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Abstract 

In order to improve the oxidation behaviour of AISI441 ferritic stainless steel in H2/H2O 

atmosphere at 800°C, four oxide coatings were tested: two perovskites (La0.8Sr0.2MnO3 and 

LaNi0.6Fe0.4O3) deposited by screen printing and two spinels (MnCo2O4 and Co3O4) obtained 

by PVD technique. Isothermal oxidation tests performed up to 3000 hours showed that the 

coating presence avoided Fe oxides growth, which occurs for the raw alloy in the same 

conditions. Moreover, a protective (Cr,Mn)3O4/Cr2O3 layer formed between the substrate and 

the coating. Any presence of Cr was not detected within the coatings, indicating that all 

compositions were efficient in preventing Cr evaporation. 
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1. Introduction 

Ferritic stainless steels are widely used at high temperature in aggressive atmospheres, such as 

water vapour enriched, because of their considerable corrosion resistance [1,2]. Previous 

studies [3,4] were carried out on K41X stainless steel (AISI 441) in O2/H2O and H2/H2O 

atmospheres at 800°C for fuel cell application. In O2/H2O atmosphere [3] the corrosion scale 

is formed by an inner Cr2O3 layer and an outer (Cr,Mn)3O4 spinel-type oxide. For long time 

exposure, the evaporation of chromium species occurs from (Cr,Mn)3O4 spinel phase, as well 

as from any Cr2O3 that is not covered by the spinel layer. This phenomenon may cause a 

depletion of chromium content in the alloy, inducing a reduction of the protective properties 

of the steel [5]. Oxidation tests performed in H2/H2O atmosphere up to 3000 hours revealed 

that a non-protective Fe3O4 layer grew on top of an inner (Cr,Fe)2O3 oxide. It was shown that 

the formation of this non-protective double scale strictly depends on the alloy surface 

finishing [4]. 

In order to improve the oxidation behaviour in both O2/H2O and H2/H2O atmospheres, the 

alloy can be surface-modified via the application of coatings, as an alternative approach to 

bulk composition modification. These coatings are intended to serve as barrier to Cr and Fe 

outward diffusion and O inward diffusion. In O2/H2O atmosphere, they should reduce the 

growth kinetics of chromia Cr2O3 and inhibit Cr migration from Cr-rich oxide scales or Cr-

containing substrate [6]. On the other hand, in H2/H2O atmosphere, they should protect 

against the growth of non-protective Fe-rich oxides, such as (Cr,Fe)2O3 and Fe3O4. Moreover, 

coatings should improve the oxide scale adhesion to the metallic substrate [7].  

Coatings developed so far can be of four types [8]: reactive element oxides, MAlCrYO (M = 

transition metal) oxidation resistant systems, conductive perovskites and spinel-type oxides. 

Although coatings of reactive element oxides have demonstrated to significantly enhance 
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scale adhesion and reduce the oxidation rate [9-15], they may not be effective at inhibiting Cr 

diffusion and preventing Cr evaporation [8]. 

Rare earth perovskite coatings are interesting as they have compatible thermal expansion 

coefficient with the ferritic substrate and supply reactive elements to the underlying growing 

oxide scale, improving the oxidation behaviour [8,16,17]. They allow to decrease the 

oxidation rate and to enhance the oxide scale adhesion [18-27]. However, because of their 

ionic conductive nature, perovskites are not suitable for protection purposes as they may 

transport oxygen ions and do not substantially inhibit Cr migration or adsorb Cr migrating 

species [18]. Moreover, the high sintering temperature of perovskites, does not allow 

obtaining fully dense layers [8].  

Nevertheless, literature data show that the addition of La1-xSrxMnO3-δ coating (with 0.1 ≤ x 

≤ 0.33) limits the evaporation of chromium species, as volatile Cr (VI) species easily react 

with Mn present in the coating and form (Cr,Mn)3O4 phase. However, the substrate oxidation 

is not completely avoided [28,29].  

The best results against Cr evaporation were achieved with LaNi0.6Fe0.4O3-δ coating, that 

significantly inhibits the deposition of Cr species as compared to LSM [17,30]. 

In parallel, spinel oxides show excellent capability for blocking outward Cr diffusion. The 

compositions Co3O4, CuFe2O4, MnxCo3-xO4, CuxMn3-xO4 (where 1 ≤x≤ 1.5) present the best 

thermal expansion coefficient match with the ferritic steel [7]. Mn-containing spinels are the 

easiest to sinter [7]. Mn-Co spinels were widely studied in literature and were found to show 

good protection against oxidation in air at high temperature [31-33], to have excellent 

capability for blocking outward Cr diffusion [6,34-36] and good compatibility (mechanical 

and chemical) with the bcc ferritic steel substrate [37]. 

All these oxides were largely studied for application as protective coating at high temperature 

in air. However, literature contains very little information describing the coatings behaviour in 
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reducing atmosphere [15,38]. Generally speaking, a coating under H2 atmosphere would not 

be needed, as the low oxygen partial pressure results in negligible Cr evaporation rates [39-

41]. However, even if Cr evaporation is not an issue, in order to use K41X as-rolled alloy in 

H2/H2O atmosphere, a coating is needed in order to protect against the growth of Fe oxides.  

