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ABSTRACT 
 

Both indirect- and direct-fired supercritical CO2 cycles for high efficiency power generation are 

expected to have impurities that may greatly alter the compatibility of Fe- and Ni-based structural alloys in 

these environments.  Recent work has attempted to quantify reaction rates at 750°C in simulated laboratory 

environments with controlled impurity levels at ambient pressure, as well as under supercritical conditions 

(30 MPa).  With low impurity levels in research and industrial grade CO2, pressure appeared to have only 

a limited effect on oxide thickness and internal oxidation and reaction products were similar to those formed 

in laboratory air.  However, a direct-fired simulation at 750°C/30 MPa in CO2+1%O2+0.25%H2O has found 

an increased mass gain and characterization after 2,500 h exposures has found thicker reaction products, 

especially for Fe-based alloys.  At these impurity levels, pressure may have a significant effect on the role 

of impurities. 

Keywords:  supercritical CO2, compatibility, structural alloys, impurity effects 
 
 

INTRODUCTION 
 

 Supercritical CO2 (sCO2) is being investigated as a working fluid for a range of power generation 

applications including nuclear, fossil, concentrating solar power (CSP), geothermal and waste heat 

recovery, because of its unique properties and relatively low critical point (31°C/7.4 MPa) [1-6].  Several 

near-term applications including waste heat recovery have modest temperatures of ≤550°C, similar to the 

temperatures in the UK advanced gas cooled reactors operated at 4.3 MPa (i.e. subcritical) [7].  However,   
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CSP and fossil energy applications have targeted operation at >700°C to enable ≥50% system efficiency 

[8] with indirect-fired or closed cycles.  The proposed direct-fired or open sCO2 cycle [4,5] has the potential 

to achieve economical, “clean” fossil energy power generation by diverting the CO2 from combustion to 

sequestration or enhanced oil recovery.  However, combustion impurities in the sCO2 are a concern.  With 

ppm level of impurities, typical of indirect cycles, most sCO2 compatibility studies have shown protective 

behavior for highly alloyed Fe- and Ni-base structural alloys [9-26].  Nevertheless, commercial sCO2 

systems may start with lower purity CO2 compared to what is used in most laboratory experiments.  For 

direct-fired systems, the H2O and O2 residuals from the combustion of natural gas or coal-derived synthesis 

gas (i.e. syngas) [27] would be incorporated into the cycle as well as possibly S and Cl if syngas were 

combusted. 

 Considerable testing has been conducted at ambient pressure in CO2 with and without H2O, O2 and 

SO2 additions to support a variety of technologies including fuel cells, oxy-combustion of coal and the 

direct-fired sCO2 cycle [28-40].  In these experiments, the addition of H2O resulted in much faster oxidation 

rates, especially for Fe-base alloys [29-33,38-40].  The addition of O2 showed both positive and negative 

effects as has the addition of SO2 [35-37,40].  At high pressure, O2 additions have shown slightly negative 

effects [19,23] or little effect [24,41].  It has been suggested that combinations of H2O and O2 at high 

pressure could react with Cr-rich reaction products to form volatile Cr oxy-hydroxides [42,43] thereby 

accelerating the degradation rate (i.e. rate of Cr loss) of both Fe- and Ni-base alloys [44-46].  This 

degradation would be particularly important for thin-walled structures in heat exchangers.  Impurities could 

also assist in C permeating the protective surface oxide (either Cr2O3 or Al2O3).  While 9%Cr steels have 

shown severe internal carburization [7,12,29-32,41], higher alloyed materials at higher temperature have 

not shown much carbon ingress [18,38-40]. 

 In this study, several structural alloys were evaluated at 750°C with low level impurities in research 

grade (RG) and industrial grade (IG) CO2 at 0.1 and 30 MPa.  These results also were compared to air to 

create a performance baseline and to study the effect of pressure.  The same alloys were then exposed in a 

new experimental rig at 30 MPa to RG sCO2 with high impurity levels of 1%O2 and 0.25%H2O relevant to 

the direct-fired Allam cycle [4,5].  The structural alloys included two advanced austenitic steels, an 
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alumina-forming Ni-based superalloy (typically used for turbomachinery) and both solid solution (SS) and 

precipitation-strengthened (PS) [47-49] Ni-based alloys identified by the U.S. Advanced Ultrasupercritical 

Steam Consortium [50,51] for applications above 700°C.  These impurity levels at 30 MPa increased the 

specimen mass change, particularly for the Fe-based alloys. 

