
ABSTRACT
Direct-fired or open supercritical CO2 (sCO2) cycles are expected to have high impurity levels that
may greatly alter the compatibility of structural alloys in these environments.  However, there are
no available laboratory facilities to simulate these environments at operating conditions of ~750°C
and >100 bar.  As an initial assessment of the effects of O2 and H2O on oxidation in a CO2
environment, 500 h experiments were conducted at 1 bar at 700°-800°C in dry air, high-purity
CO2, CO2+0.15%O2 and CO2+10%H2O.  A range of Fe- and Ni-base alloys, which form protective
Cr- and Al-rich surface oxides, were evaluated.  Oxide formation on a conventional stainless steel,
347HFG was    increased by the addition of H2O at 700° and 800°C, but not at 750°C.  Similarly,
the Fe-rich oxide on Grade 91 steel was greatly increased at all temperatures with the addition of
H2O.  However, for the higher alloyed Fe- and Ni-base alloys, modifications in the environment
did not strongly affect their reaction rates.
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INTRODUCTION

The proposed direct-fired or open supercritical CO2 (sCO2) cycle [Allam 2013, Wright 2013] has
the potential to achieve economical, “clean” fossil energy power generation.  The CO2 from the
combustion of natural gas or coal-derived synthesis gas would be incorporated into the
supercritical cycle as well as H2O and O2 residuals from the combustion process.  Some of the
CO2 at the bottom of the cycle could then be diverted for sequestration or enhanced oil recovery.
This cycle creates a more complex environment than the more conventional indirect-fired or closed
sCO2 cycle.  Without significant impurities (typically ppm levels of O2, H2O, etc.), most studies
have shown relatively good compatibility of highly alloyed Fe- and Ni-base structural alloys either
at supercritical pressures [Oh 2006, Dunlevy, 2009, Gibbs, 2010, Rouillard 2011, Tan 2011, Moore
2012, Cao 2012, Firouzdor 2013, He 2014, Mahaffey 2014, Pint 2014a, Olivares 2015, Pint 2015a,
Pint 2016a] or at ~40 bar for the UK gas cooled reactor program [Evans 1976, Garrett 1982].  Fast
reaction rates were mainly observed on 9-12%Cr steels and conventional stainless steels.
However, there are no current experimental facilities to simulate the open cycle impurities of 1-
10%H2O and 1-3%O2 under supercritical pressures.  In 1 bar testing, the addition of H2O to CO2
has been found to result in much faster oxidation rates, especially for Fe-base alloys [Kranzmann
2009, Quadakkers 2011, Gheno 2012, Gheno 2013, Nguyen 2014, Pint 2014b].  At high pressure,
these levels of H2O and O2 could react with Cr-rich reaction products to form volatile Cr oxy-
hydroxides [Young 2006, Holcomb 2009], which can significantly accelerate the degradation of
highly-alloyed Fe- and Ni-base alloys [Pint 2011, Pint 2012, Bender 2014].  The current study is
an initial assessment of the effect of H2O and O2 additions in 1 bar CO2 at 700°-800°C on the
oxidation behavior of representative structural alloys for sCO2 systems.  This temperature range
is of interest to achieve ≥50% efficiency [Feher 1968].  The structural materials of interest include
solid solution and precipitation-strengthened Ni-base alloys identified by the U.S. Advanced
Ultrasupercritical Steam Consortium [Viswanathan 2005, Viswanathan 2010]; alumina-forming
alloys which have been found to be less permeable to C in carburizing environments [e.g. Jönsson
1997] and more stable in the presence of H2O [e.g. Pint 2011]; and lower cost Fe-base alloys
including model alloys to identify the critical Cr content to resist accelerated attack in these
environments. After these 500h exposures, only the lower alloyed Fe-base alloys showed rapid
attack, especially in the CO2-H2O environment.

