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ABSTRACT 
 
High temperature ferritic-martensitic steels are candidate materials for heavy-duty diesel engine pistons. 
The envisioned transition to hydrogen blended fuels is expected to alter the post-combustion atmosphere 
in the engines, primarily resulting in a higher water vapor content (> 20 vol%) and potentially higher 
exhaust gas temperatures. The oxidation resistance of existing and newly developed alloys will be a 
critical life-limiting mechanism under these conditions. In the present work, the oxidation behavior of 
candidate piston alloys was evaluated in air+10 vol.% H2O and air+30 vol.% H2O at 700°C. Thermal 
cyclic (1h cycle) exposures were conducted for two variants of commercial UNSS42200 ferritic-
martensitic steel and two developmental alloy steels for up to 300h. The developmental alloys each have 
similar compositions but with one containing elevated Cu levels of 3 wt.%,  A significant reduction in 
resistance to breakaway oxidation was observed for the commercial alloys in the higher water vapor 
atmosphere. Microstructural characterization (optical metallography, scanning electron microscopy and 
electron microprobe analysis) revealed the formation of thick Fe-rich oxides even for the high Cr (~12 
wt.%) steels after an initial stage of protective oxidation with MnCr-rich spinels. The impact of the 
evaporation-induced loss of Cr on the time and temperature dependent compositional changes in the 
alloys was correlated with experimental findings. For the developmental alloys, Cu additions appear to 
play a role in significantly reducing oxidation kinetics in air+30 vol.% H2O at 700°C.  
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INTRODUCTION 

 
Hydrogen is considered vital to a carbon-neutral energy landscape of the future which includes power 
generation technologies such as H2-fueled turbines [1] and internal combustion engines (ICEs) for the 



  

transportation sector [2]. A detailed review discusses the suitability of hydrogen as an alternative fuel for 
internal combustion engines in terms of improved performance [3]. The article highlighted critical 
drawbacks of H2-fueled ICEs, including potentially high-NOx emissions and issues of engine durability 
and reliability. The use of H2 as fuel will necessitate modifications to engine subsystems and components 
and potential materials related needs as mentioned in [3]. Furthermore, there is a continuous need to 
pursue efficiency improvements while concurrently meeting strict emissions criteria. Typically, this usually 
results in increased component (e.g., pistons) temperatures. Recent developments indicate that peak 
cylinder pressures and temperatures for heavy duty ICEs will be required to exceed 250 bar and 500°C 
respectively to further improve fuel economy and specific power output [4]. These conditions are beyond 
the operational limits of Fe-based alloys (e.g., UNS G41400 steel) presently used for key components 
such as pistons. One of the primary challenges to address is the high temperature corrosion resistance 
of existing materials employed for the engine components in the H2 post-combustion environment, which 
is expected to contain > 20 vol.% H2O compared to a maximum of 10 vol.%, typically observed in 
conventional diesel engines.  
 
Water vapor in exhaust gas is known to significantly deteriorate the oxidation resistance of heat-resistant 
steels [5] and Ni-base alloys [6] compared to dry air. Elevated water vapor content is expected to further 
accelerate the oxidation-induced degradation of structural materials for heat engines by either hindering 
the formation or inducing evaporation [7] and spallation [8] of protective surface oxides such as chromia 
(Cr2O3) and alumina (Al2O3). The oxidation behavior of UNS G41400 steel is known to be significantly 
affected in air+10% H2O at temperatures > 550°C [9]. Several high Cr-containing commercially available 
ferritic-martensitic (FM) steels, including UNSS42200, 403Cb+, and X22CrMoV12-1, are under 
evaluation to replace UNS G41400 in the crowns of heavy-duty diesel engine pistons [9, 10]. These high 
Cr containing steels generally demonstrated better oxidation behavior compared to UNS G41400 steel 
in 10% H2O, even when accounting for the fact they may operate at significantly higher operating 
temperatures in pistons due to their lower thermal conductivity than UNS G41400 [9]. However, there is 
no data reporting the behavior of these materials in the higher H2O-containing environments expected 
during H2 combustion. 
 
