
ABSTRACT

There is considerable interest in both open and closed supercritical CO2 (sCO2) cycles but little
information available on compatibility of conventional structural alloys in this environment.  Initial
screening experiments of 500 h have been conducted at 20 MPa at 400°-750°C to study the re-
action rates and surface products formed.  At the lower temperatures, 2-13%Cr steels were ex-
posed, which tend to form duplex, Fe-rich surface oxide scales.  At the higher temperatures, the
focus was on higher-alloyed structural materials including high-strength Ni-base alloys, which gen-
erally are able to form a protective Cr- or Al-rich surface oxides.  In addition, 500 h experiments
were conducted at 750°C at 0.1-30 MPa, which included 25mm tensile bars of candidate alloys
such as type 310 stainless steel, Ni-base alloy 740 and superalloy 247.  A minimal effect of pres-
sure was observed on the mass change and reaction products, similar to what was observed in
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0.1 MPa dry air.  Only minor changes in room temperature tensile properties were observed after
these short exposures.  Also, there was no indication of internal carburization and the Cr depletion
in the precipitation strengthened Ni-base alloys (740 and 282) was minimal.

INTRODUCTION
Supercritical CO2 (sCO2) is being evaluated as a working fluid for a variety of nuclear, fossil,
concentrated solar power (CSP), geothermal and waste heat recovery applications because of its
unique properties and relatively low critical point (31°C/7.4 MPa) [e.g. Dostal 2006, Zhang 2006,
Chen 2010, Gibbs 2010, Allam 2013, Iverson 2013, Wright 2013].  For fossil and CSP generation,
the goal is to achieve system efficiencies of ≥50% with peak temperatures above 700°C and
pressures of 20-30 MPa.  Based on the experience of the U.S. Advanced Ultrasupercritical Steam
Consortium [Viswanathan 2005, Viswanathan 2010], there are few material choices for long-term
commercial power generation applications at >700°C and the leading candidates will be solid
solution and precipitation-strengthened Ni-base alloys.  However, unlike steam, there is virtually
no compatibility data for structural alloys above 700°C in sCO2.  Figure 1 shows some of the prior
data reported under supercritical conditions above 400°C [Oh 2006, Dunlevy, 2009, Gibbs, 2010,
Rouillard 2011, Tan 2011, Moore 2012, Cao 2012, Firouzdor 2013, He 2014, Pint 2014a].
Compatibility is a concern in CO2 environments because there is a long history of issues such as
internal carburization of conventional austenitic steels discovered during the development of gas-
cooled nuclear reactors with 0.1-4 MPa CO2 environments [e.g. McCoy 1965, Evans 1976, Garrett
1982].
This study was launched in 2013 to begin screening compatibility of a wide range of structural
alloys at higher temperatures and pressures for fossil energy applications above 700°C.  The first
step was the design of a Haynes 282 [Pike 2008] autoclave capable of achieving the target
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Figure 1.  Previous and current sCO2 studies as a function of CO2 temperature and pressure.
Diamonds show prior exposures at CEA [Rouillard 2011], INL [Oh 2006], MIT [Dunlevy 2009, Gibbs

2010] and Wisconsin [Tan 2011, Cao 2012, Firouzdor 2013, He 2014], stars show prior ORNL
studies [Pint 2014a] and circles show current conditions.  The design limits of the alloy 282

autoclave are shown for reference.



conditions, e.g. 760°C/30 MPa. The autoclave design limits are shown in Figure 1 along with the
initial experimental conditions of 650°-750°C and 20 MPa reported previously [Pint 2014a].  The
final phase of this work is reported here where (1) the effect of pressure was studied at 750°C
from 0.1-30 MPa and (2) based on industry feedback, a range of Fe-base alloys was investigated
at lower temperatures, 400°-600°C and 20 MPa to explore lower cost alloys for the lower
temperature segments of the sCO2 cycle.  All of the data reported here are 500 h exposures and
additional longer-term testing is needed to confirm these preliminary results.