 
 

 EXPERIMENTAL PROCEDURE 
 
 The measured compositions of the alloys in this study are shown in Table 1.  Coupons (~12 x 20 x 

1.5mm) were hand polished to a 600 grit finish.  The tensile specimens used in these experiments were 

25mm long (designated SS-3) with a gage of 0.8x5mm, a surface area of ~1.9 cm2, and a 600 grit machined 

finish.  All specimens were ultrasonically cleaned in acetone and methanol prior to exposure.  All of the 

exposures used 500-h cycles at 750°C.  For 1 atm (0.1 MPa) exposures, the coupons were placed in an 

alumina boat in an alumina reaction tube with end caps.  The specimens were heated in RG argon to 750°C 

over 4 h to minimize oxidation of the samples prior to exposure to CO2, then held for 500 h in CO2 and 

cooled in argon to room temperature.  Gas flow rates were ~100 cc/min or ~0.1cm/s linear flow rate.  

Laboratory air (~50% relative humidity) exposures were conducted in a box furnace with heating and 

cooling in air using a similar schedule.  For the 30 MPa exposures, the experiments were conducted in an 

alloy 282 autoclave described previously [17,20,21].  Specimens were held on an alloy 282 sample rack in 

the vertically-oriented autoclave (~266 mm x 83 mm inner diameter) which was heated inside a three-zone 

furnace.  The specimens were slowly heated to temperature over several hours (~2°C/min) in sCO2, held at 

temperature ±2°C and then cooled in sCO2 to room temperature by lowering the furnace and using a cooling 

fan on the autoclave.  The fluid flow rate was ~2 ml/min.  Recently, the H2O content of the RG CO2 was 

measured by the vendor in 6 cylinders as 4.1±0.7 ppm and, in 10 cylinders of IG CO2 as 18.8±16.9 ppm 

with a range of <1 to 57 ppm.  Typically, the O2 levels were only listed as <50 ppm O2 in the IG CO2 And 

<5 ppm O2 in the RG CO2.  For the controlled impurity sCO2 experiments, three pumps were used for the 

sCO2, O2 and H2O and the O2 was delivered as a CO2-O2 gaseous mixture.  The O2 was calculated (based 

on gas flow) as 1.0±0.2% and the H2O content as 0.25±0.05% with most of the variation associated with 
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the change in sCO2 cylinders (typically twice per 500-h cycle) and operational issues such as filter plugging 

and valve leakage. 

 For all of the experiments, the specimen mass change was measured using a Mettler Toledo XP205 

balance with an accuracy of ~±0.04 mg or 0.01 mg/cm2.  After exposure, samples were copper plated before 

being sectioned and mounted for light microscopy.  Specimens were etched using aqua regia to measure 

internal oxidation.  Both oxide thickness and internal oxidation were measured using image analysis 

software with ~20-30 measurements taken for each specimen.  The specimens also were characterized using 

scanning electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS) and a Horiba 

GD Profiler 2 (Edison, NJ) glow discharge optical emission spectrometer (GDOES) for measuring depth 

profiles [52].  Room temperature tensile tests were performed with a strain rate of 10-3 s-1. 

 

RESULTS 
 

Figure 1 shows typical mass gain data for the specimens exposed at 30 MPa at 750°C.  The mass 

change from 5-10 specimens at each condition of each alloy are shown using box and whisker plots where 

the boxes are defined by the 25% and 75% values among the 3-10 specimens measured, the whiskers 

indicate the minimum and maximum values measured and the lines connect the median values for each 

alloy.  Solid lines for IG sCO2 and dashed lines for RG sCO2.  As the experiment progressed, specimens 

were removed for characterization so the boxes tend to get smaller at longer times and in some cases the 

variability was much higher than others as noted by the whiskers.  Examples are shown where the mass 

gain was slightly higher in RG sCO2 (617B) or in IG sCO2 (247) but generally only minor differences were 

