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ABSTRACT 

 Direct-fired supercritical CO2 (sCO2) power cycles are a pathway to low-CO2 fossil energy but contain O2 and 

H2O in the sCO2 from combustion.  The effect of impurities on structural steels was investigated at 450°-650°C in 30 

MPa sCO2.  The test matrix included 9 and 12%Cr ferritic-martensitic (FM) steels and conventional and advanced 

austenitic steels exposed for 1000-2000 h with and without additions of 1%O2 and 0.1%H2O to simulate the cycle 

after water removal.  For FM steels, the mass gains and scale thicknesses were similar with and without impurities 

with the formation of thick, duplex Fe-rich scales in all cases including the observation that Fe2O3 only formed with 

1%O2.  For the austenitic steels, higher mass gains were observed at all temperatures with increased formation of 

Fe-rich oxides when impurities were added.  Carbon ingress was assessed by bulk combustion analysis, glow 

discharge optical emission spectroscopy and measuring post-exposure room temperature tensile properties.  Bulk C 

content was strongly increased at 650°C but not at 450° or 550°C. 
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1. INTRODUCTION 

 A number of power generation technologies are exploring the use of supercritical CO2 (sCO2) including nuclear, 

fossil, concentrating solar power (CSP), geothermal and waste heat recovery, because of its unique properties and 

relatively low critical point (31°C/73.8 bar) [1-7].  Laboratory studies over the past decade have suggested that Ni-

based alloys have reasonable compatibility with sCO2 at temperatures of ≥700°C [8-17], where greater than 50% 

thermal efficiency is predicted [1].  However, for sCO2-based cycles to be commercially competitive, lower cost 

steels are needed for the lower temperature components.  Based on historical experience, there is a significant 
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concern about the use of steels in sCO2 because of prior experience with Grade 9 (Fe-9Cr-1Mo) steel in the UK 

advanced gas cooled reactors (AGRs) operated with sub-critical 43 bar CO2 at <550°C where severe internal 

carburization could occur [18].  A recent review concluded that 9-12%Cr ferritic-martensitic (FM), or sometimes 

called creep-strength enhanced ferritic (CSEF) steels, were limited to 450°C in sCO2 [19], significantly lower than 

the 580°-600°C limit in supercritical steam [20].  A nuclear fuel cladding study found that an austenitic stainless 

steel such as type 316FR had much better oxidation resistance in sCO2 than CSEF steels but began to show 

accelerated oxidation at 600°C [21].  However, advanced, highly alloyed austenitic steels have been observed to 

have low C ingress at 750°C [16].  The driving force for C ingress is that the carbon activity (ac) at the metal-oxide 

interface can be much higher than the activity in the gas due to the low interfacial oxygen partial pressure with very 

stable oxide scales [22].  A dense and adherent Cr-rich oxide scale may be an effective barrier to C ingress [23]. 

 Another factor in assessing sCO2 steel compatibility is the presence of impurities in the sCO2.  At 750°C, little 

difference in reaction rates was noted between research grade (RG) sCO2 with < 5ppm H2O and < 5 ppm O2 and 

industrial grade (IG) sCO2 with < 50 ppm O2 and 18±16 ppm H2O, Figure 1 [15,16,24].  However, the higher 

impurity levels expected for the direct-fired Allam cycle [5,7] compared to indirect-fired or closed cycles, has been 

shown to affect reaction rates [11,15,17].  Also, the additions (CH4, H2O, etc.) in the AGR CO2 [18] used to lower 

the O2 partial pressure to prevent oxidation of the graphite moderator may have affected performance. 

 This ongoing laboratory study [25-27] has exposed two CSEF steels and two austenitic steels to 30 MPa RG 

sCO2 at 450°-650°C for up to 2000 h (using 500-h cycles) to better assess the maximum use temperatures for these 

materials in sCO2 with and without impurities.  Controlled O2 and H2O additions were used to simulate the Allam 

cycle after water removal at 30 MPa.  A similar study with 1%O2 and 4%H2O contents simulated the sCO2 after 

combustion [17].  In addition to measuring mass change and characterizing the oxide thickness and composition, 

room temperature tensile properties and bulk C content [28,29] have been measured to assess internal carburization.  