EXPERIMENTAL PROCEDURE

The exposures were conducted at 1 bar in a horizontal alumina tube with end caps within a 3-
zone furnace.  Table 1 lists the measured compositions of the alloys exposed in this study.  Alloy
specimens were typically ~1.5 x 11 x 19 mm with a final 600 grit surface finish on all sides.  The
coupons were ultrasonically cleaned in acetone and methanol prior to exposure and held in a pre-
annealed alumina boat.  The specimens were slowly heated to temperature in argon over several
hours (~2°C/min), held for 500 h at temperature ±2°C in the oxidizing gas and then cooled in argon
to room temperature inside the furnace.  Experiments were conducted at 700°, 750° and 800°C
in dry air, high-purity CO2 (specifications of <5 ppm moisture and <5 ppm total hydrocarbons),
CO2 with 0.15%O2 and CO2+10vol.%H2O with the H2O atomized into the CO2 carrier gas.   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.
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RESULTS

Figures 1-3 summarize the mass change data at each temperature.  At 700°C, most of the
specimens exhibited low mass gains consistent with a thin protective scale, Figure 1.  The
exceptions were the Gr.91 specimens, which could not form a protective scale in air at this
temperature.  However, the mass gain was an order of magnitude higher for the Gr.91 specimen
exposed in the CO2-H2O environment.  This environment also caused severe attack of the
347HFG specimen, which is consistent with other studies of similar “wet” CO2 environments
[Quadakkers 2011, Gheno 2012, Gheno 2013, Nguyen 2014].  The higher-alloyed specimens did
not appear to be significantly affected by the addition of H2O at 700°C.

Similar results were observed at 750°C, Figure 2.  However, the 347HFG specimen was able to
form a protective scale in all four environments.  At 800°C, a protective scale formed on the Gr.91
specimens in air and CO2, Figure 3.  Again, the CO2-H2O environment severely attacked the Gr.91
specimen.  The 347HFG specimens exposed in CO2 and CO2-H2O showed a mass loss at this
temperature and the E-Brite specimen showed no mass change in the CO2-H2O environment.
Alloy 625 showed an unexpected large mass gain in CO2 but not in CO2-H2O.  The CO2-O2
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Alloy Fe Ni Cr Al Other
Ferritic chromia-forming steels

Gr.91 (S90901) 89.7 0.1 8.3 < 1Mo,0.3Mn,0.1Si, 0.08C
FeCrMo (S44735) 72.6 0.1 25.8 < 1.0Mo,0.2Si,0.1V
Fe-12.5Cr 86.7 < 12.4 0.01 0.6Mn,0.2Si,0.005Y
Fe-15Cr 84.1 < 14.9 0.02 0.6Mn,0.3Si,0.012Y
Fe-17.5Cr 81.6 < 17.5 0.02 0.6Mn,0.3Si,0.011Y
Fe-20Cr 79.0 < 20.0 0.02 0.7Mn,0.3Si,0.010Y
Fe-22.5Cr 76.6 < 22.5 0.01 0.2Mn,0.7Si,0.002Y
Fe-25Cr 74.0 < 25.0 0.01 0.7Mn,0.3Si,0.002Y

Austenitic Fe-base chromia-forming steels
347HFG (S34710) 66.0 11.8 18.6 0.01 1.5Mn,0.8Nb,0.4Si,0.2Mo,0.2Co,0.09C
310HCbN (S31042) 51.3 20.3 25.5 < 0.3Co,0.4Nb,1.2Mn,0.3Si,0.3N,0.05C

Fe-base alumina-forming alloys
FeCrAlMo 69.2 0.2 21.1 5.0 0.2Hf,0.1Mn,2.8Mo,0.6Si,0.3Y,0.1Zr
AFA OC4 49.1 25.2 13.9 3.5 2.5Nb,2W,1.9Mn,2Mo,0.5Cu,0.2Si,0.1C
CAFA 48.4 25.2 14.6 3.5 1.0Nb,1.3W,2Mn,1.9Mo,0.6Cu,0.9Si,0.4C
DAFA 44.5 33.3 14.0 2.7 2.8Nb,1.7Ti,0.2Mn,0.4Si,0.1C