In the present work, the oxidation behavior of candidate alloys for heavy duty diesel engine pistons was 
evaluated in air+10 vol.% (designated as air+10% hereafter) H2O and air+30 vol.% (designated as 
air+30% hereafter) H2O at 700°C. Thermal cyclic (1h cycle) exposures were conducted for two variants 
of commercial UNSS42200 ferritic-martensitic (FM) steel for up to 300h in both environments and two 
developmental alloy steels in air+30%H2O for up to 250h. The developmental alloys were selected based 
on ongoing research to develop novel alloys for heavy-duty diesel engine pistons. The chosen 
developmental alloy compositions consisted of additions of key alloying constituents such as C, N, Nb, V 
and Mo for evaluated temperature strengthening and Cr for oxidation resistance. In addition, elevated 
levels of Cu are uniquely leveraged in  developmental alloy 1 (DA-1) to further enhance oxidation 
resistance while not adversely affecting thermal conductivity, since alloying induced reductions in thermal 
conductivity can increase piston operating temperature, potentially negating improvements in oxidation 
resistance. The composition of DA-2 is nominally the same as DA-1, except without Cu additions, and 
provided valuable comparisons of the impact of chemical composition on oxidation behavior to DA-1 and 
the UNSS42200 steel variants. Microstructural characterization (optical metallography, scanning electron 
microscopy and electron microprobe analysis) revealed the formation of thick Fe-rich oxides even for the 
high Cr (~12 wt.%) steels after an initial stage of protective oxidation with MnCr-rich spinels. The impact 
of the evaporation-induced loss of Cr on the time and temperature dependent compositional changes in 
the alloys was correlated with experimental findings. For brevity, the present work will primarily focus on 
the results of the exposures in air+30 vol.% H2O while relevant experimental observations for the 
exposures in air+10 vol.% H2O will be exclusively utilized to discuss and interpret key findings. 
 

EXPERIMENTAL PROCEDURE 
 
The UNSS42200 steel variants were procured as commercial round bar stock [9]. Alloys DA-1 and DA-2 
were arc melted and cast to ingots of approximately 25.4 mm x 25.4 mm x 127 mm in length then hot 



  

rolled. All alloys were austenitized, quenched, and tempered to form a tempered martensitic 
microstructure. Rectangular coupons (∼10×20×1.5 mm3) of the studied alloys were ground to a 600-grit 
finish and ultrasonically cleaned in acetone and methanol prior to exposure. The measured compositions 
of the alloys are given in Table 1. Samples were exposed in automated cyclic rigs [13] for 1h cycles at 
the 700°C) in flowing air+(10 ± 1) vol.% H2O and air+(30 ± 1) vol.% H2O (500 cm3.min−1 and 0.60-0.68 
cm.s−1 gas flow rate and velocity respectively) followed by 10 min. cooling in laboratory air after being 
automatically pulled out from the furnace. Three specimens of each alloy were tested and one of each 
alloy was taken out after desired times of 50, 100, and 300h respectively. Specimens mass changes 
were measured after every 20, 1h-cycles during the first 100 h and thereafter every 50, 1h cycles using 
a Mettler-Toledo model XP208 balance with an accuracy of ± 0.04 mg. After exposure the specimens 
were Cu electroplated, cross-sectioned and mounted. The mounted samples were polished using SiC 
papers, diamond pastes (1 micron) and colloidal SiO2 for cross-sectional characterization including 
scanning electron microscopy (SEM) using a TESCAN model MIRA3, energy dispersive X-ray 
spectroscopy (EDS) using an EDAX Octane Elect Super Silicon Drift Detector with an EDS detector (70 
mm2). EDS elemental mapping was performed at 20kV and quantitatively analyzed using the APEX EDS 
3.0 software with the ZAF correction method (Z: atomic number, A: absorbance, F: fluorescence) and in-
built standards. 

 
Table 1: Measured composition in wt.% by direct current plasma emission spectroscopy, combustion 
analysis for carbon, and inert gas fusion for N. 