EXPERIMENTAL PROCEDURE
The sCO2 exposures were conducted in an autoclave fabricated from Haynes International alloy
282, a γ´-strengthened superalloy intended for high temperature structural applications [Pike 2008].
The vertically-oriented autoclave (~266 mm x 83 mm inner diameter) was operated inside a three-
zone furnace with an alloy 282 sample rack that sat on the bottom of the autoclave.  Supercritical
fluid was supplied by a Supercritical model 24 constant flow dual piston pump at 1.0 mL/min and
was fed into the autoclave through an alloy 625 supply tube that extended to within a few mm of
the bottom of the autoclave.  The autoclave pressure was controlled by a backpressure control
valve which adjusted the orifice size as part of a feedback loop whose signal was based on the
output of a pressure transducer located between the autoclave and the control valve.  A rupture
disc and a pressure relief valve were built into the same high-pressure line between the autoclave
and the control valve to prevent an inadvertent over-pressurization of the system.  Liquid CO2 was
provided from a cylinder containing CO2 with a purity of at least 99.995% and <5 ppm moisture
and <5 ppm total hydrocarbons specified.  For these 500 h experiments, the specimens were
slowly heated to temperature over several hours (~2°C/min) in sCO2, held at temperature ±5°C
and then cooled in sCO2 to room temperature by lowering the furnace and using a cooling fan on
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Alloy Fe Ni Cr Al Other
Ferritic chromia-forming steels

Gr.22 95.5 0.2 2.3 < 0.9Mo,0.6Mn,0.1Si
Gr.91 89.7 0.1 8.3 < 1Mo,0.3Mn,0.1Si
VM12 83.3 0.4 11.5 < 1.6W,1.5Co,0.4Mo,0.4Mn,0.4Si,0.2V
410SS 86.9 0.1 11.8 < 0.5Mn,0.4Si
EBrite 72.6 0.1 25.8 < 1.0Mo,0.2Si,0.1V

Austenitic Fe-base chromia-forming steels
201SS 70.8 4.1 16.2 < 6.7Mn,0.5Si,0.3Mo,0.9Cu,0.2Co
304H 70.4 8.4 18.4 < 1.6Mn,0.3Si,0.3Mo,00.4Cu,0.1Co
347HFG 66.0 11.8 18.6 0.01 1.5Mn,0.8Nb,0.4Si,0.2Mo,0.2Co
709 49.0 25.0 22.3 0.02 1.5Mo,1.0Mn,0.4Si,0.2Nb,0.2N
310HCbN 51.3 20.3 25.5 < 0.3Co,0.4Nb,1.2Mn,0.3Si,0.3N

Fe-base alumina-forming alloys
APMT 69.2 0.2 21.1 5.0 0.2Hf,0.1Mn,2.8Mo,0.6Si,0.3Y,0.1Zr

Ni-base chromia-forming alloys
625 4.0 60.6 21.7 0.09 9.4Mo,3.6Nb,0.2Ti,0.2Si,0.1Mn
230 1.5 60.5 22.6 0.3 12.3W,1.4Mo,0.5Mn,0.4Si
CCA617 0.6 55.9 21.6 1.3 11.3Co,8.6Mo,0.4Ti,0.1Si
282 0.2 58.0 19.3 1.5 10.3Co,8.3Mo,0.06Si,2.2Ti,0.1Mn
740 1.9 48.2 23.4 0.8 20.2Co,2.1Nb,2.0Ti,0.3Mn,0.5Si

Ni-base alumina-forming alloys
214 3.5 75.9 15.6 4.3 0.2Mn,0.1Si,0.02Zr
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%

Table 1.  Chemical composition of the alloys measured by inductively coupled plasma
and combustion analyses in mass%.



the autoclave.  The comparison exposure at 1 bar was conducted in a horizontal alumina tube
with end caps within a 3-zone furnace using the same CO2 gas.  In this case, the specimens were
held in an alumina boat.
Table 1 lists the measured compositions of the alloys exposed in each condition.  Alloy specimens
were typically ~1.5 x 11 x 19 mm with a final 600 grit surface finish on all sides.  All were evaluated
in the as-received condition, including solution annealed condition for 740 and 282.  The coupons
were ultrasonically cleaned in acetone and methanol prior to exposure and suspended from
alumina rods with alumina spacers between specimens.  Mass change was measured on a Mettler
Toledo model XP205 balance (±0.04 mg accuracy or ±0.01 mg/cm2).  After exposure, specimens
were Cu-plated to protect the surface oxide and metallographically mounted and imaged with light
microscopy.  Subsequently, several specimens were investigated using a JEOL model 8200
electron probe microanalyzer (EPMA) using wavelength- and energy-dispersive x-ray
spectrometers for chemical analysis.  Tensile specimens 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.  The tensile tests
were conducted at room temperature with a strain rate of 10-3 s-1. 