Ni-base chromia-forming alloys
625 (N06625) 4.0 60.6 21.7 0.09 9.4Mo,3.6Nb,0.2Ti,0.2Si,0.1Mn
230 (N06230) 1.5 60.5 22.6 0.3 12.3W,1.4Mo,0.5Mn,0.4Si
CCA617 (N06617) 0.6 55.9 21.6 1.3 11.3Co,8.6Mo,0.4Ti,0.1Si
282 (N07208) 0.2 58.0 19.3 1.5 10.3Co,8.3Mo,0.06Si,2.2Ti,0.1Mn
740 (N07740) 1.9 48.2 23.4 0.8 20.2Co,2.1Nb,2.0Ti,0.3Mn,0.5Si

Ni-base alumina-forming alloys
214 (N07214) 3.5 75.9 15.6 4.3 0.2Mn,0.1Si,0.02Zr
247 (N07247) 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%.  UNS numbers are included where available.



experiment at 800°C was not conducted.  

Figures 4-6 show light microscopy of polished cross-sections of representative specimens at each
temperature.  Both high and low magnification images of the Gr.91 specimens exposed at 700°C
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Figure 1.  Specimen mass gain data for 500 h exposures in 1 bar experiments at 700°C.
Data from Pint 2014a.

Figure 2.  Specimen mass gain data for 500 h exposures in 1 bar experiments at 750°C.



are shown in Figure 4 because the scale was not uniform in all cases.  In dry air, the scale on the
Gr.91 specimen appeared uniform across the entire specimen with the typical duplex scale
structure observed on low-alloyed steels [e.g. Gheno 2012, Pint 2014a, Nguyen 2015].  In CO2,
the scale was non-uniform with some areas forming a thin protective scale, while a very thick oxide
formed on some areas.  A similar combination of protective and non-protective oxide was observed
in O2-buffered CO2.  In this case, the non-protective oxide was not as thick as was observed in
high purity CO2 and similar to the scale formed in dry air.  In CO2-H2O, the scale again appeared
fairly uniform with variations likely due to scale spallation of the 200+µm thick oxide.  The duplex
oxide typically consists of an inner spinel-type Fe-Cr oxide and an outer FeOx layer.  In this case,
the outer layer consisted of an light gray layer of Fe2O3 at the gas interface with an underlying
Fe3O4 layer.  For the 347HFG specimens, only minor oxide nodules were observed in CO2.
However, a much thicker scale was observed after exposure in CO2-H2O.  In this case, typical of
austenitic steels with a higher thermal expansion, the outer FeOx layer has spalled resulting in a
large mass loss (Figure 1) and only the inner spinel-type oxide remained.  For the higher-alloyed
specimens shown in Figure 4, 310HCbN, 230, 282 and 214, the scales were mainly uniform, thin
and protective.  For the very thin flat oxides, adhesion of the Cu plating was an issue in some
cases and what appears to be a thicker reaction product is only a gap between the plating and
the reaction product, e.g. 310HCbN in CO2-O2 and CO2-H2O.  The slightly higher mass gains for
the 282 specimens may be attributed to the Al and Ti additions in this alloy.  These elements can
internally oxidize and Ti is known to accelerate the growth of Cr2O3 [Ennis 1985, Brady 2006, Pint
2014c].  A thin Al-rich oxide formed on alloy 214 in all cases at 700°C, consistent with the low
mass gains, Figure 1.