Alloy Fe Cr Ni W Mn Mo V Si Cu Nb C N 

UNSS42200-U Bal. 11.3 0.8 1.1 0.7 1.0 0.25 0.32 0.09 0.006 0.21 0.06 

UNSS42200-C Bal. 11.9 0.8 1.1 0.8 1.1 0.22 0.44 0.08 0.01 0.23 0.05 

DA-1 Bal. 11.3 1.0 0.03 0.27 0.5 0.26 0.36 2.97 0.31 0.08 0.09 

DA-2 Bal. 10.9 1.0 0.06 0.26 0.5 0.26 0.37 0.003 0.32 0.08 0.01 

 
RESULTS 

 
Figure 1 compares the mass changes of UNSS42200-U (Figure 1a) and UNSS42200-C (Figure 1b) in 
air+10% H2O and in air+30% H2O at 700°C. The mass change for UNSS42200-U was comparable 
between the two atmospheres after only 50h except for one specimen exposed in air+10%H2O which 
showed a significantly lower mass gain until 60h.  
 

 
(a) 

  
(b) 

Figure 1: Measured mass change for (a) UNSS42200-U and (b) UNSS42200-C after exposure in 
air+10% H2O and air+30% H2O for 50, 100 and 300h at 700°C (1h-cycles). Note the different 
scales on the vertical axes of (a) and (b). 
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In the case of UNSS42200-C, higher mass gains were observed in the higher H2O content. However, for 
UNSS42200-C, the mass change in air+30% H2O started deviating from the values in air+10% H2O 
between 50 and 100h.  Total mass gains after 300h at the higher water vapor level were much lower for 
UNSS42200-C as compared to UNSS42200-U. The BSE images of cross-sections for UNSS42200-U 
after exposure in air+10% H2O (Figure 2a and b) and in air+30% H2O (Figure 2c and d) are shown after 
50 and 100h at 700°C. In agreement with the mass change, exposures in both atmospheres have resulted 
in similar oxide morphologies with an outward growing Fe-rich oxide scale and an inward growing FeCr-
rich mixed oxide. Figure 3 shows the BSE images of the cross-sections of UNSS42200-C after exposure 
in the two atmospheres for 50 (Figure 3a and d), 100 (Figure 3b and e) and 300h (Figure 3c and f) at 
700°C. The oxide morphologies and thicknesses between the two exposures were observed to be similar 
for the 50 and 100h exposures. However, the oxide scale was slightly thicker after 300h for the specimen 
exposed in air+30% H2O. 
 

 
Figure 2: BSE images of the cross-sections of UNSS42200-U after exposure in (a), (b) air+10% 
H2O and in (c), (d) air+30% H2O for 50 and 100h at 700°C. 
 

 
Figure 3: BSE images of the cross-sections of UNSS42200-C after exposure in (a), (b) and (c) 
air+10% H2O and in (d), (e) and (f) air+30% H2O for 50, 100 and 300h at 700°C. 
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The elemental distribution maps for UNSS42200-U after 50h in air+10%H2O, shown in Figure 4, confirm 
the nature of the oxide scale as mentioned earlier. Similar distribution maps were observed (not shown 
here) for the specimen exposed in the higher H2O-containing atmosphere. In case of UNSS42200-C, 
similar oxide scales were observed for exposures in the two atmospheres. Representative element 
distribution maps for the specimen exposed for 300h in air+10% H2O are shown in Figure 5. The outer 
layer was observed to be a FeCrMn-rich spinel with a Cr-rich oxide underneath. The observation of similar 
oxide constitutions does not explain the higher mass gain observed for the specimen exposed for 300h 
in air+30% H2O. A closer look at the specimen exposed in the higher H2O-containing atmosphere 
revealed multiple locations with Fe-rich oxide surface nodules as shown in Figure 6. This suggests a 
faster breakdown of the oxide for UNSS42200-C in the higher H2O-containing atmosphere. 
 

 
Figure 4: Elemental distribution maps of the cross-section of UNSS42200-U after exposure in 
air+10% H2O for 50h at 700°C. 

 
 

 
Figure 5: Elemental distribution maps of the cross-section of UNSS42200-C after exposure in 
air+10% H2O for 50h at 700°C. 



  

 
Figure 6: BSE images of the cross-sections of UNSS42200-C after exposure in air+30% H2O for  
300h at 700°C. 

 

  
Figure 7: Measured mass change for UNSS42200-U, UNSS42200-C, DA-1 and DA-2 after 
exposure in air+30% H2O for 50, 100 and 300h at 700°C. 