Based on the literature data presented here above, in the present study four coatings were 

chosen and tested: La0.8Sr0.2MnO3 (LSM) and LaNi0.6Fe0.4O3 (LNF) perovskites; MnCo2O4 

and Co3O4 spinels. LSM and LNF were deposited by screen printing and MnCo2O4 and 

Co3O4 by PVD technique. The K41X coated samples were tested under 10 % H2 - 90 % H2O 

atmosphere at 800°C up to 3000 hours. The effect of the chosen coatings on long term high 

temperature oxidation behaviour of K41X as-rolled alloy was investigated by scanning 

electron microscopy (SEM) and X-ray diffraction (XRD) analyses performed before and after 

ageing tests. 

 

 

2. Materials and methods  

The alloy tested in the present study is a commercial stainless steel, K41X (AISI 441), with a 

chromium content of 18 wt. % (Fe – 18 % Cr - 0.58 % Si - 0.52 % Nb - 0.25 % Mn -

 0.14 % Ti). The size of the samples was 20 mm x 20 mm and 1 mm thick.  

La0.8Sr0.2MnO3 (LSM) and LaNi0.6Fe0.4O3 (LNF) coatings were deposited by screen printing 

process. Slurries were prepared by dispersion of LSM or LNF powder in a solution containing 

5 wt. % of ethyl cellulose in terpineol. The adhesion and the density of the coatings were 

improved by a thermal treatment of 5 hours at 850°C in air.  

MnCo2O4 and Co3O4 coatings were deposited on the steel surface by physical vapour 

deposition (PVD). Co3O4 was directly obtained by reactive magnetron sputtering, followed by 

10 hours crystallisation treatment in air at 800°C. For MnCo2O4 coating, metallic Co and Mn 
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were co-sputtered on the steel surface; 10 hours oxidation treatment in air at 800°C was then 

carried out, in order to obtain the desired oxide stoichiometry, MnCo2O4. 

All the coatings present significant thicknesses (between 4 and 20 µm), in order to provide an 

effective barrier against the diffusion of chemical species.  

Ageing tests were carried out at 800°C up to 3000 hours in a horizontal furnace. For safety 

reasons, H2 was diluted into Ar and the real gas composition used during isothermal oxidation 

experiments was Ar - 1 % H2 - 9 % H2O. The oxygen partial pressure corresponding to this 

atmosphere is of 10-16 bar. More details about the experimental device can be found elsewhere 

[5,42]. 

Before and after oxidation tests, the coated samples (surfaces and cross-sections) were 

carefully characterised using scanning electron microscopy (JEOL JSM-7600F) coupled with 

energy dispersive X-ray spectrometry (Oxford LINK EXLII). In parallel, X-ray diffraction 

(XRD) analyses were performed at fixed incidence angle of 8° with INEL CPS 120 

diffractometer using Cu Kα (λ = 0.154056 nm) radiation.  

 

 

3. Results and discussion 

Figure 1 presents the surface weight change of K41X coated samples after 200, 1000 and 

3000 hours ageing at 800°C in H2/H2O atmosphere, as compared to values obtained for the 

uncoated samples. The coating presence allows improving the oxidation behaviour, with 

weight changes that strongly diminish for all the coated samples and this for all considered 

exposure periods. As it will be discussed in details in the following paragraphs, this 

improvement could be related to the fact that Fe oxides growth could be avoided during high 

temperature oxidation; instead, the formation of continuous thin layers of (Cr,Mn)3O4/Cr2O3 

between the metallic substrate and the coating was observed in all cases.  
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3.1 LSM coated K41X samples 

Figure 2 (a) and (b) show SEM surface and cross-section micrographs of LSM coated K41X 

as-rolled alloy after annealing for 5 hours at 850°C in air. The expected La0.8Sr0.2MnO3 

stoichiometry has a La/Sr ratio of 4. The LSM coating of about 11 µm thickness is a single-

phase with a La/Sr ratio of 5, corresponding to La0.84Sr0.16MnO3 composition. Some porosity 

can be noticed, because of incomplete sintering (a porosity of less than 20 % is considered as 

acceptable) or issued from the thermal expansion coefficient difference between LSM and the 

K41X stainless steel (of 11.6⋅10-6 K-1 [16] and 12.2⋅10-6 K-1 [17] respectively, at 800°C). 

Nevertheless, any significant oxidation of the metallic substrate did not occur during the 

annealing step, probably because of the rather significant thickness of the coating.  

After oxidation tests for 200 and 3000 hours ageing at 800°C in H2/H2O atmosphere, the 

surface and cross-section microstructures of LSM coated K41X samples are presented in Fig. 