Glow discharge optical emission spectroscopy (GDOES) was used to characterize C ingress. 

2. MATERIALS AND METHODS 

 Table 1 lists the measured chemical compositions of the materials reported in this study.  Specimen coupons 

(~12 x 20 x 1.5mm) and dogbone tensile specimens (SS-3 type: 25.4 mm long, 0.76 x 5 mm gauge) were prepared 

with a 600 grit finish and ultrasonically cleaned in acetone and methanol prior to exposure.  Specimens were 

exposed in RG sCO2 (<5 ppm O2, <5 ppm H2O) for 500-h cycles in a vertically-oriented autoclave (~266 mm x 83 
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mm inner diameter) machined from alloy 282 with an alloy 282 specimen rack.  The autoclave was heated inside a 

three-zone furnace and the fluid flow rate was ~2 ml/min.  The specimens were heated to temperature over several 

hours (~2°C/min) in 30 MPa sCO2, held at temperature ±2°C and then cooled in sCO2 to room temperature.  For the 

controlled impurity experiments, two pumps, for sCO2 and H2O, were used, and O2 was added as a CO2–O2 gaseous 

mixture from a high pressure cylinder.  Based on gas flow rates, the O2 was calculated as 1.0 ± 0.2% and the H2O 

content as 0.1 ± 0.05% with the largest variations associated with issues with filters, valves and changing sCO2 

cylinders (usually twice per 500-h cycle). Additional details about the experiment have been previously provided 

[10,12,15,16,25-27]. 

 The specimens were weighed before and after exposure using a Mettler Toledo model XP205 balance with an 

accuracy of ±0.04 mg.  Room temperature tensile tests used a strain rate of 0.015/min per ASTM E8-13.  Bulk C 

was measured using combustion analysis and C profiles were measured using GDOES to quantify the C uptake 

using the starting measured composition in Table 1 as a reference [30].  For metallography, specimens with thin 

reaction products were copper plated before being sectioned.  Polished sections were then characterized using light 

microscopy and secondary electron microscopy (SEM) equipped with energy dispersive x-ray spectroscopy (EDS), 

using a TESCAN model MIRA3.  Reaction product thickness was measured using image analysis software with at 

least 30 measurements taken per specimen. 

 

3. RESULTS AND DISCUSSION 

 As mentioned above, Figure 1 provides background information on the effect of impurities at 750°C where 

steels would not likely be used.  The low impurity levels (e.g. 18 ± 16 ppm H2O measured in 10 gas cylinders [16]) 

in IG sCO2 did not significantly change the median mass change after 1000 h at 750°C compared to RG sCO2.  

However, the addition of 1%O2 and 0.25%H2O in this earlier study caused significant changes, especially for the Fe-

based alloys.  The largest mass changes were observed for the lowest alloyed steel, type 304H, Table 1.  When the 

1%O2 and 0.25%H2O were added individually, all of the steels, 304H, 25SS (Sanicro 25) and 310HN (310HCbN or 

HR3C)) were more strongly attacked by the sCO2+1%O2 environment, with similar mass changes as the 

sCO2+1%O2+0.25%H2O environment, Figure 1.  The Ni-based alloys were not as strongly affected by the impurity 

additions except for the low Cr superalloy 247 (MarM247).   
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 Now focusing on the four steels (T91, VM12, 316H and 709), the sCO2 exposures were conducted at 450°-

650°C and the mass change data has been reported previously [25-27].  Figure 2 shows the rate constants generated 

from the 2-4 median mass gain data points (after 2-4 500-h cycles) from 5-6 specimens of each alloy at each 

condition.  The rate constants were generated using a standard method [31] and are compared to values from the 

literature in sCO2 without impurities [9,21] shown as small circles.  For both 316H and FM steels, the results in RG 

sCO2 are very similar to the literature values.  A metric developed for CSP applications is shown as a horizontal 

dashed line in Figure 2.  Below this rate, which would only be achieved with a slower-growing Cr-rich oxide scale, 

scale spallation is not expected to be significant for a 100,000 h component lifetime [16].  Example rates for Ni-

based 740H are well below the metric at 800°C in RG sCO2.  While basing a rate on only 2 data points is not ideal, 

prior work indicated that the rate calculated after 1,000 h (2 cycles) was very similar to that calculated after 10,000 h 

exposures [16].  Selected longer exposures of these steels to at least 2,000 h ( 4, 500-h cycles) are currently in 

progress. 