 
 

 
Figure 8: BSE images of the cross-sections of DA-1 and DA-2 after exposure in air+30% H2O for  
250h at 700°C. 
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Figure 7 compares the mass change of the developmental alloys DA-1 and DA-2 with UNSS42200-C 
and UNSS42200-U. Interestingly, DA-1 was observed to show negligible mass gain (within the error bar 
of the scale) while the mass gain for DA-2 was between UNSS42200-U and UNSS42200-C. The BSE 
images of the cross-sections of DA-1 and DA-2 after exposure in air+30% H2O for 250h at 700°C (Figure 
8a and b, respectively) agree with the mass change results. An extremely thin oxide scale was observed 
for DA-1 while a similar duplex scale to that observed for UNSS42200-U was also present on DA-2, 
although significantly thinner. 

 

 
Figure 9: Elemental distribution maps of the cross-section of DA-1 after exposure in air+30% 
H2O for 250h at 700°C 

 

 
Figure 10: Elemental distribution maps of the cross-section of DA-2 after exposure in air+30% 
H2O for 250h at 700°C. 
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The oxide scale constitution in case of DA-1 showed an outer FeCuMn-rich spinel (confirmed with EDS) 
with a Cr-rich oxide underneath (Figure 9). Element distribution maps for DA-2 (Figure 10) confirm the 
nature of the oxide layers with an outer Fe-rich oxide and inner FeCr-rich mixed oxide. The inner oxide 
shows significant porosity and there is indication of cracking at the interface between the outer and inner 
oxide layers. 

 
DISCUSSION 

 

Based on Wagner’s theory [11], the minimum Cr content 𝑁Cr
1  required to form an external Cr2O3 scale 

can be calculated as, 

𝑁Cr
1 = √𝜋𝑓IOZ

∗

2𝜈

𝑉alloy

𝑉oxide

𝑁O
(𝑠)

𝐷O

𝐷Cr
      (1) 

 
where 𝑉alloy and 𝑉oxide are the molar volumes of the alloy and oxide (CrO1.5) respectively with B being the 

oxide-forming element (Cr) and 𝑓IOZ
∗  is the critical volume fraction of internal oxides beyond which an 

external scale may form. Inputting the values given in Table 2, the minimum Cr content required to form 

an external Cr2O3 scale was calculated to about 9.5 wt.%. The value of 𝐷Cr was calculated from the data 

provided by Williams and Faulkner [12] for a Fe-12Cr steel while simultaneously accounting for grain 
boundary diffusion (assuming a 25 micron average grain size) [13], which can be expected to be a 
significant contributor to Cr transport, especially on the cold-worked surface due to specimen preparation.  
 
Table 2: Parameters used to calculate minimum Cr required to form an external chromia scale 

𝑁O
(𝑠)

  

[14] 

𝐷O 
(cm2/s) 

[14] 

𝐷Cr 
(cm2/s) 

[12] 

𝑉alloy 

(cm3/mol) 

𝑉oxide 
(cm3/mol) 

𝑓IOZ
∗  

[15] 
𝜈 

9.96x10-7 4.5x10-8 5.9x10-13 6.8 14.6 0.3 1.5 

 
The two FM-steels UNSS42200-U and UNSS42200-C with their Cr content > 11 wt.% are hence both 
expected to form protective chromia scales. However, Fe-rich oxides were observed on UNSS42200-U 
after 50h in both atmospheres, except for one specimen. The significantly low mass gain for this specimen 
suggests that a chromia scale did potentially form on UNSS42200-U, but the scale could not be sustained 
to 50h.  However, a thin chromia scale was clearly sustained to 300 h in the case of UNSS42200-C. 
Wagner’s second criteria provides some guidance in this regard by providing the following equation to 

estimate the minimum concentration required at the scale/alloy interface 𝑁Cr
2  to sustain external scale 

formation,  
 

𝑁Cr
2 =

𝑉alloy

𝑉oxide
√

𝜋𝑘p

2𝐷Cr
       (2) 

 
where 𝑘p is the parabolic oxidation rate of the chromia scale. In the current atmosphere, evaporation of 

chromia in wet air to result in Cr-oxyhydroxides, which is a well-known phenomenon [16], will additionally 
accelerate depletion of Cr from the alloy [17]. This kinetics of this effect are known to be enhanced with 
increasing contents of H2O [17]. Following the approach previously reported in the literature [7, 17],  the 
evaporation rates of Cr were calculated in the two environments studied here by utilizing the 
thermodynamic data from Opila et al.  The Cr loss rate due to evaporation of chromia was 1.3x10-7 g cm-