2 (c)-(f). A duplex (Cr,Mn)3O4/Cr2O3 oxide scale formed between the coating and the steel 

substrate. Its thickness is less than 1 µm after 200 hours (Fig. 2 (d)) and it does not exceed 1.5 

µm after 3000 hours of exposure (Fig. 2 (f)). Any significant degradation of LSM coating 

with the exposure time was not found (the crack present in Fig. 2 (f), parallel to the interface 

between LSM coating and the duplex oxide scale is due to cross-section preparation).  

After 200 hours of thermal treatment, the presence of a very small amount of MnO was 

evidenced by XRD analyses. After 3000 hours of exposure, EDX analyses revealed that the 

LSM stoichiometry was modified. SEM elementary mapping (Fig. 3) showed that some Mn-

rich oxide nodules (MnO as confirmed by XRD) were dispersed randomly over the upper 

two-thirds of the coating. Moreover, a non-continuous MnO layer of about 1 µm thickness 

formed at the interface between the coating and the duplex (Cr,Mn)3O4/Cr2O3 layer.  

The MnO appearance can be related to a partial LSM decomposition that was shown by 

several works to take place under low oxygen partial pressure, below 10-12 bar [27,43] and 
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that in the present study occurs from 200 hours of exposure. A two-steps mechanism can be 

suggested: 

- in a first time, Cr-Mn spinel should form by reaction between chromia and LSM 

perovskite. This suggestion is in agreement with literature observations mentioning 

that manganese-containing perovskites, particularly LSM, facilitate the formation of 

manganese-containing spinels, like (Mn,Cr)3O4, through reactions between the oxide 

scale and the manganite perovskites [45-47]; 

- subsequently, the non-continuous MnO layer should form by reaction between Mn, 

coming from (Cr,Mn)3O4, and O diffusing through the porous LSM coating. This 

hypothesis is in agreement with the observations of Zhen et al. [48] who consider that 

Mn source is (Cr,Mn)3O4. 

In parallel, it can also be supposed that MnO formation follows an outward diffusion of Mn 

coming from substrate and an inward O diffusion through the porous LSM layer (in 

agreement with the higher diffusivity of Mn in reducing atmosphere [44]). This idea is 

supported by Mn depletion at the inner part of the coating (16 at. % instead of 20 at. %) and 

Mn increased content at the outer part (24 at. % instead of 20 at. %) after 3000 hours of 

exposure.  

Based on this supposed two-step mechanism, MnO formation involves (Cr,Mn)3O4 

decomposition, explaining why the thickness of the (Cr,Mn)3O4/Cr2O3 duplex layer does not 

increase significantly from 200 up to 3000 hours of exposure. 

Taking into account all these considerations, it is possible to suggest that, even if (Cr,Mn)3O4 

phase is immediately transformed in MnO for short exposure time, the mass increase of the 

LSM coated K41X samples is mainly related to the growth and thickening in time of the 

duplex (Cr,Mn)3O4/Cr2O3 oxide layer at the interface between the LSM layer and the stainless 

steel. On the other hand, for long exposure time, the higher presence of MnO phase inside the 
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coating and at the interface between the coating and the duplex (Cr,Mn)3O4/Cr2O3 layer also 

significantly contributes to the weight gain, explaining the important increase observed after 

1000 hours of thermal treatment (Fig. 1).  

The presence of a fine and non-continuous SiO2 layer at the (Cr,Mn)3O4/Cr2O3 duplex oxide 

scale/metal substrate interface can be observed in Fig. 3 after 3000 hours ageing. MEB-EDX 

analyses revealed that this non-continuous SiO2 layer formed from the first exposure instants 

in H2/H2O atmosphere and did not significantly evolve with the exposure time.  

Moreover, for all ageing times, TiO2 precipitates were detected beneath the SiO2 layer, 

according to the Ellingham-Richardson diagram [49] (the oxygen partial pressures needed for 

TiO2 et SiO2 formation are 10-36 et 10-33 bar respectively). 

After 3000 hours ageing, some Sr segregation at the coating surface was shown by cross-

section EDX elementary mapping (Fig. 3). Indeed, La/Sr ratio of the coating decreased to 3.5 

from the initial value of 5. This behaviour is in agreement with the observations of Caillol et 

al. [50] after La0.8Sr0.2MnO3 annealing at low oxygen pressures (1% O2 - 99% N2) at 900°C. 

A similar result was found after heating a La0.5Sr0.5MnO3 sample under UHV (10-6 mbar 

oxygen partial pressure) at 600°C; the formation of SrO was found in this case [51]. As it was 

reviewed by Jiang [16], Sr outward migration occurs for other La-Sr based perovskites at high 

temperatures, low oxygen pressures and under polarisation. The intrinsic segregation of Sr 

was explained to be strain driven because of the ionic radius of Sr2+ dopant that is larger than 

of the La3+ host. The dopant will produce then less elastic strain when it is present at the 

surface than in the bulk sites. Jiang [16] suggests that the Sr-enriched regions are most likely 

SrO, since Sr does not exist in a free state. 

Some spalling can be noticed at the LSM surface after thermal treatment (Fig. 2 (c) and (e)), 

probably in relation with the elastic strain mentioned here above. The phenomenon increases 
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after 3000 hours, which suggests that at least another cause might be responsible, probably the 

Sr segregation as SrO. 