 For the FM/CSEF steels, the rates were very high under these conditions and little benefit was observed for the 

higher Cr content in VM12 compared to T91, Table 1.  As has been reported in several studies [21,32,33], FM steels 

form duplex Fe-rich oxides in sCO2 and representative examples at each temperature are shown in Figure 3.  It 

should be noted that the rates observed for these FM steels are almost identical to those measured after 1000 h 

exposures in 28 MPa H2O [34] shown in Figure 2.  Also, it has been reported previously that Cr enrichment does not 

occur in the Fe-rich scale formed in steam at 550°C and below [35] because the Cr diffusion rate is too slow [36].  

Thus, higher Cr contents may be more effective at higher temperatures or might show a benefit for longer exposure 

times. 

 Consistent with the rate data in Figure 2, the addition of O2/H2O impurities increased the reaction rate on the 

T91 specimens at 450°C, resulting in a thicker oxide, Figures 3a and 3b.  Figure 4 shows that the oxide thickness on 

both FM steels after 1000 h exposures was affected by impurities with the oxide becoming more porous and less 

dense with examples shown in Figure 3.  At higher temperatures, the addition of impurities did not significantly 

increase the scale thickness or change the rate constants, Figure 2.  However, the higher O2 partial pressure with 

1%O2 did result in the formation of a Fe2O3 outer layer on all of the FM steel specimens, with examples in Figures 

3d and 3f, where Fe2O3 appears lighter using light microscopy.  In RG sCO2, only Fe3O4 was observed in the outer 

layer.  In both environments, an inner (Fe,Cr)3O4 layer formed. 
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 For the stainless steels, thin oxides formed at 450°C in both environments [27] with minor increases in the 

thickness measured with impurities, Figure 4.  In RG sCO2, the mass gains were very low for the alloy 709 samples 

resulting in very low rates in this temperature range, Figure 2, similar to rates measured for Ni-based alloys [9,16].  

Figure 5 shows images of the scales formed on 316H and 709 specimens after exposures at 550° and 650°C.  As 

reported earlier [25-27], even in RG sCO2, 316H was not able to form a protective Cr-rich scale at 650°C, Figure 5g.  

For the other cases, the increase in scale thickness with the addition of impurities was very dramatic, Figures 4 and 

5. 

 Characterization of the reaction products formed in RG sCO2 at 650°C using SEM/EDS was reported previously 

[25].  Figures 6 and 7 show SEM/EDS analysis of the scales formed at 650°C in sCO2+1%O2+0.1%H2O.  A rate 

constant was not reported for 316H at 650°C in sCO2+1%O2+0.1%H2O because the specimens lost mass due to 

spallation of the outer, Fe-rich oxide layer.  However, comparing Figures 5g and 5h, an outer Fe2O3 layer was 

retained on the surface after exposure in sCO2+1%O2+0.1%H2O.  An Fe2O3 layer would not be expected to form in 

RG sCO2 without impurities and the outer Fe2O3 layer in Figure 5h may have regrown during the second 500 h cycle.  

No outer layer was observed after sectioning the 316H specimen exposed in RG sCO2, Figure 5g.  The inner scale 

looked similar in both environments with Ni-enriched in this layer (Figure 6f) that is typically a mixture of metal 

and oxide [37].  The enrichment of Cr observed in Figure 6b may be due to initial carbide formation along alloy 

grain boundaries that was subsequently consumed by the oxidation front. 

 For alloy 709, the addition of impurities resulted in an apparent duplex oxide structure at both 550° and 650°C, 

Figures 5b and 5f.  Figure 7 shows that the inner layer formed at 650°C is Cr-rich while the outer layer is Fe-rich.  In 

this case, Ni appears to be enriched  in the underlying alloy with only a few Ni-rich precipitates incorporated into the 

much thinner reaction product.  A line profile (not shown) measured a Ni content of ~40 wt.% near the alloy surface 

where the Cr content was depleted to ~8.5%. 