2 h-1 in air+10% H2O and 3.43x10-7 g cm-2 h-1
 in air+30% H2O. Thus, the Cr loss rate is about three times 

higher in the air+30% H2O environment. Hence, it is not surprising that in case of UNSS42200-C, the 
chromia scale showed preliminary signs of breakaway in air+30% H2O after 300h. All the experimental 
observations point toward the role of the slightly differing Cr contents in the two alloys as determining the 
observed differences in oxidation behavior. 
 



  

The 𝑘p for oxide growth was estimated from short-term experiments (5h and 10h) that were conducted in 

dry air (not shown here) and was calculated to be 1.5x10-14 g2 cm-4 s-1 (5.3x10-15 cm2 s-1) to eliminate the 
impact of oxide evaporation on oxide growth. Limited short-term testing in air+10%H2O (5h) resulted in 
similar values for 𝑘p which suggested negligible impact of water vapor on oxide growth in this case. The 

calculated Cr loss due to evaporation can be converted to an equivalent oxide growth and was calculated 
to be 7.8x10-11 g cm-2 s-1

 (1.5x10-11 cm s-1) in air+10% H2O and 2.1x10-10 g cm-2 s-1(4x10-11 cm s-1) in 
air+30% H2O. Eq. 2 is derived assuming parabolic oxide growth but does not account for the additional 

evaporation-induced Cr loss. The flux of Cr at the oxide-alloy interface to support chromia growth 𝐽𝐶𝑟 can 

be written as [18], 
 

𝐽𝐶𝑟 = √
𝐷

𝜋𝑡

𝑁𝐶𝑟,𝑜−𝑁𝐶𝑟,𝑖

𝑉𝑎𝑙𝑙𝑜𝑦
      (3) 

 

Where 𝑁𝐶𝑟,𝑜 and 𝑁𝐶𝑟,𝑖 are the Cr concentrations in the bulk and at the oxide-alloy interface respectively 

and 𝐷 is the interdiffusion coefficient of Cr in the alloy. The rate of Cr incorporation (as moles of Cr  

𝑛𝐶𝑟) in the chromia scale can be equated to the Cr flux as 

 

𝐽𝐶𝑟 =  
𝑑(

𝑛𝐶𝑟
𝐴

)

𝑑𝑡
       (4) 

 

The amount of Cr incorporation is equivalent to the scale thickening rate 𝑋 as 

 

𝑑 (
𝑛𝐶𝑟

𝐴
) = 𝑑 (

𝑋

𝑉oxide

)     (5) 

 

For parabolic oxidation kinetics 𝑋 can be defined as √2𝑘p𝑡 and Eq. 2 can be derived by combining Eqns. 

3, 4 and 5. However, in the present work, the effect of evaporation must also be considered. Typically, 
the Tedmon equation [19] is employed for scale thickening under combined growth and evaporation 
conditions. The Tedmon equation is given as, 
 

𝑑𝑋

𝑑𝑡
=

𝑘p

𝑋
− 𝑘ev       (6) 

 
In this case, to enable an analytical calculation, a simplification of Eq. 6, previously proposed by Pillai et 
al. [20], was employed in the present work by decoupling the oxide growth contributions due to oxidation 

(𝑋1 = √2𝑘p𝑡) and evaporation (𝑋2 = 𝑘ev𝑡), 

 

𝑋 = 𝑋1 + 𝑋2       (7) 

 

Plugging Eq. 7 into Eq. 5 and combining with Eq. 4 results in the following equation for 𝑁Cr
2 , assuming 

that 𝑁𝐶𝑟,𝑖=0 as the critical condition [11], 

 

𝑁Cr
2 = (

𝑉alloy

𝑉oxide
) √

𝜋𝑡

𝐷Cr
(

𝑘p

2𝑡
+ 𝑘ev)     (8) 