In consequence, the mass increase of LSM coated K41X samples is mainly related to MnO 

and Cr2O3 layers that present an increasing thickness with the ageing time. Moreover, the 

mass increase can equally be explained by the presence of a fine and non-continuous SiO2 

layer at the (Cr,Mn)3O4/Cr2O3 duplex oxide scale/metallic substrate interface that can be 

observed in Fig. 3 after 3000 hours ageing. In addition, TiO2 precipitates were detected at the 

outer part of the steel beneath the SiO2 layer, in agreement with Ellingham-Richardson 

diagram [49] (the oxygen partial pressures needed for TiO2 et SiO2 formation are of 10-36 et 

10-33 bar respectively). 

Any Cr diffusion into LSM coating was not observed in H2-H2O atmosphere, probably 

because the continuous formation of (Cr,Mn)3O4 phase that is immediately transformed in 

MnO. This latter layer seems to be efficient in blocking Cr outward diffusion. 

Contrarily to oxidising atmospheres, Cr evaporation is not an issue in H2-H2O atmospheres. 

Indeed, the low oxygen partial pressure of 10-16 mbar, corresponding to Ar - 1 % H2 -

 9 % H2O environment of this study, results in negligible rates of Cr evaporation [39-41]. In 

agreement, any Cr diffusion was not observed into LSM coating in H2-H2O atmosphere. The 

continuous formation of (Cr,Mn)3O4 phase should equally have a positive impact in blocking 

Cr outward diffusion. This observation is in agreement with the studies of Yang et al. [45] 

showing that the presence of LSM coating avoids Cr diffusion with further formation of 

SrCrO4, contrarily to La0.8Sr0.2CoO3 coating, the reason being the presence of (Cr,Mn)3O4 

layer. However, even if SrCrO4 phase is avoided in oxidising atmosphere, Cr enrichment of 

LSM layer can take place if a good densification is not reached [52] or in presence of water 

vapour [53]. Preoxidation of the stainless steel in order to increase the proportion of 
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(Cr,Mn)3O4 scale relative to Cr2O3 was then performed and showed a decrease of Cr diffusion 

phenomena [54,55]. 

After thermal ageing of LSM coated stainless steels in oxidising atmospheres, most of the 

authors show that Cr deposition takes place through the whole thickness of the coating, but 

decreases with the distance from the alloy surface [48,52,53]. Much less studies report that Cr 

migration is avoided [45]. It is however the case in the present study after exposure in H2-H2O 

atmosphere; indeed, after 3000 hours, any presence of Cr was not observed inside the coating 

layer. However, a Fe enrichment, of about 8 at. % was measured. This kind of phenomena 

does not occur during air exposition, even in presence of a high level of moisture [53]. At 

most, some Fe enrichment of (Cr,Mn)3O4 spinel was only reported [29,56]. It can be supposed 

that Fe mobility is enhanced by the presence of H2, as it was previously observed for the 

uncoated as-rolled alloy [4]. Moreover, Fe has a coefficient of diffusion through chromia 

layers higher than Mn and Cr [57]. In the present study, the thickness of the duplex 

(Cr,Mn)3O4/Cr2O3 layer is rather low (about 1.5 µm after 3000 hours ageing) and the LSM 

coating is not fully densified. It results that in H2/H2O atmosphere, Fe can easily diffuse from 

the stainless steel through the rather thin (Cr,Mn)3O4/Cr2O3 layer and enrich the whole 

thickness of the porous LSM coating.  

 

 

3.2 LNF coated K41X samples 

SEM surface and cross-section images of LNF coated K41X sample as annealed in air at 

850°C for 5 hours are showed in Fig. 4 (a) and (b). EDX analyses confirmed that the coating 

presented the expected LaNi0.6Fe0.4O3 composition. However, XRD patterns revealed a 

mixture of orthorhombic and rhombohedral LNF phases with some NiO traces. The single 

rhombohedral LaNi0.6Fe0.4O3 was not reached, probably because of a too short annealing 
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treatment or too low temperature; indeed Basu et al. [17] obtained the single LaNi0.6Fe0.4O3 

phase after 5 hours at 900°C, but after the same time at 800°C a certain amount of 

orthorhombic phase is equally present. Even if some porosity can be observed, the significant 

thickness of LNF layer (of about 20 µm) limited the oxidation of the metallic substrate. Only 

a very thin Cr2O3 layer formed at the interface with the metal (Fig. 4 (b)). 