 The focus on mass change and oxide thickness does not address the issue of C ingress and the possibility of 

degrading the mechanical properties, thereby reducing the maximum use temperature of steels in sCO2.  The tensile 

properties after 500 and 1000 h exposures have been previously reported [25-27].  Of particular interest is 

embrittlement and 316H showed a strong effect of temperature.  Figure 8 summarizes the effect on total elongation 

(i.e. ductility) as a function of specimen mass change.  The small mass changes measured at lower temperature 

reflect the formation of a Cr-rich oxide.  The addition of impurities (closed symbols) increased the mass gain but did 
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not affect ductility at 450° and 550°C after 500-1000 h.  However, at 650°C where the highest mass gains were 

measured due to the formation of a thick Fe-rich reaction product, Figures 5g and 5h, the total elongation was 

significantly reduced suggesting embrittlement due to C ingress.  Using bulk C measurements from the entire 

316H coupon specimen, only after exposure at 650°C for 1000 h was the C content strongly increased, Figure 9.  

Similar C ingress results are reported for T91 and VM12.  In contrast, alloy 709 only showed a minor increase in C 

content after 1000 h at 650°C with impurities where a duplex scale was observed, Figures 5f and 7.  Room 

temperature tensile testing of alloy 709 only showed a 50% drop in ductility after exposures at 650°C in sCO2 with 

impurities [39].  There was some general indication that the addition of impurities in the sCO2 increased C ingress at 

650°C but not for all materials.  More measurements are needed to improve the statistics and additional 

measurements will be made after 2,000 h exposures at 550° and 650°C.  Especially at 550°C, longer exposures may 

reveal increased C contents using this method. 

 The bulk C content measurements in Figure 9 do not provide any information about the C distribution or profile 

in the steels.  To gain more information, C profiles were measured using GDOES, Figure 10. Note that these results 

are in at.% whereas C values in Figure 9 were wt.%.  For 316H specimens exposed for 1000 h, there appeared to be 

very little C ingress at 450°C with or without impurities.  After exposure at 650°C, Figure 10a shows large C peaks 

observed in the substrate after sputtering through the thick inner oxide layer shown in Figures 5g and 5h. At 650°C, 

the C peak was higher when impurities were present in the sCO2.  However, more C ingress was detected without 

impurities at 550°C, Figure 10a.  For alloy 709, only 650°C specimens were examined and both Cr and C profiles 

are shown in Figure 10b.  No C ingress was detected after exposure to RG sCO2 while a significant peak was 

observed when impurities were added and the scale was duplex and contained Fe, Figures 5f and 7.  This result 

supports the hypothesis [16,23,40] that thin Cr-rich oxides (i.e. Figure 5e) are good barriers to C ingress and the 

formation of a duplex scale when impurities are added degrades the protection.  A remaining concern is if a higher 

alloyed steel like 709 can continue to form a protective Cr-rich scale after much longer exposures in sCO2.  High-

resolution analytical transmission electron microscopy has found Cr-C-O phases forming within the Cr-rich scale 

formed on alloy 709 in RG sCO2 at 650°C [41,42]. Previously, 25SS (Table 1) tested for 10,000 h at 750°C in IG 

sCO2 showed no evidence of C ingress [16].  However, longer testing at lower temperatures may be needed. 

 The next stage of the project is modeling C ingress and exploring the potential benefit of coatings [43,44] or 

surface modifications to increase the temperature window for using less expensive steels in sCO2 applications.  The 
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goal is to use the current short term information to predict C ingress after 100,000 h, especially at 550°-650°C where 

stainless steels might replace Ni-based alloys and at 450°-550°C where CSEF steels might replace more expensive 

(and lower strength) austenitic steels.  In addition to degrading the mechanical properties, significant long-term C 

ingress might also accelerate scale growth rates. 

CONCLUSION 

 The sCO2 compatibility of four representative steels was investigated in sCO2 with and without 1%O2 and 

0.25%H2O impurities at 30 MPa using 500-h cycles at 450°-650°C.  This level of impurities did not significantly 

change the reaction rates for 9-12%Cr FM steels above 450°C but increased reaction rates for both stainless steels at 

450°-650°C with the formation of a duplex Fe-rich scale at 550° and 650°C.  The formation of Fe-rich scales was 

correlated with C ingress and a drop in post exposure ductility, especially for 316H at 650°C.  There was not a clear 

correlation between the addition of impurities and increased C ingress. 
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Table 1.  Alloy chemical composition (mass %, balance Fe) determined by plasma and combustion analyses. 