observed.  A similar plot was made for the results at 0.1 MPa, Figure 2 with the dotted lines showing median 

values found in laboratory air without boxes.  At both pressures, nearly parabolic behavior was observed in 

each case.  Typically, the air-exposed specimens tended to show lower mass gains at longer times but there 

was no evidence of spallation, even after 10,000 h (shown elsewhere [26]).  One notable exception was the 

drop in mass observed for the 625 specimens in laboratory air, which continued at longer times without 

spallation and may be associated with Mo evaporation [26,53].  In both Figures 1 and 2, 282 specimens 
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showed higher mass gains.  This is attributed to the higher levels of Al and Ti in this alloy, which are known 

to accelerate Cr2O3 scale growth (particularly Ti [54-56]) and increase internal oxidation.  The similar mass 

gain for 282 and 247 suggests that the latter was not forming a protective alumina-scale in sCO2, Figure 1. 

To capture the performance of all of the structural alloys exposed, the median mass gain values at 

1,000, 2,500 and 5,000 h (i.e. 2, 5 and 10 cycles) for all of the alloys exposed at 750°C are shown in Figure 

3.  One specimen of each alloy also was removed at these times for characterization as shown below.  In 

general, the median mass gains formed in the various RG and IG environments were not significantly 

different than those measured in laboratory air.  In a few cases, pressure appeared to affect the results, 

particularly for the Fe-based alloys 25 and 310HCbN.  However, in most cases, the difference between the 

0.1 and 30 MPa results were minimal.  Likewise, there were only minor differences between RG and IG 

CO2 and sCO2.  In general, the lowest mass gains were measured for the SS Ni-based alloys, 617B, 625 and 

230, which have relatively low levels of Al and Ti and ~22%Cr, Table 1.  The two heats of alloy 282 had 

the highest mass gains due to the higher levels of Al and Ti [17].  Both alloys 740 and 282 have higher 

levels of Al and Ti to form the g´ strengthening phase, Table 1.  The superalloy 247 specimens also showed 

relatively high mass gains in most cases, again suggesting that a slow-growing alumina scale was not 

formed under these conditions, perhaps because of the relatively low temperature.  The greatest variability 

was noted for the two Fe-based alloys. 

 Figure 4 shows light microscopy cross-sections of the specimens removed after 5,000 h.  The 

micron markers indicate that the reaction products were generally thin under all of these conditions, which 

is consistent with the low mass gains shown in Figure 1-3.  Minimal internal oxidation was observed for 

the alloys with low Al and Ti additions, 310, 625 and 230.  Much more internal oxidation was observed for 

the PS alloys 740 and 282.  The scale also appears thicker, which has been attributed to an effect of the Ti 

addition [54-56].  Significant internal oxidation also was observed for alloy 247 specimens, which is 

consistent with the high mass gain and confirms that this alloy has difficulty forming an external alumina 

scale at this temperature, even in air.  Some internal oxidation also is associated with the 1.4%Hf level in 
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this alloy [17].  Prior work had shown relatively minor C ingress, even for the Fe-based alloys, at this 

temperature [52]. 

 To confirm the similar oxidation behavior, Figure 5 shows box and whisker plots of the oxide 

thickness and depth of internal attack measured for four of the alloys after exposures in air and IG CO2 and 

sCO2.  Consistent with mass change data and the images in Figure 4, the reaction products formed in these 

three environments were similar in thickness.  The variability in oxide thickness and internal oxidation does 

not appear to be dependent on the environment in Figure 6. 

 Figure 6 shows the first 30 MPa results with controlled impurities of 1%O2 and 0.25%H2O to 

simulate the direct-fired cycle.  A total of 5 specimens of each alloy were exposed with specimens removed 

after 1,000 and 2,500 h for characterization.  For comparison, median values for IG sCO2 are shown as 

dashed lines in Figure 6.  The median mass gains for all of the alloys are shown in Figure 3.  Particularly 

for the Fe-based alloys, higher mass gains were observed with the high impurity levels.  While the mass 

gains were increasing for the Fe-based 25 alloy, most of the 310 specimens showed mass loss associated 

with scale spallation.  Higher mass gains also were observed for some Ni-based alloys, with a large scatter 

observed for the 625 specimens in Figure 6. 

