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ABSTRACT

Supercritical CO2 (sCO2) is of interest as a working fluid for several concepts including the direct-
fired Allam cycle as a low-emission fossil energy power cycle.  Over the past 10 years, laboratory 
exposures at 300 bar sCO2 have found reasonably good compatibility for Ni-based alloys at 
≤800°C, including an assessment of the sCO2 impact on room temperature mechanical properties 
after 750°C exposures.  However, initial screening tests at 1 and 20 bar CO2 at 900°-1100°C showed 
poor compatibility for Ni-based alloys.  In an open cycle, the introduction of 1%O2 and 0.1-
0.25%H2O impurities at 300 bar increased the reaction rates ≥2X at 750°C.  At lower temperatures, 
steels are susceptible to C ingress and embrittlement.  Creep-strength enhanced ferritic steels may 
be limited to <550°C and conventional stainless steels to <600°C.  Two strategies to increase those 
temperatures are higher Ni and Cr alloying additions and Al- or Cr-rich coatings.  Alloy 709 (Fe-
20Cr-25Ni) shows some promising results at 650°C in sCO2 but reaction rates were accelerated 
with the addition of O2 and H2O impurities.  Pack aluminized and chromized Gr.91 (Fe-9Cr-1Mo) 
and type 316H stainless steel show some promise at 600°-650°C but further coating optimization 
is needed.

INTRODUCTION

In the search for clean, dispatchable power generation, the direct-fired or open supercritical CO2 
(sCO2) Allam cycle is a potentially economical, zero-emission electricity source from fossil fuels 
[1,2].  Indirect or closed sCO2 cycles also can be attractive for nuclear, concentrating solar power 
(CSP), geothermal, and waste heat recovery applications [3-7] as the unique sCO2 physical 
properties enable high efficiencies [8].  Ten years ago, there was a significant concern about 
structural material compatibility to enable sCO2 cycles at >700°C and >50% cycle efficiency, 
especially with the O2 and H2O impurities in the Allam cycle.  Since then, several studies found 
good compatibility of Ni-based alloys in sCO2 [9-16], even with impurities present [17-20].  
Nevertheless, sCO2 has a low critical point (31°C/74 bar) so a sizable portion of the cycle operates 
at <650°C.  To be commercially competitive, lower cost Fe-based materials are needed at these 
lower temperatures.  However, there is a significant historical concern about steels exposed to CO2 
environments [21] dating back to the severe internal carburization observed in Grade 9 (Fe-9Cr-
1Mo) steel in the UK advanced gas cooled reactors (AGRs) operated with sub-critical 43 bar CO2 
at <550°C [22].  More recent sCO2 studies have concluded that 9-12%Cr ferritic-martensitic (FM), 
or creep-strength enhanced ferritic (CSEF) steels are limited to 450°C in sCO2 [23] and 
conventional austenitic stainless steels begin to show accelerated attack in sCO2 at ~600°C [9,23-
27].  These are lower temperature limits than supercritical steam [28-30] and it increases the need 
for more expensive Ni-based alloys if this issue cannot be addressed.



A recently concluded, multi-year experimental program focused on determining the maximum use 
temperature of CSEF and austenitic steels in sCO2 with and without O2 and H2O impurities at 450°-
650°C [20,27,31-34]. Two strategies were investigated to increase the sCO2 temperature limit.  For 
austenitic steels, increasing the Cr and Ni contents appears to improve sCO2 compatibility.  Also, 
initial results on Cr- and Al-rich coatings on lower alloyed steels builds upon prior work in steam 
and CO2 [35-42].  Initial exposures at 650°C in sCO2 revealed some limitations of coatings, 
especially with impurities [32-34].  Subsequent work at 600°C is the focused of these results.

EXPERIMENTAL PROCEDURES

The measured chemical compositions of the exposed materials are shown in Table 1.  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, 0.7mm thickness) were prepared to a 600-grit finish and ultrasonically cleaned in 
acetone and methanol prior to exposure.  Exposures in 500-h cycles were conducted in research 
grade (RG) sCO2 (<5 ppm O2, <5 ppm H2O) in a vertically-oriented autoclave (~266 mm x 83 mm 
inner diameter). Both autoclave and specimen rack were made from alloy 282.  A 3-zone furnace 
heated the autoclave to the hold temperature (±2°C) over several hours (~2°C/min) with 300 bar 
sCO2 (~2 ml/min) present during heating and cooling.  For the controlled impurity experiments 
[18,20], individual pumps for H2O and sCO2 were used, while O2 was added as a CO2–O2 gaseous 
mixture from a high-pressure cylinder.  The O2 was calculated as 1.0 ± 0.2% and the H2O content 
as 0.1 ± 0.05% based on gas flow rates with the largest variations associated with issues with filters, 
valves and changing sCO2 cylinders (usually twice per 500-h cycle).