RESULTS
Figure 2 shows the mass change data measured at 400°-600°C in 20 MPa sCO2 plotted versus
the alloy Cr content.  Similar mass change results for 650°-750°C and 20 MPa sCO2 have been
provided previously [Pint 2014a, Pint 2016a].  At 400°-600°C, more Fe-base alloys were exposed
including 2.25%Cr Grade 22 steel.  As expected, the measured mass change decreased with
increasing Cr content, with the higher alloyed Fe- and Ni-base alloys showing very little mass gain
after 500 h exposures at each temperature.  Very little difference was seen between the mass
change of the 9%Cr and 12%Cr ferritic-martensitic steel specimens (Grade 91 and VM12).
Figure 3 shows representative cross-sections of some of the Fe-base alloys exposed at 400°-
750°C.  A uniform duplex scale formed on the Grade 22 and 91 specimens at 400°-600°C with the
oxide thicker on the 2.25%Cr steel as expected.  Figure 4 summarizes the oxide thicknesses
observed on the ferritic steel specimens where the scale was fully intact (i.e. no scale spallation).
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Figure 2.  Specimen mass gain data as a function of alloy Cr content for 500 h exposures
in 20 MPa sCO2 at 400°-600°C.



Grade 22 and VM12 specimens were only exposed at 400°-600°C.  As shown in Figure 3, a thicker
scale formed on the 2.25%Cr Grade 22 specimens at 500° and 600°C. However, the 12%Cr VM12
specimen had a similar scale thickness as the 410SS and Grade 91 specimens at 600°C.  A
significant jump in oxide thickness on the Grade 91 and 410SS  specimens was observed between
600° and 650°C, however, at higher temperatures the total oxide thickness was actual lower on
both alloys.  This may reflect faster diffusion of Cr at higher temperatures allowing a higher Cr
content scale to form, especially on the higher Cr, 410SS specimen.  It may also be a transient
effect associated with a single exposure of 500 h.  Additional testing is needed to verify this
behavior.
Grade 91 was included over the entire temperature range as a comparison to several other sCO2
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Figure 3.  Light microscopy of polished cross-sections after 400°-750°C 20 MPa sCO2
exposures for alloys (a) Grade 22, (b) Grade 91, (c) 410SS and (d) 347HFG.
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studies that have reported results on this alloy [Gibbs 2010, Rouillard 2011, Tan 2011].  In addition
to the older work, more recent studies in 0.1MPa CO2 have found internal oxidation of Fe-Cr steels
[e.g. Gheno 2012].  The specimens exposed in this study have been evaluated by etching (Figure
5) and microhardness [Pint 2016b].  However, there was no indication of internal carburization.
Figure 5b instead shows a carbide denuded zone at the metal-scale interface formed at 700°C,
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Figure 4:  Box and whisker plot of oxide thickness for four Fe-Cr steels as a function of
exposure temperature for the 500h exposures in 20 MPa sCO2.  The boxes show the 25%,
median and 75% values measured and the whiskers the minimum and maximum values.