 Figure 7 shows examples of the reaction products formed in the high impurity experiment 

compared to those formed in RG sCO2 after 1,000 h and 2,500 h.  While the Fe-based alloys were more 

strongly affected by the impurity additions, even the Ni-based alloys showed thicker reaction products.  

Figure 8 quantifies the change in oxide thickness after 2,500 h for all of the alloys.  While only modest 

changes were noted for some of the Ni-based alloys, the Fe-based alloys showed the largest increase in 

sCO2+1%O2+0.25%H2O.  Note that the 310H oxide thickness may have been reduced by scale spallation 

(Figure 6) but the areas shown in Figure 7 did not appear to be spalled. 

 To determine the composition of the reaction product, scales were examined by SEM/EDS.  Figure 

9 shows the mixed oxide formed on alloy 247.  Rather than a distinct, Ni-rich outer layer, the scale appears 

to be enriched in Cr at the gas interface and Al internally oxidized near the metal interface.  Figure 10 shows 

the scale formed on Fe-based alloy 25.  Rather than the classic, duplex scale structure with an outer layer 
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enriched in Fe, the scale appears to be mainly enriched in Cr with some Fe in the outermost scale.  To 

further probe this structure, Figure 11 compares GDOES depth profiles of the scales formed on alloy 25 

after 2,500 h in RG sCO2 and sCO2+1%O2+0.25%H2O.  In RG sCO2, the structure appears typical with Fe 

and Mn enriched at the gas interface, the scale mainly Cr-rich with a Cr depletion layer in the adjacent 

substrate and a small Si enrichment at the metal-scale interface, Figure 11a.  The thicker scale formed in 

impure sCO2 is unusual in that the Mn peak was still at the gas interface, but Fe and Ni peaks occurred 

within the scale with Cr peaks above and below, Figure 11b.  The other alloys showed more conventional 

results.  The scale on 625 also contained an Fe peak after exposure in sCO2+1%O2+0.25%H2O for 2,500 h.  

No similar Fe enrichment was observed after exposure in IG sCO2 [53,57]. 

 Finally, tensile specimens of four alloys were included in the 30 MPa tests in RG sCO2 and 

sCO2+1%O2+0.25%H2O.  Figure 12 shows the changes in yield stress (YS) and total elongation for 

exposures up to 4,000 h and compared to as-received properties (0 h).  Similar to previous data obtained 

for only 500 h [21], the 740 specimens increased in YS and decreased in ductility after the initial exposure.  

The 247 specimens showed lower ductility that slightly increased with exposure.  The 310HCbN specimens 

showed an upward trend in yield stress and decrease in ductility with time, perhaps suggesting some effect 

of the environment.  In particular, after 4,000 h in the high impurity environment, the ductility dropped to 

0.2%, unlike behavior of two specimens exposed in RG sCO2, Figure 12b.  Finally, 304H specimens were 

added to include a material that was not expected to perform well at 750°C in sCO2.  These specimens were 

heavily oxidized and all showed a large drop in ductility and an initial increase in yield stress suggesting C 

ingress.  Because of the dramatic change for 304H, additional specimens were exposed in laboratory air, 

for 500 h in the high impurity environment and for 160 h (16 x 10-h cycles) in IG CO2.  Figure 12 shows 

that the air exposures did not increase the yield stress and only modestly decreased the ductility.  The shorter 

exposures in CO2 or sCO2 also dramatically reduced the ductility.  Overall, the tensile behavior of these 

materials did not appear to be strongly affected by the impurity levels with the exception of 310 after 4,000 

h.  Further characterization of these specimens is in progress. 
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DISCUSSION 
 

