesting that the faster diffusing manganese probably is diffusing around the Al2O3 
coating particles before chromium is, forming a Mn-rich oxide phase. The Al2O3 
coating appears to increase the spinel ratio to ca. 30% compared to 10% for the 
uncoated Crofer samples after 2000 hours oxidation. The explanation to this is again 
believed to be the geometrical diffusion hindering of the Cr-cations and the 
accumulation of fast diffusing Mn closer to the alloy surface in large enough amounts 
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to form (Mn,Cr)-spinel. Visible proof of the faster diffusion of Mn around the Al2O3 
coating particles and the formation of a spinel phase closer to the alloy surface can be 
seen in figure 3.20. 
 

  

Figure 3.20. Mapping of the alumina coated sample oxidized for 2000h. 

 
The pale orange area in the EDS map symbolises a Mn containing spinel phase, and 
this phase is as expected found on top of the chromia phase. However, the spinel 
phase is also found closer to the alloy/oxide interface on the outer side of the large 
Al2O3 coating particle incorporate in the oxide scale along side the oxide/alloy 
interface. In section 3.3.1 it was suggested that the weight gain data collected for the 
Al2O3 coated samples indicated that an alternative oxidation mechanism to parabolic 
oxidation can describe the oxidation of these samples, but that it was more likely that 
a parabolic description was the best summation of the complex oxidation reaction 
active on the oxidizing samples. During ideal parabolic oxidation the oxidation rate 
decreases with time due to the oxide scale growing thicker creating longer diffusion 
distance for the ions [9]. On the Al2O3 coated samples the above described and 
discussed extensive incorporation of coating particles introduces longer diffusion 
distances for the ions in a manner that might explain the deviation from parabolic 
oxidation behaviour in the weight increase plot.  
 
The large and thermodynamically stable Al2O3 coating particles might be responsible 
for creating large stresses in the oxide scale and in the oxide/alloy interface. These 
stresses might be causing the iron protrusions observed in the micrographs in figure 
3.5 and 3.7. No other coated samples presented similar iron chip formation after 4000 
hours oxidation. These protrusions might be a way to relieve the stresses built up in 
the oxide scale or in the alloy/oxide scale interface. A second possible explanation 
could be that extensive internal oxidation with larger volume than the original alloy 
components is taking place just below the chromia/alloy interface. These internal 
oxides would then create extensive compressive stresses in the alloy that would 
initiate metal protrusion through the oxide scale. However, the number of and the 
appearance of the internal oxidation on the Al2O3 coated samples do not differ in any 
significant way from the internal oxidations found on the other samples in the study. 
This suggests that the internal oxidation probably is not the explanation to the 
observed metal protrusions.  
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3.4.6 ZrO2 coating 
As displayed in figure 3.1-2 the ZrO2 coated samples appear to show similar deviation 
from parabolic oxidation behaviour as the Al2O3 coated samples. However, just as the 
Al2O3 coating the ZrO2 coating decreases the oxidation rate of the Crofer 22APU 
samples compared to the uncoated samples, independent of the oxidation mechanism. 
The micrographs in figure 3.6 show small tendencies of the incorporation of bright 
ZrO2 particles in the outer part of the growing oxide scale. The performed point 
analyses of the outer oxide scale presented in table 3.2 show a spinel composition 
similar to the spinel composition found on uncoated samples. The ZrO2 coating does 
not affect the oxide composition.  Instead it functions simply as a geometrical 
protection against oxidation. In figure 3.21 a sketch over the possible diffusive fluxes 
during oxidation is presented.  
 

 

Fig. 3.21. Diffusive fluxes during oxidation of ZrO2 coated Crofer. 

 
The ZrO2 coating is porous as can be seen in the micrographs in figure 3.6 which 
means that there is an unhindered access to oxygen at the surface of the forming 
spinel phase, in this case MnCr2O4 spinel. The interface reactions on the ZrO2 coated 
samples are assumed to be similar to the ones for uncoated Crofer listed in table 3.4. 
The composition of the outmost spinel on the ZrO2 coated samples is even the same as 
the composition found on the uncoated Crofer.  
 