Figure 5 shows similar structures after exposures at 750°C.  The lower magnification images of
Gr.91 show non-uniform attack, except perhaps for the CO2-H2O environment where a thick oxide
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Figure 3.  Specimen mass gain data for 500 h exposures in 1 bar experiments at 800°C.



formed across the entire specimen.  A similar duplex structure also was observed at this
temperature.  After 500 h at this temperature, the 347HFG specimens did not experience
accelerated oxidation.  The other alloys shown, including FeCrMo and 625, formed similar thin
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Figure 4:  Light microscopy of polished cross-sections of specimens exposed for 500 h
at 700°C in four different environments.
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Figure 5.  Light microscopy of polished cross-sections of specimens exposed for 500 h
at 750°C in four different environments.



oxides in all four environments.  At this temperature, the internal oxidation on the 282 specimens
was more evident as this alloy contains much more Al and Ti than the other chromia-forming alloys,
Table 1.  Again, very thin oxides were observed on alloy 214, consistent with the very low mass
gains shown in Figure 2.

Figure 6 shows examples of the specimens exposed at 800°C.  The oxides formed on the Gr.91
specimens exposed in dry air and CO2 were remarkably protective with low mass gains consistent
with the thin oxides observed, Figure 3.  As at lower temperatures, with the addition of H2O, a
much thicker reaction product formed with the typical duplex microstructure.  In this case, the lower
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Figure 6.  Light microscopy of polished cross-sections of specimens exposed for 500 h
at 800°C in three different environments.



magnification images show that the thick oxide was not uniform across the surface.  For the other
alloys shown in Figure 6, generally thicker reaction products were observed, which can be
attributed to the higher exposure temperature.  Once again, more distinct internal oxidation was
observed for the alloy 282 specimens.  Like the 740 specimen, the 282 specimen had a higher
mass gain in the CO2+H2O environment, perhaps forming a thicker scale compared to CO2, Figure
6.  A previous study characterized the internal oxidation kinetics of 740 and 282 to 5,000–10,000 h
in 1 bar dry air, air+10%H2O and steam at 800°C and found low parabolic reaction rates [Pint
2015b].  Except for the 740 and 282 specimens, there was no significant indication of a negative
effect of water vapor on the higher alloyed specimens.  As expected, the thinnest reaction products
were observed for the alumina-forming alloy 214 specimens, Figure 6.

At 800°C, several different alumina-forming alloys were exposed to compare to the baseline Ni-
base alloys 214 and 247 and the ferritic FeCrAlMo alloy, Figure 7.  The additional alloys are from
a family of high creep strength, Fe-base alumina-forming austenitic (AFA) alloys [Brady 2008,
Yamamoto 2011, Yamamoto 2013, Muralidharan 2015] including wrought and cast (CAFA)
versions.  The conventional wrought AFA alloy OC4 exhibited mass gains similar to the other
alumina formers.  However, the cast AFA specimens showed slightly higher mass gains.  The
highest strength, γ´-strengthened DAFA alloy specimens showed relatively low mass gains in dry
air and CO2 but a relatively high mass gain in CO2+H2O.  This alloy also contained the lowest Al
content, which may explain the results, Table 1.  Figure 8 compares the reaction products on the
AFA alloy specimens to that formed on the FeCrAlMo specimen after exposure in the CO2-H2O
environment.  Consistent with the mass change results, the scale on AFA OC4 was similar to that
formed on FeCrAlMo.  A thicker scale and internal oxidation was observed on the cast AFA
specimen and the higher mass gain for the DAFA specimen was due to internal oxidation and
some Fe-rich oxide nodule formation, Figure 8.
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Figure 7.  Specimen mass gain data for alumina-forming alloys in 500 h exposures in 1
bar experiments at 800°C.