Figure 5.  Light microscopy of polished
and etched cross-section of Grade 91
(Fe-9Cr-1Mo) after 500 h at 700°C in (a)
0.1 MPa dry air and (b) 20 MPa. CO2.
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with a larger zone formed at 750°C [Pint 2016b] consistent with Cr depletion to form the protective
scale. Figure 5a shows a similar but narrower denuded zone formed in 0.1 MPa air after 500h at
700°C.  
Figure 6 shows EPMA composition profiles through the scales formed on Gr.91 specimens
exposed  at 650° (20 MPa) and 750°C (30MPa).  Typical of duplex oxides formed in air, humid air,
steam and CO2 [Wright 2010, Quadakkers 2011, Rouillard 2011, Pint 2014a, Pint 2014c], the outer
oxide is FeOx (typically a mixture of magnetite and haematite) and the inner oxide is a spinel-type
oxide containing both Fe and Cr.  Also typical of prior observations was an enrichment of Cr in the
scale at the metal-oxide interface.  As mentioned previously, the Cr enrichment was greater in the
specimen exposed at 750°C, which may explain the thinner oxide formed at this temperature,
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Figure 7.  Light microscopy of polished cross-sections after 400°-750°C 20 MPa sCO2
exposures for alloys (a) 310HCbN, (b) E-Brite (FeCr), (c) 740 and (d) 214
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Figure 4.  At higher temperature, the faster diffusion of Cr in the alloy may enable the formation of
a more Cr-rich, protective scale compared to lower temperatures.
Figure 3d shows the scales formed on the 347HFG specimens at 400°-750°C.  While some oxide
nodules (with a similar duplex oxide structure as the Gr.91 specimens) were observed at 600°-
750°C [Pint 2014a], a thin protective scale formed over most of the specimens.  Figure 7 shows
similar thin oxides formed on both the Fe- and Ni-based alloys over the same temperature range.
Unlike the thick scales formed on the steel specimens, these thin oxides made characterization
difficult by conventional microscopy.  Very thin oxides were observed at 650°C except for the
alumina-forming alloy 214, which surprisingly formed regions of thick oxide at this temperature.
In these areas, the oxide was significantly thicker than the Cr-rich scale formed on the other alloys
shown in Figure 7.  This may be attributed to the relative slow diffusion of Al at this temperature
inhibiting the formation of an Al-rich scale.  At 700°C, thin oxides were observed in all cases.  For
the 750°C exposures, a slightly thicker Cr-rich oxide formed on most of the alloys with an
occasional oxide nodule as is shown for alloy 740 in Figure 7.  
The second phase of the study examined the effect of CO2 pressure at 750°C.  Figure 8
summarizes the mass change data for the 500 h exposures at 750°C in the 4 conditions studied.
Except for the high mass gains for the Grade 91 specimens, the mass gains were generally low,
suggesting thin protective Cr- or Al-rich oxides.  The alloy 282 specimens exhibited higher mass
gains than the other NiCr alloys.  This difference may be attributed to the lower Cr content in this
alloy compared to most of the other chromia-forming alloys, Table 1.
The characterization reported for this set of specimens focuses on the higher-alloyed structural
alloys.  The thick, duplex oxides formed on the Gr.91 specimens and the surprisingly thin oxides
formed on 347HFG are reported elsewhere [Pint 2016b].   Figures 9 and 10 show examples of
the thin oxides formed in this set of experiments.  Several chromia-forming alloys are shown in
Figure 9.  (Because of the thin, relatively flat reaction products, adhesion of the Cu plating was an
issue in some cases noted in Figures 9 and 10).  While the mass gains were higher for alloy 282,
Figure 8, the scale was not significantly thicker than the other alloys.  Some of the increased mass
gain for 282 can be attributed to the internal oxidation of Al and Ti, which form the γ´ strengthening
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Figure 8. Specimen mass gain for 12 alloys exposed at 750°C for 500 h in four different
CO2 pressures from 0.1-30 MPa.
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Figure 9.  Light microscopy of polished cross-section of E-Brite, 625, 230 and 282 after
500 h at 750°C in CO2 (a) 12.5 MPa, (b) 20 MPa and (c) 30 MPa.