The ZrO2 coating particles do not affect the chemical composition of the forming 
oxide, but it does appear to affect the spinel ratio of the oxide scale. In comparison to 
the uncoated samples the ratio has increased from 10% to 30-40%. The incorporation 
of the coating particles makes it possible for the coating particles to remain a 
geometrical diffusion obstacle throughout the oxidation for both outward diffusing 
cations and any possible inward diffusion of oxygen ions that might take place. The 
longer diffusion path, x, around the incorporated coating particles is illustrated in 
figure 3.21. Studies have shown that Cr presents a low surface diffusion on ZrO2 [35], 
which means that when the outwardly diffusing cations of Mn and Cr reach the ZrO2 
particles, the Cr-ions will have difficulties diffusing around them and incorporating 
the particles into the oxide scale. Instead it is likely to assume that the Mn-ions, which 
also diffuse faster through the forming oxide scale than the Cr-ions [13], will be 
responsible for the initial incorporation of the ZrO2 particles. The formed Mn-rich 
oxide phase around the ZrO2 particles creates a diffusing path for the slower diffusing 
chromium ions. The geometrical diffusion obstacles these incorporated ZrO2 particles 
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form, might make it possible for a (Mn,Cr)-spinel phase to form closer to the alloy 
surface compared to uncoated Crofer samples. According to the data in table 3.3 the 
spinel ratio of the total oxide scale is at least increased by about 20% compared to the 
uncoated samples. The incorporated ZrO2 particles are unlikely to dissociate in the 
oxide scale, since they are thermodynamically very stable, which agrees with the 
observation of an unchanged spinel composition in the oxide compared to the 
uncoated sample. All these effects were also listed for the Al2O3 coated samples, and 
the impact of these effects is probably larger for the Al2O3 coated samples than for the 
ZrO2 coated samples since the deviation from parabolic oxidation behaviour is larger 
for the Al2O3 coated samples. Just as for the Al2O3 coated Crofer 22APU samples the 
incorporation of the thermodynamically stable ZrO2 coating particles and the increase 
in diffusion distance for the cations this creates might explain the deviation from 
parabolic oxidation behaviour in the weight gain plots. 
 
3.4.7 Interaction mechanisms 
Based on the observations above the interaction mechanisms between the coatings and 
the forming oxides could be divided into three main groups.  
 
A Surface covering coating 
B Surface covering coatings with chemical reaction with the forming oxide 
C Incorporation of coating particles  
 
Group A contains coatings which appear to be pushed in front of the outwardly 
growing oxide scale. The protecting effect of this type of coating is mainly a 
geometrical effect, since the coating might hinder oxygen access to the oxidizing 
cations on the alloy surface in the initial state of the oxidation and then on the oxide 
surface as the oxidation proceeds. However, no real chemical reaction takes place 
between the forming oxide scale and the coating components.  
 
Group B contains almost the same type of coatings as group A with the exception that 
these coatings also tend to have a chemical reaction with the outmost of the forming 
oxide and introduce composition changes in the forming oxide at the same time as the 
main part of the coating particles are pushed in front of the oxide scale.  
 
Group C consists of coatings which are incorporated into the forming oxide scale. The 
oxide scale grows around the coating particles, which therefore continue to implement 
a geometrical protection of significance for oxidation even after the oxidation has led 
to the formation of a thicker oxide layer than the diameter of the coating particles.  
 
The interaction model between the growing oxide scale and the Co3O4 coating is best 
described as a B type, since the composition of the spinel phase changed compared to 
the spinel composition found on uncoated Crofer, and the coating is being pushed in 
front of the oxide scale. The interaction mechanism between the growing oxide scale 
and the MnCo2O4 coating can also be classified as a type B. However, the chemical 
effect is limited and the spinel coating appears to be pushed in front of the growing 
oxide scale. 
 