Subcritical RG CO2 exposures were conducted using 500-h cycles in the “Keiser” test rig [43,44] 
with parallel Hexoloy (SiC) containment tubes and the specimens held on a vertical alumina tube 
using alumina rods through holes in the coupons.  The specimens were slowly heated to temperature 
in argon and then exposed to the same RG CO2 gas (typical vendor measured H2O content of 
4.1±0.7 ppm) with one tube at 1 bar and the second at 20 bar total pressure.

Table 1: Alloy compositions measured by inductively coupled plasma and combustion analyses

Alloy Fe Cr Ni Mo Mn Si C S* Other
Gr.91 88.8  8.6  0.3 0.9 0.46 0.35 0.10 6 0.2V,0.06Nb,0.045N
VM12 83.3 11.5 0.4 0.4 0.4 0.4 0.12 3 1.6W,1.5Co,0.2V,0.04N
316H 69.5 16.3 10.0 2.0 0.84 0.46 0.041 6 0.3Cu,0.3Co,0.04N
709 51.3 20.1 25.2 1.5 0.89 0.41 0.064 3 0.2Nb,0.06Cu,0.15N
304H 70.0 18.3 8.6 0.3 1.8 0.3 0.07 51 0.4Cu,0.2Co,0.06
310HN 51.3 25.5 20.3 0.1 1.2 0.3 0.05 4 0.3Co,0.4Nb,0.3N
25SS 42.6 22.3 25.4 0.2 0.5 0.2 0.07 8 3.4W,3Cu,1.5Co,0.5Nb
825 30.8 22.7 39.5 3.0 0.55 0.35 0.02 <5 1.7Cu,1.0Ti,0.2Al,0.02Hf
625 4.0 21.7 61.0 8.8 0.2 0.2 0.02 <3 4Fe,3.5Nb,0.2Ti,0.1Al
230 1.5 22.6 60.5 1.4 0.5 0.4 0.10 9 12.3W,0.3Al
693 4.8 28.6 62.1 0.03 0.19 0.05 0.03 <3 3.1Al,0.6Nb,0.4Ti
740H 0.1 24.5 49.7 0.3 0.3 0.2 0.03 17 21Co,1.5Nb,1.4Ti,1.4Al
282 0.2 19.6 57.1 8.6 0.02 0.04 0.06 <3 10.6Co,2.2Ti,1.6Al
738 0.03 16.5 60.8 1.7 < 0.01 0.01 3 8.6Co,3.4Ti,3.7Al,2.6W,1.8Ta
247 0.07   8.5 59.5 0.7 < 0.03 0.16 <3 10Co,10W,3Ta,6Al,1.4Hf
X4 0.05   6.4 60.8 0.6 < 0.02 0.004 <3 10Co,7Ta,6W,3Re,1Ti,.08Hf

    * S in ppmw < signifies less than 0.002



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 carbon contents were measured using combustion analysis.  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.  Creep and creep-fatigue testing was performed on seamless tubing where the walls 
were thinned to allow rupture in a reasonable time.  End caps were welded onto tube segments that 
were pressurized and exposed at 750°C until rupture.

RESULTS AND DISCUSSION

Figure 1 summarizes the rate constants generated from the 2-20 median mass gain data points (after 
2-20 500-h cycles) from 4-10 specimens of each alloy at each condition.  The rate constants were 
generated using a standard method [45] and are compared to values from the literature in sCO2 
without impurities [11,14] shown as small circles.  A metric developed for CSP applications [16] 
is shown as a horizontal dashed line in Figure 1.  The Ni-based alloys shown here, 625, 282 and 
740H, all meet the metric up to 800°C (the limit of 300 bar sCO2 autoclave testing).  While many 
of the conventional Fe-based alloys showed higher rates at 600°-650°C