Alloy Cr Ni Mo Mn Si C S* Other 
T91  8.6  0.3 0.9 0.5 0.4 0.10  6 0.2V,0.06Nb,0.045N 
VM12 11.5  0.4 0.4 0.4 0.4 0.12  3 1.6W,1.5Co,0.2V,0.04N 
316H 16.3 10.0 2.0 0.8 0.5 0.04  6 0.3Cu,0.3Co,0.04N 
709  20.1 25.2 1.5 0.9 0.4 0.06  3 0.2Nb,0.06Cu,0.15N 
304H 18.3 8.6 0.3 1.8 0.3 0.07 51 0.4Cu,0.2Co,0.06N 
310HN 25.5 20.3 0.1 1.2 0.3 0.05  4 0.3Co,0.4Nb,0.3N 
25SS 22.3 25.4 0.2 0.5 0.2 0.07  8 3.4W,3Cu,1.5Co,0.5Nb 
625  21.7 61.0 8.8 0.2 0.2 0.02 <3 4Fe,3.5Nb,0.2Ti,0.1Al 
230  22.6 60.5 1.4 0.5 0.4 0.10  9 12.3W,1.5Fe,0.3Al 
740H 24.5 49.7 0.3 0.3 0.2 0.03 17 21Co,1.5Nb,1.4Ti,1.4Al 
282  19.6 57.1 8.6 0.02 0.04 0.06 <3 10.6Co,2.2Ti,1.6Al 
247  8.5 59.5 0.7 < 0.03 0.16 <3 10Co,10W,3Ta,6Al,1.4Hf 
    * S in ppmw  < signifies less than 0.002 
 

 

Figure 1: Median mass gain of specimens in various environments after 1000 h at 750 °C.  Some data previously 

reported [15,16]. 
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Figure 2: Arrhenius plot of literature values (small circles [9,20]) and rate constants from this study in 30 MPa RG 

sCO2 (open symbols) and RG sCO2 with 1%O2 + 0.1%H2O (solid symbols).  Some data previously reported 

[16,25-27,34]. 

 

Figure 3: Light microscopy of polished cross-sections of (a,b,e,f) Grade 91 and (c,d) VM12 exposed for 1000 h at 

(a,b) 450°C, (c,d) 550°C and (e,f) 650°C in (a,c,e) RG sCO2 and (b,d,f) RG sCO2+1%O2+0.1%H2O.   



GTP-23-1610 Pint 13 

 

Figure 4: Average oxide thickness after 1,000 h exposure in 30 MPa RG sCO2 at each condition. The whiskers show 

one standard deviation.  Data adapted from [27]. 

 

Figure 5: Light microscopy of polished cross-sections of (a,b,e,f) 709 and (c,d,g,h) 316H exposed for 1000 h at (a-d) 

550°C and (e-h) 650°C in (a,c,e,g) RG sCO2 and (b,d,f,h) RG sCO2+1%O2+0.1%H2O. 
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Figure 6: (a) SEM secondary electron image of the inner scale formed on 316H after 1000 h at 650°C in 

sCO2+1%O2+0.1%H2O and (b-f) EDX maps of the same region. 

 

Figure 7: (a) SEM secondary electron image of the scale formed on 709 after 1000 h at 650°C in 

sCO2+1%O2+0.1%H2O and (b-f) EDX maps of the same region. 
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Figure 8: Mass change of 316H specimens plotted versus post-exposure room temperature total elongation for 500 

and 1000 h exposures in 30 MPa RG sCO2 (open symbols) and RG sCO2 with 1%O2 + 0.1%H2O (solid 

symbols).  The RG sCO2 data was previously reported [38]. 

 

Figure 9: Alloy C content measured after 1000 h exposures in each environment using combustion analysis and 

compared to starting C content.  Some data adapted from [27]. 
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a b  

Figure 10:  GDOES sputter depth profiles for 1000 h exposures in sCO2 with and without impurities (a) 316H and 

(b) 709.  In (b), both Cr and C profiles are shown. 