For the LSM coating the interaction mechanism between the oxide scale and the 
coating can be described as a combined A and B type. The (La0.85Sr0.15)MnO3 
perovskite particles are responsible for the A part of the mechanism since they are 
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being pushed in front of the growing oxide scale and do not dissociate or react. The 
Mn2O3 phase in the LSM coating is responsible for chemically changing the 
composition of the growing oxide scale, and therefore implements an interaction 
mechanism of type B. 
 
The interaction mechanism between the growing oxide scale and the LSC coating is 
classified as a combined type of B and C. The (La0.85Sr0.15)CoO3 perovskite 
dissociates and react with the growing oxide scale changing its composition according 
to the interaction mechanism B. During the dissociation of the (La0.85Sr0.15)CoO3 
perovskite and the reaction with the outwardly diffusing chromium 
thermodynamically stable SrCrO4 and LaCrO3 particles are formed. These particles 
are incorporated into the growing oxide scale, according to interaction mechanism C, 
and create geometrical diffusion obstacles in the oxide scale for both outwardly 
diffusing cation and anions/O2-gas on the oxide scale surface.  
 
The interaction mechanisms between the growing oxide scale and the Al2O3 and ZrO2 
coatings are type C mechanisms. Coating particles are incorporated into the growing 
oxide scale, but they are not reacting with the oxide phase surrounding them. They are 
however implementing a geometrical diffusion obstacle that reduces the oxidation rate 
and facilitates spinel formation creating a larger spinel ratio, which decreases the 
chromium content in the surface of the dense oxide. 

3.5 Conclusions 
In this study the Co3O4, MnCo2O4, LSM, LSC, Al2O3, and ZrO2 coated Crofer 22APU 
samples in general presented parabolic oxidation. However, the Al2O3 and ZrO2 
coating samples presented weight gain plots showing deviations from parabolic 
oxidation behaviour. These deviations are assumed to be due to the changes in the 
diffusion conditions in the growing oxide scales because of the incorporations of the 
Al2O3 and ZrO2 coating particles in the oxide scales. All the coatings except the 
MnCo2O4 coating seemed to decrease the weight gain compared to uncoated samples 
independent of the oxidation behaviour. All the coatings were also observed to 
increase the spinel ratio in the growing oxide scales, and the dense, well adherent 
spinel phase outside the chromia layer is believed to be one of the possible 
characteristics that cause the lowered oxidation rate. In a spinel phase the oxygen 
lattice is assumed to be full and therefore unable to transport oxygen ions via 
vacancies. The presence of such a spinel phase on top of the chromia layer in the 
growing oxide scales forces the oxidation process in the oxide scale to be dominated 
by outwardly diffusing cations with no or negligible contributions from inwardly 
diffusing oxygen. This would, as mentioned earlier, be one possible contribution to 
the lowered oxidation rate. The presence of a spinel on top of the chromia layer also 
lowers the chromium content in the outmost oxide on the oxidation samples. When 
applying a Mn containing coating, such as LSM, the concentration gradient of Mn 
across the growing oxide scale is decreased. A decreased concentration gradient of 
Mn leads to a decreased driving force for outwardly diffusing Mn, which might 
decrease the oxidation rate. A third explanation to the lowered oxidation rate of the 
coated samples might be that the coatings insert particles in the growing oxide scale 
that give a geometrical protection against oxidation. Examples of such coatings are 
ZrO2, Al2O3, and LSC. A fourth possible explanation to the lowered oxidation rate on 
coated samples might be that the coating initiates formation of a spinel phase with a 
composition that has especially unfavourable diffusion conditions. All four possible 
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explanations to the lowered oxidation rate are probably present to different extent 
depending on the coating type. However, the relative importance of the contributions 
is unknown. 
 