 

Eq. 8 suggests that 𝑁Cr
2  is time dependent which can be expected for non-steady state kinetics. For very 

short times, using the values given in Table 2 and the calculated values for 𝑘p and 𝑘ev, 𝑁Cr
2  was calculated 

to be 5.6 at.% (equivalent to 5.0 wt.%). After about 50h, 𝑁Cr
2  was calculated to be 6.4 at.% (equivalent to 

5.8 wt.%) and 7.5 at.% (equivalent to 6.8 wt.%) in air+10% H2O and air+30% H2O respectively. The 
corresponding values after 300h were 7.4 at.% (equivalent to 6.7 wt.%) and 10.2 at.% (equivalent to 9.3 
wt.%). Based on these calculations, it can be concluded that formation of a chromia scale cannot be 



  

supported if the Cr concentration at the oxide-alloy interface drops below 6.8 wt.% after 50h and 9.3 wt.% 
after 300h in air+30% H2O. 
 
Alternatively, an effective parabolic rate constant 𝑘p, eff based on the total oxide thickness 𝑋 from Eq. 7 

can be calculated and can be employed in Eq. 2 to estimate the time-independent 𝑁Cr
2 . For an average 

measured oxide thickness of 0.15 µm after 10h in dry air at 700°C (not shown here), 𝑘p, eff was calculated 

to be 5.8x10-15 cm2 s-1 for air+10% H2O and 6.5 x10-15 cm2 s-1 for air+30% H2O. Plugging this value in Eq. 

2 results in a value of 5.8 at.% (equivalent to 5.3 wt.% ) and 6.3 at.% (equivalent to 6 wt.%) for 𝑁Cr
2  in the 

two environments respectively. Eq. 8 clearly provides more conservative estimates, and these will be 
employed here.  

 

 
(a) 

 
(b) 

Figure 11: Measured (EDS) Cr concentration profiles for (a) UNSS42200-U and (b) UNSS42200-
C after exposure in air+30% H2O for 50, 100 and 300h at 700°C. The profiles are an average of 3 
line profiles. Dashed line indicates the initial Cr content of the alloys. 

 
Figure 11a and b show the measured Cr concentration profiles for UNSS42200-U and UNSS42200-C 
after exposure in air+30%H2O for 50, 100 and 300h at 700°C, respectively. For UNSS42200-U, the Cr 
concentration at the oxide-alloy interface is 5.5 wt.% which is significantly below the much needed 6.8 
wt.%. The formation of a chromia scale cannot be supported and that is confirmed by the micrographs in 
Figure 2and the elemental maps in Figure 4. Furthermore, once the duplex Fe-rich oxide structure is 
established, Cr will predominantly be incorporated into the internal oxide layer and the interface 
concentration will not vary significantly. In contrast, the interface Cr concentration after 50h in 
UNSS42200-C is about 10 wt.% and sufficiently high enough to support formation of a chromia scale. 
The interface concentration does not change considerably even after 100h but drops to 7.9 wt.% after 
300h which is below the critical value of 9.3 wt.%. In case of the exposures in air+10%H2O, the measured 
interface Cr concentrations (not shown here) were similar to the exposures in air+30%H2O after 50 and 
100h but were about 1 wt.% higher after 300h (8.8 wt.% compared to 7.9 wt.%). The minimum Cr 
concentration required to sustain chromia scale formation after 300h was 6.7 wt.% in air+10% H2O and 
9.3 wt.% in air+30% H2O. This result is in very good agreement with the experimental observation of local 
nodule formation in case of UNSS42200-C after 300h in air+30%H2O (Figure 6). The theoretical 
calculations can explain the experimental findings and the reasons for the differences in oxidation 
behavior observed for UNSS42200-U and UNSS42200-C.  
 