At 800°C, only 2 cycles were run on specimens and Figure 2 provides examples of some of the 
scales formed under these conditions.  As noted previously, Al and Ti internally oxidized beneath 
the Cr-rich oxide formed on alloys like 282 and 740H, but this is similar to behavior in 1 bar CO2 
and laboratory air [16].  Two examples are shown in Figure 2a to emphasize that similar results 
were obtained for specimens run in 2016 and 2022.  With low levels of Al and Ti (Table 1), alloy 
625 forms a thinner scale.  The higher Al levels in superalloys 247 and X4 can result in thinner 
surface oxides and less internal oxidation, Figures 2c and 2f.  Finally, alloy 825 is expected to be 
less expensive because it contains >30%Fe (Table 1) and none of the expensive alloying elements 
like Co and Mo.  Nevertheless, it formed an oxide similar in thickness to other Ni-based alloys, 
Figure 2e.  The Cu plating shown in Figure 2 is used to protect the reaction product, however, it 
can separate from the specimen and make the oxide appear thicker.  The gap between the Cu plating 
and oxide is noted in Figure 2e.

Figure 1: Arrhenius plot of literature values (small circles)[11,14] and rate constants in 300 bar 
RG sCO2 (open symbols)[16,27] and RG sCO2+1%O2+0.1%H2O (solid symbols) [20,33].



Figure 2: Light microscopy of polished sections of alloy specimens exposed for 1,000 h at 800°C 
in RG sCO2: (a) 282 (examples from specimens run in 2016 and 2022), (b) 740H, (c) 247, (d) 

625, (e) 825 and (f) single crystal superalloy X4.

Figure 3a summarizes mechanical testing performed at 750°C on pressurized tube specimens tested 
to failure with either air or sCO2 inside. The Larson Miller Parameter (LMP) captures the time and 
temperature of the creep tests.  After initially testing 740H specimens over a large range of stresses, 
the other alloys were subsequently tested only at lower stresses for longer times.  For all the alloys 
tested, there was no statistically significant debit for creep testing with sCO2 compared to testing 
with air, Figure 3a.  The higher stresses used for alloys 740H and 282 reflect the higher strength of 
these alloys compared to alloy 625 and the Sandvik stainless steel alloy 25.  To capture the cyclic 
nature of the application, Figure 3b shows creep-fatigue results for pressurized 740H tube 
specimens tested with air and sCO2.  Each 8 min cycle consisted of pressurizing to 410 bar, a 6 min 
hold and then depressurizing, while the specimen was held at 750°C.  For this material under these 
conditions, there appeared to be a debit in fatigue lifetime in sCO2 compared to air.  The lifetime 
had been calculated to be 3,000 cycles under these conditions and only tests with sCO2 failed to 
meet that lifetime.

Figure 4 shows mass change from subcritical testing of several Ni-based alloys at temperatures of 
900°-1100°C in laboratory air and 1 and 20 bar RG CO2 [46].  The sCO2 autoclave is not capable 
of temperatures above 800°C.  Unlike the 700°-800°C sCO2 results, the 1 and 20 bar CO2 

a b
Figure 3: (a) Larson Miller Parameter (LMP) calculated for each rupture versus the applied 

hoop stress is shown for the sCO2 and pressurized air experiments at 750°C. Since the 625 and 
25 specimens overlapped, an offset is used to clearly show the data. The hoop stress at 300 bar is 

shown for the wall thickness of the alloy 740H specimens. (b) Cycles to failure for 740H tube 
specimens pressurized at 750°C with air or CO2. Each cycle consisted of a 6 min hold at 410 bar.



Figure 4. Specimen mass change data for alloy specimens exposed to air (open symbols), RG 
CO2 in 1 bar (half symbols) and 20 bar (closed symbols) as a function of exposure temperature. 
All of the 900°C exposures were 1000 h but 500 h exposures were used at higher temperatures 

when large mass changes were observed [46].

environment led to enhanced mass gains and losses with the formation of Ni-rich oxides (i.e. less 
protective scales) and spallation, especially at 1100°C [46].  While the behavior has not been fully 
explored as to the reason for the degradation in CO2, the temperature window for using Ni-based 
alloys appears to be finite.