After thermal ageing in H2/H2O atmosphere, the LNF coated K41X samples present a small 

negative mass variation for exposure periods shorter than 1000 hours. As shown by SEM-

EDX elementary mapping (Fig. 5) coupled with XRD analyses, the weight loss can be 

explained by LNF decomposition, leading to the appearance of metallic Ni that segregates 

mainly at the outer part of the coating, of a new LNF rhombohedral perovskite with different 

stoichiometry and of La2O3 phase (Fig. 4 (d)). The decomposition of the LNF coating takes 

place from the first exposure instants; then the coating composition does not evolve and the 

same phases were detected for all exposure times, up to 3000 hours ageing (Fig. 4(f)). NiO 

phase present in the initial coating composition was reduced to metallic Ni during the ageing 

treatment, as the oxygen partial pressure needed to stabilise NiO is of 10-14 bar, higher than 

the one available in Ar - 1 % H2 - 9 % H2O atmosphere. The corresponding value for La2O3 is 

of around 10-47 bar, while for the different Fe oxides, it is below 10-18 bar. XRD patterns 

registered at fixed angle indicated that La2O3 phase segregates at the inner part of the coating, 

as the corresponding peaks become lower with the exposure time. The decomposition of LNF 

coating takes place from the first exposure instants; then the coating composition does not 

evolve and the same phases were detected for all exposure times, up to 3000 hours ageing 

(Fig. 4(f)). Compared to the LSM coating, a less important spalling can be observed at the 

LNF surface after thermal treatment in H2/H2O (Fig. 4 (c) and (e)).  

At the interface between LNF coating and the metallic substrate, a (Cr,Mn)3O4/Cr2O3 duplex 

layer grows from the first exposure hours and slowly thickens with ageing time. Indeed, after 
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200 hours, the thickness of (Cr,Mn)3O4/Cr2O3 scale is less than 1 µm (Fig. 4 (d)) and does not 

overcome 2 µm after 3000 hours (Fig. 4 (f)). For this reason, a small mass uptake was 

measured after 3000 hours (Fig.1), while the coating composition did not evolve as compared 

to that obtained after 1000 hours ageing. However, (Cr,Mn)3O4 proportion is very low, in 

agreement with the literature showing that the formation of this phase is limited in presence of 

LNF coatings [58,59]. Some Cr (2 at. %) was detected all over the thickness of the coating, 

indicating that LNF coating used in this study is able to limit Cr outward diffusion, but not 

completely block it. 

At the (Cr,Mn)3O4/Cr2O3 duplex oxide scale/metal substrate interface, a thin and non-

continuous SiO2 layer is present for all exposure times (Fig. 4 (d) and (f)). TiO2 precipitates 

are also observable under the SiO2 layer, due to their high thermodynamic stability, as 

discussed in the previous paragraph. 

In addition, the mass increase observed after 3000 hours can equally be related to the presence 

of a thin and non-continuous SiO2 layer at the interface between Cr2O3 and the metallic 

substrate (Fig. 4 (f)) and of TiO2 precipitates at the outer part of steel.  

After ageing in oxidising atmospheres, LNF coatings evolve in a similar way, leading to the 

formation of NiO and to a new LNF perovskite with a higher Fe content [17], in agreement 

with the fact that the LaNi1-xFexO3 structure becomes more stable with increasing x [60]. NiO 

formation occurs together with Ni depletion toward the metal interface [17]. In parallel, 

Montero et al. [26] observe the presence inside the coating of Ni-Cr oxides that might appear 

from the reaction of NiO with the Cr released from the stainless steel. Basu et al. [17] relate 

the release of NiO with a partial substitution of perovskite by Cr. Moran Ruiz et al. [61] 

equally observe Cr incorporation into the LNF structure. However, any of these studies does 

not report the formation of La2O3 phase. 
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3.3 MnCo2O4 coated K41X samples 

Figure 6 (a) and (b) present the Co-Mn coating with 2:1 ratio deposited by PVD technique on 

K41X as-rolled sample after annealing in air at 800°C for 10 hours. EDX coupled with XRD 

analyses revealed that a single cubic MnCo2O4 spinel phase formed. This result is in 

agreement with Mn-Co-O phase diagram in air calculated with FactSage thermodynamics 

software by Bateni et al. [37] and with the study of Xia et al. [62] concerning the crystalline 

structure of MnxCr3-xO4 spinels. As shown in Fig. 6 (b), the Co-Mn coating presents a 

thickness of about 4 µm and good adherence with the metallic substrate. The coating layer is 

affected by a significant porosity in the inner part and a large number of vertical cracks at the 

outer part, that might have formed because of the thermal expansion coefficient difference 

with the substrate (9.7⋅10-6 K-1 for MnCo2O4 [7] versus 12.2⋅10-6 K-1 for the substrate, at 

800°C [17]). Below the coating, a Cr2O3 layer formed, with a thickness of about 1 µm, 

probably because of the easy oxygen inward diffusion through the high number of surface 

cracks and porosities present in Co-Mn spinel layer. 

When ageing the MnCo2O4 coated K41X samples in Ar – 1 % H2 – 9 % H2O atmosphere, a 

negative weight change was observed during the first 1000 hours (Fig. 1). The weight 

decrease was the highest after 200 hours of exposure, when MnCo2O4 decomposition took 

place, leading to the appearance of Co metallic nodules of about 3µm diameter in top of a 

MnO continuous thin layer, as revealed by EDX (Fig. 6 (c) and (d)) and XRD analyses. 