The findings for the developmental alloy DA-1 are remarkable. DA-1 showed negligible mass gain with a 
similar Cr content to alloy UNSS42200-U. The only major difference was the Cu content and a closer 
look at the oxide layers revealed some interesting insights. The elemental maps shown in Figure 9 show 
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the presence of an outer FeCuMn-rich mixed oxide and a Cr-rich oxide underneath. While the specimens 
were Cu coated to protect the oxide layers and facilitate SEM imaging, this plating also caused the Cu 
element maps (EDS) to be inconclusive. As such, EDS point analyses (the authors are aware of the 
uncertainties associated with measuring O by EDS, especially in the alloy) across the oxide scale (Figure 
12) were performed which did confirm the presence of Cu in the oxide layer with a clear compositional 
gradient from the gas-oxide to the oxide-alloy interface. The outermost layer is a mixed oxide consisting 
of FeCuMn which transitions to a MnCr-rich oxide.  

 

 
Figure 12: Measured (EDS) concentrations across the oxide layer formed on DA-1 after 
exposure in air+30% H2O for 250h at 700°C. 

 
There is limited information in the literature on the combined effects of Cu and Mn on the oxidation 
behavior of ferritic steels, especially in the O-rich atmospheres employed in the present work. Coatings 
of CuMn-spinels have been employed on ferritic steel interconnects in solid oxide fuel cells to slow 
chromia growth and Cr loss due to evaporation [21]. However, the mechanistic understanding for this 
phenomenon is still unclear. The formation of an FeCu-spinel at the gas-oxide interface is expected based 
on the thermodynamic stability of Cu- and Fe-oxides. This would decrease the partial pressure of oxygen 
at the spinel-alloy interface allowing the more stable Cr- oxides to form underneath. Mn is known to 
diffuse through the FeCr-spinels and Cr-rich oxide scales to result in formation of Mn-rich spinels at the 
gas-oxide interface [22] both in dry and wet air [23, 24], which was observed to happen for DA-1 in the 
present work. The results suggest that the FeCuMn-rich oxide layer at the gas-oxide interface is limiting 
outward Cr-diffusion and thereby also reducing the likelihood of Cr being incorporated in the outer scale. 
Consequently, any potential volatilization of Cr-rich oxides is prevented and may minimize the Cr loss 
from the alloy which oxidizes beneath the FeCuMn-spinel. Further investigations are needed to verify 
these hypotheses intended to explain this discovery of the potential influence of Cu to significantly 
improve the oxidation resistance of some Fe-Cr-Mn type alloys.  
 
The poor performance of DA-2 compared to DA-1 provides further data to support the role of Cu since 
the primary difference between alloys DA-1 and DA-2 is the Cu content. Interestingly, although DA-2 has 
a similar Cr content to UNSS42200-U, the duplex oxide scale formed on DA-2 was significantly thinner. 
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2. In the case of duplex Fe-rich oxides on ferritic-martensitic steels, Fe typically diffuses from the alloy to 
support the growth of the outward growing scale [25]. At the relatively high temperature of 700°C, 
increased Cr diffusion in the alloy results in a Cr-rich inward-growing scale which inhibits outward Fe 
diffusion, slows down oxidation kinetics but subsequently causes void formation in the oxide layers [25]. 
There is clearly a Cr-rich oxide layer at the oxide-alloy interface in the case of DA-2 (Figure 10) which is 
most likely inhibiting outward Fe diffusion and causing the oxide to be more porous than observed for 
UNSS42200-U. One notable difference between the two alloys is the C content. The higher C content in 
UNSS42200-U means that the matrix Cr concentration is 9.2 wt.% compared to 10.5 wt.% in the case of 
DA-2 (based on thermodynamic equilibrium calculations). It is well established that these seemingly 
minor differences in Cr and C concentrations can play a significant role in the differences in oxidation 
behavior of ferritic-martensitic steels in water vapor containing environments [26]. 
 

CONCLUSIONS 

 
The slightly higher evaporation-induced loss of Cr in the air+30 vol.% H2O compared to air+10 vol.% H2O 
was theoretically shown to be sufficient to result in the breakdown of the chromia scales and formation 
of Fe-rich oxide nodules on the 12%Cr steel. This predicted result agreed with experimental observations. 
The role of additional alloying elements in the two UNSS42200 steel variants is a subject of ongoing 
research. Alloying with Cu in one of the developmental alloys appeared to have a remarkable beneficial 
effect to improve oxidation resistance in the higher H2O-containing atmosphere, with negligible mass gain 
observed even after exposure for 250h in air+30 vol.% H2O at 700oC.  
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