 
 The baseline data in RG and IG CO2 appears to confirm that low impurity levels have limited effects 

on compatibility and that pressure (0.1 vs. 30 MPa) has little effect on the oxidation rate.  However, the 

high impurity exposures at 30 MPa suggest that impurities can affect the reaction rates, especially for Fe-

based alloys.  The difference between Fe-based and Ni-based alloys is likely attributed to the C solubility 

differences [18], with the much lower C solubility in Ni-based alloys making C ingress unlikely.  It was 

initially surprising that very little internal carburization was measured for these alloys at 750°C [52] despite 

the high C activity at the metal-scale interface [58,59].  One hypothesis is that a dense Cr2O3 layer may be 

a better barrier to C ingress than a mixed oxide that might form at lower temperatures where Cr is less 

mobile.  More work is needed to fully characterize the specimens exposed to the high impurity sCO2 

environment.  However, even the modest increases in the reaction rates observed could have significant 

implications for thin-walled recuperators needed for sCO2 power blocks [24].  These results are similar to 

those reported for O2 additions to sCO2 [19,23].  Further work is needed to understand if O2, H2O or a 

combination is primarily responsible for the observed increase in oxide thickness. 

 Since the oxides formed at 750°C, even for 5,000 h, are relatively thin, there is not much that can 

be learned from only light microscopy, Figure 4 or even SEM, Figures 9 and 10.  Scales formed on alloy 

625 for 1,000 and 5,000 h in IG sCO2, CO2 and air have been examined by transmission electron microscopy 

[53,57].  Similar characterization is needed for the scale formed in sCO2+1%O2+0.25%H2O to better 

understand these observations. 

 The internal oxidation observed for the PS alloys is similar to previous observations in steam and 

air.  It is not surprising that Al and Ti oxidize beneath a Cr-rich scale.  The rates were studied extensively 

at 800°C and were found to be acceptably low [60].  The high impurity sCO2 environment did not appear 

to dramatically change that result.  Characterization of the 5,000 h specimens is in progress. 

 Although all of the experiments used 500-h cycles, the procedures used in the various exposures 

was slightly different and that could affect the results.  A standard procedure for mixed gases including 

H2O at ambient pressure uses heating in argon as H2O cannot be introduced at low temperatures.  That 



 9 

procedure was adopted for the 0.1 MPa IG and RG CO2 experiments but was not used for the air or sCO2 

experiments.  For the sCO2 autoclaves, it is necessary to pressurize the system to check for leaks before 

significant heating occurs.  Thus, the specimens are heated in sCO2, which may be more aggressive than 

heating in argon.  However, the similar result in the various IG and RG CO2/sCO2 conditions (Figure 3) 

suggests that the procedural differences may have only minor effects on behavior. 

 One of the original motivations for studying the effect of pressure was the difficulty of doing 

experiments in the supercritical regime at high temperature.  The large database at ambient pressure could 

be useful in predicting impurity effects.  However, the 30 MPa results in sCO2+1%O2+0.25%H2O now 

suggest that high pressure experiments are needed to study impurity effects as ambient pressure experiments 

with much higher O2 and H2O levels did not provide similar information [38-40].  Future work should focus 

on the high impurity levels at lower temperatures more relevant to those expected for ferritic and austenitic 

steels.  If combustion impurities also accelerate growth at lower temperatures, the maximum use 

temperatures for steels may need to be reconsidered [22,24].  Also, tensile properties may be a useful 

technique for tracking and quantifying environmental effects like C ingress in these materials and provide 

useful information for system designers looking for less expensive steels for sCO2 power block components. 

 
SUMMARY 

 

Impurities are a concern for both direct- and indirect-fired supercritical CO2 (sCO2) cycles for high 

efficiency power generation.  For indirect applications, comparison 500-h cycles were conducted at 750°C 

at 0.1 and 30 MPa with research grade and industrial grade CO2.  Commercial Fe- and Ni-base structural 

alloys were exposed in each environment and reaction products were characterized for exposures up to 

5,000 h.  Only minor differences were noted between these two grades of CO2 and little effect of pressure 

was observed.  For direct-fired or open cycles, a test rig has been built to conduct similar exposures at 

750°C/30 MPa in CO2+1%O2-0.25%H2O.  The initial characterization indicated that the impurities 

accelerated scale growth for most materials and especially for Fe-based alloys. 
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Figure Captions 

Figure 1.  Specimen mass gain data for 500-h cycles at 750°C in 30 MPa IG and RG sCO2. Box and 
whisker plots show data for 3-10 specimens exposed with solid lines connecting the median values of the 
IG data.  Shaded boxes and dashed lines indicate the RG data. 
 