Below the MnO scale, a (Cr,Mn)3O4 layer equally formed . After 1000 hours, the nodules are 

connected by a (Mn,Fe)O phase, as illustrated by SEM elementary mapping (Fig. 7). This 

microstructure is found after 3000 hours of exposure (Fig. 6 (e) and (f)), with an increased 

amount of (Mn,Fe)O phase. Indeed, Mn and Fe present a good diffusivity through chromia 

scales [57]. Moreover, it was shown that in reducing atmospheres Mn diffuses outward most 

favourably than in oxidising atmospheres, in order to form oxides with or without other 
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elements [44]. As a consequence, the positive mass variation observed after 3000 hours 

ageing can be related to a higher quantity of (Mn,Fe)O together with the thickening of 

(Cr,Mn)3O4/Cr2O3 duplex scale.  

The mass increase can also be related to Si and Ti oxides formation (Fig. 6 (d) and (f)). As 

shown in Fig. 7 (d), after 1000 hours of thermal treatment, a thin and continuous SiO2 layer 

formed at the interface with the metallic substrate, but it was equally observed after 200 hours 

ageing. Silica was present only as isolated particles for the uncoated sample exposed for 200 

hours [3]. It can be supposed that the annealing treatment of Co-Mn metallic deposit, done for 

10 hours at 800°C in air, initiated the growth of silica particles that joined during the 200 

hours ageing in H2-H2O. A synergetic effect seems to occur, as normally more than 1000 

hours are necessary to as-rolled K41X to form continuous silica in H2-H2O atmosphere [3]. 

The decomposition of Co-Mn spinel coatings during ageing in oxidising atmospheres was 

never reported in the literature. At most, Co/Mn ratio decreased, probably because of the Mn 

outward diffusion from the metallic substrate or the high volatility of Co atom, as observed by 

Choi et al. [33] after exposure of MnCo2O4 coatings in air at 800°C. Some Fe enrichment of 

the spinel coating is equally observed by many authors [32,63,64], in agreement with the fact 

that (Mn,Fe)3O4 and (Mn,Fe,Co)3O4 formation was reported to be thermodynamically 

favourable in oxidising conditions [65]. Nevertheless, Co-Mn spinel coatings are efficient in 

avoiding outward Cr migration [64,66,67]. 

Under H2/H2O, the decomposition of Co-Mn spinel in metallic Co and Mn oxides observed in 

the present study is in agreement with the observations done by different authors during 

coating densification involving a step in different reducing atmospheres at 800°C [63,66]. It 

was equally observed by Mardare et al. [38] after ageing different (Mn,Co)3O4 spinel coatings 

in 97 % H2 – 3 % H2O, leading to the formation of metallic Co and MnO. All these findings 

imply that Co oxides are not stable at low oxygen partial pressures, as supported by the 
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Ellingham-Richardson diagram [49]. Indeed, the oxygen partial pressure corresponding to 

Ar - 1 % H2 - 9 % H2O atmosphere is of 10-16 bar. This value is lower than the oxygen partial 

pressure for CoO formation, of 10-15 bar, but much higher than the value of 10-30 bar needed 

for MnO formation. Even if the formation of iron oxides is also possible above 10-18 bar, they 

were not observed in the present case; however, some Fe doping of MnO oxide was revealed 

after 1000 hours ageing by SEM elementary mapping (Fig. 7).  

Besides Co-Mn spinel decomposition, the negative mass change observed for MnCo2O4 

coated K41X samples until 1000 hours of exposure, might equally be caused by a loss of Co 

at the sample surface due to formation of volatile Co species, following the reaction [68]:  

Co3O4(s) + 3 H2O(g) = 3 Co(OH)2(g) + ½ O2(g)                                                                         (1) 

This mechanism is reported by Stanislowski et al. [41] at 800°C under humidified air and 

supposed by Mardare et al [38] in order to explain to total absence of metallic Co in the latter 

case after 500 hours of exposure at 800°C in 97 % H2 – 3 % H2O. 

Co volatilization might have occurred in Ar – 1 % H2 – 9 % H2O, as the atomic percent of Co 

present at the sample surface after 3000 hours has decreased compared to MnCo2O4 

stoichiometry (around 18 at. % instead of 28.5 at. % initially). However, the Co content might 

have apparently decreased because of Mn and, in a much lesser extent, of Fe outward 

diffusion. Indeed, a decrease of Co/Mn ratio was measured by EDX analyses, from 2:1 in the 

initial coating to 1:2 after 200 hours of exposure and 1:3 after 3000 hours of exposure. At the 

same time, any Co enrichment was not observed at the inner parts of the scale (contrarily to 

what it was noticed by Mardare et al. [38]). Nevertheless, even if the water vapour content is 

more important in our study, the supposed evaporation is less significant than in 97 % H2 –

 3 % H2O, as even after 3000 hours at 800°C in Ar - 1 % H2 - 9 % H2O, Co nodules are still 

present (Fig. 6 (f)). 
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Another possible reason for the mass loss, much less reported in the literature, might be 

related to Mn evaporation that occurs in H2-H2O atmospheres, as shown by Stanilowski et al. 