Finally, to gain more understanding about the role of Cr content in forming protective Cr-rich oxides
in these environments, a series of model Fe-Cr+Mn,Si,Y alloys (Table 1) also were exposed at
800°C, Figure 9.  In 1 bar CO2, it appeared that the specimens with ≤17.5%Cr had a higher mass
gain, suggesting a thicker oxide than the higher Cr specimens.  This trend was repeated in CO2-
H2O, so the addition of H2O did not appear to affect the critical Cr content needed for protective
behavior after 500 h.  In dry air, the 12.5%Cr specimen exhibited an unusually high mass gain,
while the other specimens showed no distinct differentiation in mass gain based on alloy Cr
content, Figure 9.  In contrast to the mass change data, Figure 10 shows the thin Cr-rich oxides
formed on most of the surface in all three environments for both the 12.5%Cr and the 20%Cr
specimens.  In CO2-H2O, the higher mass gain for the 12.5%Cr specimen (compared to the 20%Cr
specimen) was due to Fe-rich oxide nodule formation at the edges and corners of the specimen
(not shown in Figure 10).
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Figure 9.  Specimen mass gain data for model Fe-Cr+Mn,Si,Y alloys in 500 h exposures in
1 bar experiments at 800°C.

Figure 8.  Light microscopy of polished cross-sections of alumina-forming alloy
specimens exposed for 500 h at 800°C in CO2+H2O.
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DISCUSSION

These results are very preliminary with only 500 h exposures.  While CO2 pressure has only shown
minor effects on reaction rates at 650°-750°C [Pint 2016b], the same may not be true for impurity
effects.  More work is needed to study impurity effects under supercritical conditions for direct-
fired sCO2 concepts.  An autoclave system with on-line impurity monitoring is being constructed
at ORNL for this purpose.  As mentioned in the introduction, one possible effect of higher pressure
is that the higher total pressures of O2 and H2O could react with the Cr-rich reaction products on
structural alloys such as 740 and form volatile Cr oxy-hydroxides [Young 2006, Holcomb 2009],
which would then accelerate the loss of Cr from the alloy substrate.  This is a particular concern
for thin-walled components in heat exchangers.

Consistent with previous 1 bar results [Quadakkers 2011, Gheno 2012, Gheno 2013, Nguyen
2014, Pint 2014b], the lower-alloyed Fe-base alloys (i.e. Gr.91 and 347HFG) appeared to be more
susceptible to accelerated attack (i.e. the rapid formation of Fe-rich oxide nodules rather than a
thin, protective Cr-rich oxide), especially with the addition of H2O.  The addition of O2 did not have
particularly detrimental effects under these conditions and was not investigated at 800°C.  Oxygen
could have a beneficial effect by facilitating the formation of a protective scale on the higher-alloyed
materials.  On the low alloy steels, it could have a negative effect by increasing the growth rate of
Fe-rich oxides, as was observed for the Gr.91 specimens.  (It should be noted again that the mass
gain data for the Gr.91 specimens may be affected by scale spallation.)  For low alloy steels, a
similar study may be warranted at lower temperatures (e.g. 400°-600°C) where they are more
likely to be structural candidates.  Also, more work is needed to look for signs of internal
carburization in these specimens as has been seen in other studies [e.g. Rouillard 2011,
Quadakkers 2011, Gheno 2012, Gheno 2013, Nguyen 2014].

For sCO2 applications above 700°C, Ni-base alloys are the most likely structural alloy candidates,
especially the precipitation strengthened alloys 740 [Zhao 2003, Shingledecker 2013] and 282
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Figure 10.  Light microscopy of polished cross-sections of model Fe-Cr alloy specimens
exposed for 500 h at 800°C in three different environments.



[Pike 2008].  At these temperatures, these alloys have been found to be very oxidation resistant
in a variety of environments up to 800°C [Pint 2015b].  The mass gains are slightly higher for these
alloys, especially 282 at 750°C and 740 at 800°C, Figures 2 and 3.  This is attributed to the internal
oxidation of Al and Ti for these alloys, and possibly the Nb in 740.  The high temperature oxidation
resistance of these alloys at 1 bar is also relevant for the primary heat exchanger on indirect-fired
systems, which will need to operate at higher temperatures to achieve a peak sCO2 temperature
above 700°C for >50% efficient designs [Feher 1968].