Regarding the effect of O2 and H2O impurities in sCO2 relevant to the Allam cycle [1,2], Figure 5 
shows a comparison of Fe- and Ni-based alloy specimen mass gains in different 300 bar 
environments compared to laboratory air after 1000 h at 750°C [20].  The impurity levels (e.g. 18 
± 16 ppm H2O measured in 10 gas cylinders [16]) in industrial grade (IG) sCO2 did not significantly 
change the median mass change compared to RG sCO2. To simulate the Allam cycle, the O2 
additions were 1% and the H2O additions were 0.25% to reflect the portion of the cycle after the 
H2O is dropped out before the sCO2 returns to the combustor.  The Fe-based alloys were strongly 
affected by impurities, with the lowest alloyed steel, type 304H (Table 1) having large mass gains 
and losses depending on the Fe-rich oxide adhesion.  Comparing when the 1%O2 and 0.25%H2O 

Figure 5. Median mass gain of specimens in various environments after 1000 h at 750 °C.  Based 
on [20].



were added individually, all the steels, 304H, 25SS (Sanicro 25) and 310HN (310HCbN or HR3C)) 
were more strongly attacked (more Fe-rich oxide formation) by the sCO2+1%O2 environment, with 
similar mass changes as the sCO2+1%O2+0.25%H2O environment, Figure 5.  The Ni-based alloys 
were not as strongly affected by the impurity additions except for the low Cr superalloy 247 (i.e. 
MarM247), where higher mass gains were measured when O2 was present with or without H2O due 
to the formation of a less protective oxide scale [18].

The more recent test matrix focused on steels and the effect of 1%O2 and 0.1%H2O impurities.  
Returning to Figure 1, the rates for the FM/CSEF steels were high above 500°C and little benefit 
was observed for the higher Cr content in VM12 compared to T91, Table 1, under these conditions.  
As has been observed previously [23-25], FM steels form duplex Fe-rich scales in sCO2 and the 
results have been reported previously [18,20,34].  However, it should be noted that the rates 
observed for these FM steels are similar to those measured in 276 bar H2O [47], Figure 1.

For the stainless steels, thin oxides formed at 450°C in RG sCO2 for both 316H and 709 with 
correspondingly very low reaction rates, Figure 1.  The rates for 709 in RG sCO2 continued to be 
low up to 650°C, comparable to the rates for Ni-based alloys.  For 316H specimens, a transition 
occurred at 550°-600°C where a thin Cr-rich oxide could no longer be formed in RG sCO2.  The 
formation of Fe-rich oxides corresponded to a significant increase in the reaction rate, nearly as 
high as the FM steels, Figure 1.  The addition of O2 and H2O impurities at 450°C increased the 
oxide scale thickness and the rate (closed symbols in Figure 1) at 450°C, but still below the 
parabolic rate constant metric.  At 550° and 650°C, the rates jumped above the metric due to more 
significant Fe-rich oxide formation.  While this acceleration occurred for 316H specimens without 
impurities, this was a significant change for the 709 specimens.  In Figure 6, it is noted that these 
rates are affected by a significant mass gain increase after 500 h for the 5 alloy 709 specimens 
exposed for 1000 h at 550° and 650°C.  While two data points may have been sufficient to calculate 
rates without impurities [16], this may not be the case with impurities and experiments are in 
progress to continue the 650°C experiment to longer times to calculate more accurate rates for alloy 
709.  Figure 6 shows more modest mass gains between 1000 and 2000 h at 650°C.

To illustrate the effect of impurities on the scale thickness, Figure 7 shows images of the scales 
formed on 316H and 709 at 550°C and the similar increase in oxide thickness for alloy 709 
specimens exposed at 650°C.  At both temperatures, transitioning from a thin Cr-rich oxide formed 

Figure 6. Box and whisker plot of specimen mass change in 500-h cycles for 709 specimens 
exposed in RG sCO2 with and without 1%O2+0.1%H2O at 550° and 650°C.



Figure 7. Light microscopy of polished cross-sections of (a,b,e,f) 709 and (c,d) 316H exposed for 
1000 h at (a-d) 550°C and (e-f) 650°C in (a,c,e) RG sCO2 & (b,d,f) RG sCO2+1%O2+0.1%H2O.

in RG sCO2 to a duplex oxide with significant Fe-rich oxide formation after 1000 h [20].  The light 
microscopy in Figure 7 differentiates the darker (Fe,Cr)3O4 inner oxide layer from the lighter Fe2O3 
outer layer that forms with the addition of 1%O2.  In RG sCO2, the Fe-rich oxide formed was Fe3O4.