Figure 2.  Specimen mass gain data for 500-h cycles at 750°C in 0.1 MPa IG and RG CO2 and laboratory 
air.  Box and whisker plots show data for 3-10 specimens exposed with IG (open box) and RG (shaded 
box) with solid and dashed lines, respectively, connect the median values.  Dotted lines connect the 
median values in air. 
 
Figure 3.  Median specimen mass gain values after 1,000, 2,500 and 5,000 h exposures at 750°C in six 
different environments. 
 
Figure 4:  Light microscopy of polished cross-sections of specimens exposed for 5,000 h at 750°C in (a) 
0.1 MPa IG CO2, (b) 30 MPa IG CO2, (c) 0.1 MPa RG CO2, (d) 30 MPa RG CO2 and (e) 0.1 MPa 
laboratory air. 
 
Figure 5.  Box and whisker plots of (a) oxide thickness and (b) depth of internal oxidation for alloy 310, 
230, 740 and 282 specimens exposed at 750°C in air and 0.1 and 30 MPa IG sCO2. 
 
Figure 6.  Specimen mass gain data for 500-h cycles at 750°C and 30 MPa.  Box and whisker plots show 
data for 3-5 specimens exposed in sCO2+1%O2+0.25%H2O.  The dashed lines show median values for IG 
sCO2 from Figure 1. No boxes are shown for the 310H specimens for clarity. 
 
Figure 7.  Light microscopy of polished cross-sections of specimens exposed at 750°C and 30 MPa for 
1,000 h in (a) RG sCO2 and (b) sCO2+1%O2+0.25%H2O and 2,500 h in (c) RG sCO2 and (d) 
sCO2+1%O2+0.25%H2O. 
 
Figure 8.  Box and whisker plots of the oxide scale thicknesses formed after 2,500 h at 750°C at 30 MPa 
in RG sCO2 and sCO2+1%O2+0.25%H2O. 
 
Figure 9.  (a) SEM secondary electron image of the scale formed on alloy 247 after 1000 h at 750°C in 30 
MPa sCO2+1%O2+0.25%H2O and associated EDS maps of the same region (b) Ni, (c) O, (d) Al, (e) Cr 
and (f) W. 
 
Figure 10. (a) SEM secondary electron image of the scale formed on Fe-based alloy 25 after 1000 h at 
750°C in 30 MPa sCO2+1%O2+0.25%H2O and associated EDS maps of the same region (b) Ni, (c) O, (d) 
Fe, (e) Cr and (f) Nb. 
 
Figure 11.  GDOES sputter depth profiles of the scale formed on Fe-based alloy 25 after 1000 h at 750°C 
in 30 MPa (a) RG sCO2 and (b) sCO2+1%O2+0.25%H2O. 
 
Figure 12.  Room temperature tensile properties for four alloys as a function of exposure time at 750°C in 
30 MPa RG sCO2 and sCO2+1%O2+0.25%H2O, (a) yield stress and (b) total elongation.  Several 304H 
specimens were oxidized in laboratory air at 750°C to compare the behavior in sCO2. 
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Table 1.  Chemical composition of the alloys measured by inductively coupled plasma and combustion 
analyses in mass%.  UNS numbers are included where available. 

Alloy  Fe   Ni  Cr Al Other 
 Austenitic Fe-base chromia-forming steels 
304H  70.0  8.6 18.3  < 1.8Mn,0.4Cu,0.3Mo,0.3Si,0.07C,0.06N 
25 SS  42.6 25.4 22.3 0.03 3.4W,3.0Cu,1.5Co,0.5Mn,0.5Nb,0.2Si,0.2N 
310HCbN 51.3 20.3 25.5  < 0.3Co,0.4Nb,1.2Mn,0.3Si,0.3N,0.05C   
 Ni-base chromia-forming alloys 
625   4.0 61.0 21.7 0.1 8.8Mo,3.5Nb,0.2Ti,0.2Si,0.2Mn,0.1Cu,0.1Co 
230   1.5 60.5 22.6 0.3 12.3W,1.4Mo,0.5Mn,0.4Si 
617B   1.2 54.6 22.3 1.0 11.9Co,8.2Mo,0.4Ti,0.05Si,0.04Mn,0.005B 
282 (Heat 1)  0.2 57.1 19.6 1.6 10.6Co,8.6Mo,0.04Si,2.2Ti,0.02Mn 
282 (Heat 2)  0.2 57.7 19.4 1.6 10.5Co,8.3Mo,0.05Si,2.1Ti,0.06Mn 
740   0.1 49.7 24.5 1.4 20.6Co,1.5Nb,1.4Ti,0.3Mn,0.2Si 
 Ni-base alumina-forming superalloy 
247  0.07 59.5  8.5 5.7 9.8Co,9.9W,0.7Mo,3.1Ta,1.0Ti,1.4Hf 
  < indicates less than 0.01% 
 