[41] and attributed to the formation of MnH2(g). In these conditions, Mn evaporation is about 1 

order of magnitude higher than Cr vaporisation rate. The authors observed that Mn 

evaporation from (Cr,Mn)3O4 spinel occurs with MnO grains formation. Indeed, the latter 

phase is present in our case for the time dwells where the negative mass variation was 

observed, supporting the Mn evaporation hypothesis, but without firmly confirming it. 

As shown by SEM cross-section analyses after 3000 hours ageing (Fig. 6 (f)), all Cr-

containing oxides are localised in the inner part of the oxide scale and not in contact with the 

atmosphere; as expected, Cr evaporation does not take place in H2-H2O atmosphere in 

presence of Co-Mn coating.  

 

 

3.4 Co3O4 coated K41X samples 

The surface and cross-section of PVD-deposited Co3O4 coating after crystallisation in air at 

800°C for 10 hours are shown in Fig. 8 (a) and (b). EDX coupled with XRD analyses revealed 

the formation of single cubic Co3O4 spinel phase. The coating presents a significant number 

of porosities and vertical cracks up to the external surface. As previously supposed for Co-Mn 

spinel coating, these cracks might have formed because of thermal expansion coefficient 

difference with the substrate (9.3 10-6 K-1 for Co3O4 versus 12.2 10-6 K-1 for the substrate, at 

800°C [7,17]). 

The thickness of Co3O4 coating is about 7.5 µm. Below the coating, a Cr2O3 layer with a 

thickness of about 2-3 µm formed, but is much larger that for MnCo2O4 coated sample, as 

already reported in the literature after air exposure of the two compositions [69].  
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Co3O4 coated K41X samples present significant negative mass changes for all exposures 

periods up to 3000 hours in Ar - 1%H2 - 9%H2O (Fig. 1). On the basis of EDX and XRD 

analyses, this behaviour was explained through the complete reduction of the oxide phase to 

metallic Co, taking place from the first exposure instants under H2/H2O atmosphere (Fig. 8 (c) 

and (d)). As a consequence of Co3O4 reduction, Co islands of about 5 - 30 µm lateral size, 

separated by empty spaces of a few µm large, can be observed for all periods up to 1000 

hours, when any significant mass or microstructure change does not occur. Nevertheless, 

some Mn diffusion through Cr2O3 layer occurs, leading to the formation of a very thin layer 

(about 1 µm thick) of (Mn,Cr)3O4 at the interface between Co islands and Cr2O3. At 3000 

hours, the Co islands have coalesced forming a continuous porous layer at the sample surface 

(Fig. 8 (e) and (f)). In parallel, MnO phase, revealed by SEM elementary mapping (Fig. 9) 

and XRD analyses, appeared in between Co islands. Two possible phenomena might have led 

to the formation of this phase: Mn fast diffusion through Cr2O3 layer and its reaction with 

oxidant species or the evaporation of Mn from (Cr,Mn)3O4 phase, that is associated with the 

appearance of MnO grains (as described by Stanilowski et al. in H2 atmospheres [41]). The 

negative mass change becomes lower after 3000 hours of exposure, but probably related to the 

increase of (Cr,Mn)3O4/Cr2O3 duplex layer thickness. The negative mass change observed in 

the present study, might be caused by a loss of Co at the sample surface due to formation of 

volatile Co species, according to the Eq. 1, as reported by Stanislowski et al [41] at 800°C 

under humidified air and supposed by Mardare et al [38] at 800°C in 97 % H2 – 3 % H2O. 

However, if Co volatilisation occurs in our case, it should have a small contribution, as any 

change in the mass variation was not observed during the first 1000 hours of exposure and 

any significant variation of the coating thickness did not occur. Indeed, after 200 and 1000 

hours the average thickness of the Co metallic layer, of 5 µm, corresponds to the initial PVD 

coating thickness, before crystallisation treatment. Mn evaporation might equally occur once 
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(Cr,Mn)3O4 spinel forms in top of Cr2O3 layer [41]; however, it should be very limited, as up 

to 1000 hours (Cr,Mn)3O4 layer is extremely thin.  

This behaviour was not observed by Deng at al. after exposition of Co3O4 coating in air at 

800°C [70]. Furthermore, Froitzheim et al. [71] and Wu et al. [69] showed that the spinel 

phase results from the exposition of metallic Co coatings in air at 800°C. However, the 

decomposition observed in H2-H2O atmosphere is in agreement with the observations done by 

Mardare et al. [38] showing that Co oxides are not stable at low oxygen partial pressures, as 

supported by the Ellingham-Richardson diagram [49]. The observed behaviour is equally in 

agreement with the study of Sachitanand et al. [72], where the exposure of PVD metallic Co 

coated Fe‐22Cr ferritic steel in Ar-5%H2-3%H2O atmosphere leads to Co nodules and Co 

particles dispersed in top of and respectively inside (Cr,Mn)3O4/Cr2O3 layer. However, mass 

loss was not observed in this last case. There was no Cr presence after 3000 hours of 

exposure, showing that Co3O4 coating is efficient in preventing Cr evaporation phenomena in 

H2-H2O atmosphere, as already reported in oxidising atmospheres [69,70,72]. 