While mass gain is one metric, an important issue is C ingress due to the C gradient across the scale 
[48] and its impact on mechanical properties [13,20,27,31-34,49].  Figure 8 plots the room 
temperature elongation vs. the specimen mass gain.  As reported previously [20,27,32], 316H 
tensile specimens showed a dramatic drop in ductility at 650°C with and without impurities.  In 
contrast, the ductility of alloy 709 specimens was unaffected by RG sCO2 after 500 and 1000 h 
exposures.  However, with the addition of impurities and the formation of Fe-rich oxides at 650°C, 
a drop in ductility was observed at 650°C, Figure 8.  In other materials, C ingress could be tracked 
by measuring the bulk C content in alloy coupons after sCO2 exposures, Figure 9.  However, no 
significant increase in the bulk C content of 709 specimens was measured after 1,000 h.  Using 
glow discharge optical emission spectroscopy, an increase in C was measured at the surface of a 

Figure 8. Mass change of 316H and 709 specimens plotted versus post-exposure room 
temperature total elongation for 500-2000 h exposures in 300 bar RG sCO2 (open symbols) and 

RG sCO2+1%O2+0.1%H2O (closed symbols). Compiled data [X]



Figure 9. Bulk C content measured as a function of exposure time in sCO2, closed symbols at 
650°C and open symbols at 550°C; solid lines in RG sCO2 and dashed lines with impurities.

709 specimen exposed for 1000 h to sCO2 with impurities [20].  It is possible that longer exposures 
would discover C ingress for alloy 709 specimens exposed to RG sCO2 at 650°C or lower 
temperatures.  Exposures to 2000 h show no increase in mass gain, Figure 6, or increase in bulk C 
content, Figure 9.

While increasing the Cr and Ni contents of steels is one strategy to improve sCO2 compatibility, 
another strategy is coatings.  The current study included pack Cr and Al coatings on T91 and 316H 
substrates and the mass change results at 600° and 650°C are reported in Figure 10.  The 650°C 
results have been reported previously [32-34].  The Cr-coated specimens had much lower mass 
gains than bare alloys in RG sCO2 at 650°C but the coatings were less protective when 1%O2 and 
0.1%H2O impurities were added to the test environment, Figure 10b.  An Al pack coating on T91 
did not form an Al-rich oxide in either environment.  The focus here is on results at 600°C in RG 
sCO2 to see if decreasing the temperature would improve coating performance, Figure 10a.  Again, 
the pack Cr coating appeared to be more protective.  However, the EDS maps in Figure 11 suggest 
that Cr-rich carbides are forming in the coating on 316H.  The formation of carbides in the coating 
reduces the Cr reservoir to form a protective Cr-rich oxide.  Also, the EDS line profile in Figure 
12a shows that the coating was only ~15 µm thick using a commercial process.

a b
Figure 10. Specimen mass gains (a) 1000 h at 600°C in RG sCO2 and (b) 500 h at 650°C in RG 

sCO2 with and without impurities [34]. The whiskers show one standard deviation of the average 
when multiple specimens were exposed.



Figure 11. (a) SEM secondary electron image of the near surface area of a chromized 316H 
specimen exposed to RG sCO2 at 600°C for 1000 h and (b-f) associated EDS maps from (a).

Figure 10a suggests less benefit for an Al pack coating on T91.  The line profile in Figure 12b 
shows that the surface oxide is enriched in Al but contains a significant amount of Fe.  The pack 
coating parameters targeted a relatively thin, ~100 µm coating with a peak Al content of ~20 wt.% 
Al to minimize the formation of Fe-Al intermetallics [35]. However, this Al level appeared to be 
insufficient to form a highly protective Al2O3 surface oxide layer.  For both the pack Al and Cr 
coatings, more optimization appears to be necessary to get more protective behavior in sCO2.

CONCLUSIONS

A selection of results was presented on the compatibility of Fe- and Ni-based alloys in sCO2.  Ni-
based alloys appear to be compatible with 300 bar sCO2 at ≤800°C with thin reaction products, low 
reaction rates and minimal impact on mechanical properties.  At 750°C, even the introduction of 
1%O2 and 0.25%H2O impurities at 300 bar had limited impact.  However, at 900°-1100°C, more 
attack was noted in 1 and 20 bar RG CO2.  Ferritic and austenitic steels were investigated at 450°-
650°C with and without impurities.  An advanced austenitic steel like alloy 709 showed 
significantly better compatibility with lower reaction rates and no loss of room temperature 

a b
Figure 12. EDS line profiles of the coatings exposed in RG sCO2 at 600°C (a) aluminized T91 

after 500 h and (b) chromized 316H after 1,000 h.



ductility in RG sCO2.  However, the addition of 1%O2 and 0.1%H2O impurities did increase the 
reaction rate and showed signs of loss of room temperature ductility.  Initial results for pack Al and 
Cr coatings suggested some promise at 600°-650°C but further coating optimization is needed.
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