 

 
Figure 1.  Specimen mass gain data for 500-h cycles at 750°C in 30 MPa IG and RG sCO2. Box and 
whisker plots show data for 3-10 specimens exposed with solid lines connecting the median values of the 
IG data.  Shaded boxes and dashed lines indicate the RG data. 
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Figure 2.  Specimen mass gain data for 500-h cycles at 750°C in 0.1 MPa IG and RG CO2 and laboratory 
air.  Box and whisker plots show data for 3-10 specimens exposed with IG (open box) and RG (shaded 
box) with solid and dashed lines, respectively, connect the median values.  Dotted lines connect the 
median values in air. 
 

 
Figure 3.  Median specimen mass gain values after 1,000, 2,500 and 5,000 h exposures at 750°C in six 
different environments. 
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Figure 4.  Light microscopy of polished cross-sections of specimens exposed for 5,000 h at 750°C in (a) 
0.1 MPa IG CO2, (b) 30 MPa IG CO2, (c) 0.1 MPa RG CO2, (d) 30 MPa RG CO2 and (e) 0.1 MPa 
laboratory air. 
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Figure 5.  Box and whisker plots of (a) oxide thickness and (b) depth of internal oxidation for alloys 310, 
230, 740 and 282 specimens exposed at 750°C in air and 0.1 MPa IG CO2 and 30 MPa IG sCO2. 
 

 
Figure 6.  Specimen mass gain data for 500-h cycles at 750°C and 30 MPa.  Box and whisker plots show 
data for 3-5 specimens exposed in sCO2+1%O2+0.25%H2O.  The dashed lines show median values for IG 
sCO2 from Figure 1. No boxes are shown for the 310H specimens for clarity. 
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Figure 7.  Light microscopy of polished cross-sections of specimens exposed at 750°C and 30 MPa for 
1,000 h in (a) RG sCO2 and (b) sCO2+1%O2+0.25%H2O and 2,500 h in (c) RG sCO2 and (d) 
sCO2+1%O2+0.25%H2O. 
 

 
Figure 8.  Box and whisker plots of the oxide scale thicknesses formed after 2,500 h at 750°C at 30 MPa 
in RG sCO2 and sCO2+1%O2+0.25%H2O. 
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Figure 9.  (a) SEM secondary electron image of the scale formed on alloy 247 after 1000 h at 750°C in 30 
MPa sCO2+1%O2+0.25%H2O and associated EDS maps of the same region (b) Ni, (c) O, (d) Al, (e) Cr 
and (f) W. 
 

 
Figure 10. (a) SEM secondary electron image of the scale formed on Fe-based alloy 25 after 1000 h at 
750°C in 30 MPa sCO2+1%O2+0.25%H2O and associated EDS maps of the same region (b) Ni, (c) O, (d) 
Fe, (e) Cr and (f) Nb. 
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a b  
Figure 11.  GDOES sputter depth profiles of the scale formed on Fe-based alloy 25 after 1000 h at 750°C 
in 30 MPa (a) RG sCO2 and (b) sCO2+1%O2+0.25%H2O. 
 

  
Figure 12.  Room temperature tensile properties for four alloys as a function of exposure time at 750°C in 
30 MPa RG sCO2 and sCO2+1%O2+0.25%H2O, (a) yield stress and (b) total elongation.  Several 304H 
specimens were oxidized in laboratory air at 750°C to compare the behavior in sCO2. 