Figure 10.  Light microscopy of polished cross-section of APMT, 214 and 247 after 500 h
at 750°C in CO2 (a) 12.5 MPa, (b) 20 MPa and (c) 30 MPa.
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phase.  A faster Cr2O3 growth rate also could be due to the higher Ti content in this alloy as Ti has
been previously observed to increase the scale growth rate [Ennis 1985, Brady 2006, Pint 2014b].
Figure 11 compares the Cr depletion for alloy 282 and 740 specimens and uses 0.1 MPa dry air
exposures as a baseline without carburization [Pint 2016b].  In one case at 20 MPa, the 282
specimen showed a much greater depth of Cr depletion than the alloy 740 specimen [Pint 2015a].
However, a much lower depletion depth was observed for 282 specimens exposed in air and 0.1
MPa CO2.  Additional characterization is needed to determine if the increased depletion can be
attributed to the higher pressure or inhomogeneities associated with internal oxidation.
Figure 10 shows the thin Al-rich scales formed on Fe-based APMT and Ni-based 214 and 247
specimens.  These thin oxides also are consistent with the low mass gains observed in Figure 8.
The images for the alloy 247 specimens tend to focus on the Hf-rich carbides at the surface, Figure
10.  The oxidation of these precipitates was characterized previously [Pint 2015a].
Finally, because of concerns of the sCO2 environment affecting mechanical properties, small
(25mm long) tensile specimens of 310HCbN, E-Brite, 740 and 247 also were exposed in these
four environments at 750°C.  Exposures of specimens as-received (baseline) and after 500h in
air at 750°C are shown for reference, Figure 12.  In general, the room temperature tensile
properties of these alloys were relatively unaffected by these exposures.  Alloy 740 likely “self-
aged” under these conditions (i.e. γ´ coarsening [Shingledecker 2013]) resulting in a consistently
higher ultimate tensile strength and lower ductility, independent of environment.  The total
elongation of the E-Brite specimens actually increased after most exposures.
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Figure 11. EPMA Cr line profiles from specimens exposed for 500 h at 750°C (a) alloy 740
and (b) alloy 282.



DISCUSSION
All of these results should be prefaced by the limitation that these are only 500 h exposures and
longer exposures, including thermal cycling, may reveal different results (e.g. accelerated reaction
rates after an initial incubation period) and better differentiate, for example, the effect of pressure
on compatibility.  Obviously, longer exposures should enable more accurate measurements of the
reaction rates and easier detection of internal carburization or other degradation mechanisms.  A
problem with only one exposure time is that it is not possible to differentiate transient and steady-
state behavior.  Thus, higher mass gains noted in Figure 8 may be due to a higher steady-state
oxidation rate.  However, an alloy with a higher mass gain after 500 h also could have a rapid initial
or transient oxidation period followed by a steady-state oxidation rate lower than another alloy with
a lower mass gain after 500h.  Thus, rate constants have not been generated from these results.
Likewise, internal oxidation or other morphological observations after 500h may not continue to
grow at the same rate with longer exposures.
The goal of this initial work was to (1) evaluate the performance of the new autoclave and (2) use
these preliminary results to assess the behavior of candidate structural alloys and design the next
series of longer-term experiments.  Based on these results, an initial hypothesis that pressure
plays a limited role is now being evaluated by conducting long-term experiments at 0.1 and 30
MPa sCO2.  If behavior is similar in these conditions, the large compatibility database generated
for CO2-cooled nuclear reactors (1-20 kh exposures) [Evans 1976, Garrett 1982] can be utilized
as well as the extensive work at ambient pressure for a variety of applications including solid oxide
fuel cells and oxy-fired coal combustion.  These low pressure data sets are particularly useful for
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Figure 12.  Room temperature tensile properties of four alloys exposed at 750°C in
various environments for 500 h with a 10-3 s-1 strain rate.