Three different interaction mechanisms between the growing oxide scale and the 
applied slurry coatings were observed. Which of the interaction mechanisms is the 
most successful is difficult to say, but an optimal solution would probably consist of a 
coating providing a combination of the three interaction mechanism. The Co3O4 and 
MnCo2O4 coated samples presented interaction mechanisms of type B, surface 
covering coatings with chemical reaction with the forming oxide scale. Both coatings 
provided low chromium content in the outer spinel phase, but the chromia layer was 
noticeable thick and in a SOFC-stack the electrical resistance across the oxide scale 
would be too high. The Al2O3 and ZrO2 coated samples presented an interaction 
mechanism of type C, incorporation of coating particles in the growing oxide scale. 
The scale thicknesses on these samples were still relatively high and the chromium 
content in the outer oxide was not significantly decreased compared to uncoated 
Crofer. For the LSM coating the interaction between the oxide scale and the coating 
consist of two mechanisms. First there is a chemical change of the oxide composition 
that decreases the chromium content in the outer oxide, type B. Secondly there is a 
geometrical oxidation protection on the oxide surface that might have an effect during 
the initial oxidation, type A. Besides lowered chromium content in the outer oxide 
scale the oxide scale is significantly thinner than the oxide scale found on uncoated 
Crofer. The LSC coated samples also present a significantly thinner oxide scale and 
lowered chromium content in the outer oxide scale. But the interaction mechanisms 
between the growing oxide scale and the LSC coating is of type B and C instead. That 
is besides a chemical change of the growing oxide scale there is also a geometrical 
protection against oxidation due to incorporated coating particles in the growing oxide 
scale.  
 
In this study the most suited coatings for use as a protection against oxidation on an 
interconnector in a SOFC-stack was found to be the LSM or the LSC coating. Both 
had a combination of interaction mechanism between the growing oxide scale and the 
coating.  
 
The spinel compositions found in the outer oxide scales on the oxidized samples in 
this chapter were determined by kinetics, since thermodynamics is not able to affect 
the compositions due to the large range of stable cubic spinel compositions in the Co-
Mn-Cr-O system, cf. figure 3.10. 
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B Surface covering coatings with chemical reaction with the forming oxide 
C Incorporation of coating particles  
 
A single coating consisting of Co3O4 was classified to have interaction mechanisms of 
type B with the growing oxide scale. For a single coating layer of LSM a combination 
of interaction mechanisms A and B appeared to provide the best description of the 
system. Finally the interaction mechanism for a single coating layer of LSC was 
classified to consist of a combination of type B and C. Based on the observations in 
this chapter of the Co3O4 + LSM and Co3O4 + LSC dual coatings, it is presumed that 
when  creating the dual coatings the interaction mechanisms found for the single layer 
coatings are preserved. Meaning, the interaction mechanism for the Co3O4 + LSM 
coating is classified as a combination of type A and B, and the interaction mechanism 
for the Co3O4 + LSC coating is classified as a combination of type B and C.  
 
It appeared as if the larger reactivity the coating had the lower weight increase and 
indirectly oxidation rate were observed for the Crofer 22APU samples. However, a 
too large reactivity of the coating system also seemed to be unfavourable for 
stabilizing the growing oxide scale as seen on the Co3O4 + LSC coated samples where 
fast and easy diffusion paths for degrading chromium were created in the heavily 
oxidized areas.  
 
As noted in chapter 3 the spinel compositions registered on the oxidation samples in 
this chapter are kinetically determined due to the extensive range of stable spinel 
compositions in the Co-Mn-Cr-O system, cf. figure 3.10.  
 
For Crofer 22APU alloy in use in an SOFC-stack as interconnect material there 
appear to be several advantages with a dual coating consisting of either Co3O4 + LSM 
or Co3O4 + LSC. The double layer coatings lowered the oxidation rate of the alloy 
noticeably more than the corresponding single layer coatings. The lowered oxidation 
rate would lead to a thinner oxide scale, which would improve the electrical 
conductivity across the interconnector. The dual coatings also lowered the chromium 
content in the formed oxide scales successfully. This would indirectly lead to a 
lowered degree of chromium poisoning of the cathode/electrolyte interface in a SOFC 
and less degradation of the SOFC efficiency. However, the Co3O4 + LSC coated 
Crofer 22APU samples presented heavily oxidized areas with high amounts of iron 
and chromium along the surface of the samples. These areas would create fast and 
easy diffusion paths for chromium that would poison the cathode/electrolyte interface.  
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