As shown in Fig. 9, after 3000 hours of exposure, a continuous SiO2 layer can be observed at 

the interface with the metallic substrate, but it was already present after 200 hours ageing. As 

reported in literature by Shaigan el al. [73], for 5 µm Co coatings on AISI 430 substrate, 

spalling occurs between SiO2 and Cr2O3 layer. Spalling was not observed in the present study 

up to 3000 hours of exposure. However, even if Co3O4 coating seems to be efficient in 

avoiding the growth of non-protective Fe-rich oxides and in preventing Cr evaporation 

phenomena, the presence of SiO2 continuous layer from short ageing times could become 

detrimental for the long term system integrity.  

 

 

4. Conclusions 
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In order to prevent the formation of non-protective Fe-rich oxides and to improve the 

oxidation behaviour of K41X stainless steel in H2/H2O atmosphere at 800°C, four coatings 

were chosen and tested: La0.8Sr0.2MnO3 (LSM) and LaNi0.6Fe0.4O3 (LNF) perovskites; 

MnCo2O4 and Co3O4 spinels. LSM and LNF were deposited by screen printing and MnCo2O4 

and Co3O4 by PVD technique.  

All the tested coatings allow avoiding Fe-rich oxides growth during high temperature 

oxidation up to 3000 hours. Instead, protective (Cr,Mn)3O4/Cr2O3 duplex oxide scale formed 

between the metallic substrate and the coating from the first exposure instants. 8 at.% Fe 

enrichment was detected inside LSM coating after 3000 hours of exposure and (Mn,Fe)O 

oxide was found for MnCo2O4 coated sample. Nevertheless, any detrimental Fe oxide were 

not detected  after 3000 hours ageing, even if their formation is thermodynamically possible 

in Ar-1%H2-9%H2O at 800°C.  

Cr was not detected inside LSM, MnCo2O4 and Co3O4 coatings up to 3000 hours of exposure, 

indicating that these compositions were efficient in preventing Cr evaporation. Some Cr 

(2 at. %) was detected all over the thickness of LNF coating after 3000 hours ageing, 

indicating that it is able to limit Cr outward diffusion, but not completely block it. 

For all tested coating compositions, SiO2 formed at the interface between the 

(Cr,Mn)3O4/Cr2O3 duplex scale and the metallic substrate from the first exposure instants. For 

Co3O4 coated K41X steel, the presence of continuous SiO2 layer might be detrimental for the 

long term system integrity, as spalling can occur between SiO2 and Cr2O3 layer. However, in 

the present study, any spalling was not observed up to 3000 hours of exposure.  

In conclusion, the four coatings tested in this study represent promising solutions to improve 

the oxidation resistance of K41X stainless steel in H2/H2O atmosphere at 800°C, avoiding the 

growth of Fe-rich oxides at least during 3000 hours of exposure.  
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Figure captions 

 

Figure 1: Surface weight change of uncoated and coated K41X samples after 200, 1000 and 

3000 hours ageing at 800°C in Ar – 1 % H2 – 9 % H2O atmosphere. 

 

Figure 2: Surface and cross-section microstructures of LSM coated K41X samples (a-b) 

before ageing, (c-d) after 200 hours and (e-f) after 3000 hours ageing at 800°C in Ar –

 1 % H2 – 9 % H2O atmosphere. 

 

Figure 3: SEM-EDX elementary mapping of LSM coated K41X samples after 3000 hours 

ageing at 800°C in Ar – 1 % H2 – 9 % H2O atmosphere.  

 

Figure 4: Surface and cross-section microstructures of LNF coated K41X samples (a-b) 

before ageing, (c-d) after 200 hours and (e-f) after 3000 hours ageing at 800°C in Ar –

 1 % H2 – 9 % H2O atmosphere. 

 

Figure 5: SEM-EDX elementary mapping of LNF coated K41X samples after 200 hours 

ageing at 800°C in Ar – 1 % H2 – 9 % H2O atmosphere.  

 

Figure 6: Surface and cross-section microstructures of MnCo2O4 coated K41X samples (a-b) 

before ageing, (c-d) after 200 hours and (e-f) after 3000 hours ageing at 800°C in Ar –

 1 % H2 – 9 % H2O atmosphere. 

 

Figure 7: SEM-EDX elementary mapping of MnCo2O4 coated K41X samples after 1000 

hours ageing at 800°C in Ar – 1 % H2 – 9 % H2O atmosphere.  

 

Figure 8: Surface and cross-section microstructures of Co3O4 coated K41X samples (a-b) 

before ageing, (c-d) after 200 hours and (e-f) after 3000 hours ageing at 800°C in Ar –

 1 % H2 – 9 % H2O atmosphere. 

 

Figure 9: SEM-EDX elementary mapping of Co3O4 coated K41X samples after 3000 hours 

ageing at 800°C in Ar – 1 % H2 – 9 % H2O atmosphere.  
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