evaluating the compatibility for the direct-fired systems where high levels of O2 and H2O are
expected and laboratory testing has not yet been developed to control impurities at >100 bar.
The exposure conditions selected for this study were partially based on prior work in the literature,
Figure 1.  The 125 bar condition repeated prior work at MIT [Dunlevy 2009].  The decreasing
pressure at higher exposure temperatures in this study reflected the limitation of their alloy 625
autoclave.  By repeating these conditions, it was possible to confirm that relatively thin reaction
products were formed on the highly alloyed candidates (e.g. alloy 740) in both experiments.  The
current results with thick reaction products for low-alloyed stainless steels also are consistent with
prior observations [e.g. Rouillard 2011].  Somewhat surprisingly, protective oxides were observed
on the austenitic stainless steel 347HFG specimens with relatively low Cr and Ni contents, Table
1.  This may reflect the relatively short exposure.  At longer times, breakaway oxidation may occur
with the formation of thick Fe-rich oxides as has been observed in other studies [Dunlevy 2009,
Gheno 2012].  
For the 750°C mass change results, higher mass gains were consistently shown for the alloy 282
specimens.  The cross-sections in Figure 9 suggest that increased internal oxidation may explain
this behavior.  This alloy contains only 19%Cr and has higher Al and Ti contents for strengthening
than the other chromia-forming Ni-base alloys, Table 1.  How much the lower Cr content and Al
and Ti internal oxidation affects the long-term behavior of this alloy in sCO2 needs to be
investigated.  This alloy was exposed in long-term testing (5-10 kh) in steam and laboratory air at
800°-900°C and the depth of internal oxidation increased with relatively low parabolic kinetics [Pint
2015b].
The limited impact on mechanical properties was not surprising for the higher-alloyed materials
evaluated:  310HCbN, E-Brite, 740 and 247.  Additional tensile testing also may be conducted at
higher temperatures and post-exposure, ex-situ evaluation of creep properties also may be
conducted [Dryepondt 2012].  Recent work examined the combined effect of stress and the sCO2
environment [Olivares 2015].  To further study this issue, future work will compare creep rupture
lifetimes of Sanicro 25, 625, 740 and 282 tubes pressurized with argon and CO2 to determine if
there is a debit associated with the sCO2 environment.
In general, somewhat limited characterization has been conducted to date on these specimens.
Based on the low mass gains, relatively thin reaction products and limited Cr depletion (Figure
11) would be expected.  One of the key issues to be further explored is the possible ingress of C
through the external scale and whether CO2 pressure affects this transport.  The explanation for
the internal attack in CO2 is that C penetrates the scale and the C activity increases at the low O
activity at the metal-scale interface where Cr/Cr2O3 or Al/Al2O3 equilibrium exists [Young 2011].  
Alumina scales are thought to be less permeable to C than chromia scales [Jönsson, 1997].
However, alumina forms more readily at higher temperatures and thicker mixed scales were
observed at 650°C on alloy 214 (Figure 7) and other alumina-formers [Pint 2014a].  This is a
concern for sCO2 recuperator applications where an alloy component typically will be exposed to
a temperature gradient and needs to perform well at both high and low temperatures.  Particularly
at these relatively low exposure temperatures, the alloy Cr content helps with the selective
formation of a protective Al-rich oxide [Stott 1995].  Alloy 247 has the lowest Cr content (8.5%)
among the alumina-forming MCrAl-type alloys studied.  A possible implication of the low Cr content
is a higher mass gain associated with the initial transient formation of more base-metal containing
oxides.  As mentioned previously, the oxidation of the Hf-rich carbides could also contribute to the
higher mass gain observed for the 247 specimens at 750°C, Figure 8.
Obviously, much more work is needed to fully understand sCO2 material compatibility for higher
temperature/pressure conditions and longer lifetime applications needed for high efficiency power
generation systems.  The current results are quite promising in that the reaction rates appear
relatively low and no catastrophic problems have been observed for the leading structural alloy
candidates at 700°-750°C.  For the highest pressure and temperature conditions (>700°C/30 MPa),
precipitation strengthened Ni-base superalloys like 740 [Zhao 2003, Shingledecker 2013] and 282
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[Pike 2008] are the most likely candidate structural alloys with the former alloy recently gaining
ASME boiler and pressure vessel code qualification and a similar code case in progress for alloy
282.

CONCLUSIONS
Initial supercritical CO2 results have been generated with isothermal 500 h exposures at 400°-
750°C (750°-1380°F) in 12-30 MPa (1800-4350 psi) CO2.  A wide range of Fe- and Ni-base alloys,
which form protective Cr- and Al-rich surface oxides, has been evaluated.  Many of the higher
alloyed materials exhibited low mass changes and thin reaction products at all conditions.  Thick
Fe-rich oxides formed on 2-12%Cr steels above 400°C, consistent with previous studies.  However,
no indication of internal carburization was found for Grade 91 specimens exposed at 650°-750°C.
Little effect of pressure on the mass change or reaction products was observed at 750°C
suggesting that data generated at lower pressures may be relevant for developing lifetime model
for long-term sCO2 power generation applications.  Obviously, longer-term exposures are needed
to clearly identify reaction rates and verify the compatibility for these various candidate alloys in
sCO2.

NOMENCLATURE
APMT = Advanced Powder Metallurgy Tube (Sandvik/Kanthal FeCrAl alloy)
Gr. = Grade (steel)
HFG = H (high carbon) FG (fine grain structure)
ORNL = Oak Ridge National Laboratory
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