Several alumina-forming alloys were evaluated, especially at the highest temperatures, because
of the potentially lower reaction rates and higher thermodynamic stability of Al2O3.  Alumina scales
are thought to be less permeable to carbon (or carbonaceous species) [e.g. Jönsson 1997].  Also,
alumina-forming alloys have been shown to very protective even in the presence of H2O and O2.
Whereas chromia-forming alloys can form volatile CrO2(OH)2 in such mixed oxidation
environments [Asteman 1999, Young 2006, Holcomb 2009], alumina is relatively unaffected [Brady
2008, Yamamoto 2011, Pint 2011, Yamamoto 2013, Muralidharan 2015].  A concern for sCO2
systems is that alumina can be difficult to form at <700°C because of slow diffusion of Al in the
alloy and relatively low Al contents in these structural alloys, Table 1.  In fact, prior work at 650°C
and 200 bar sCO2 showed imperfect alumina formation after 500 h on several alumina-forming
alloys including 214 and AFA OC4 [Pint 2014a].  The performance of superalloy 247 was
additionally complicated by the presence of Hf-rich carbides.  Characterization of the oxidation of
these carbides in sCO2 environments was reported elsewhere [Pint 2015a].

The model alloys were evaluated to see if H2O affected the critical Cr content needed to form a
protective scale at 800°C, Figure 9.  However, all of the alloys formed protective oxides over the
majority of their surface during these 500 h exposures, Figure 10.  This may be due to the relatively
short exposure or the beneficial effects of the Mn, Si and Y additions to these alloys, Table 1.
During short exposures, scales can remain protective during an incubation period followed by
accelerated oxidation (i.e. Fe-rich oxide formation) when the scale breaks down or the adjacent
alloy becomes Cr depleted.  Comparing the 12.5%Cr model alloy results to those for Grade 91
(with only 8.3%Cr, Table 1), the mass gains for the 12.5%Cr  specimens in air and CO2 were
actually higher than for the Grade 91 specimens.  However, the 12.5%Cr specimen showed a
much lower mass gain than the Grade 91 specimen in CO2-H2O, Figure 3.  The more protective
behavior could be due to the higher Cr content.  Both alloys have additions of Mn and Si, which
are potentially protective elements that form oxide layers: Mn typically at the gas interface and Si
at the metal-scale interface [Nguyen 2015].  Longer exposures might show that both alloys form
thick, duplex scales after an incubation period.

The characterization shown to date is somewhat limited as this work is still in progress.  However,
additional long-term testing is also needed to verify these short-term results.  Most likely these
long-term experiments will be conducted at both high pressure and 1 bar because of the limited
experimental facilities available.  The results of additional laboratory testing may assist in risk
reduction for the building of a direct-fired sCO2 pilot plant.

CONCLUSIONS

In order to study the effect of O2 and H2O impurities on a direct-fired sCO2 system, initial work
was conducted with 500 h exposures at 1 bar including comparison experiments in dry air to
establish a baseline for reaction rates at 700°-800°C.  A broad range of representative Fe- and
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Ni-base alloys was exposed in order to provide information on performance under these conditions.
For the relatively low alloyed steels like Gr.91 (Fe-9Cr-1Mo) and 347HFG, the addition of H2O
tended to accelerate the rate of attack at these temperatures due to the formation of nodules or
thick Fe-rich duplex oxides.  However, because the reaction kinetics are related to both transport
in the reaction product and in the underlying alloy substrate, the effect of temperature can be
complicated with higher temperatures resulting in more protective behavior because of faster Cr
transport in the metal.  For the higher alloyed Fe-base and Ni-base alloys, very little effect of
environment was observed at all three temperatures.  In this temperature range, most alumina-
forming alloys formed thin, protective scales and may be candidates for certain applications
because of their superior oxidation resistance and oxide stability.  Clearly, longer-term experiments
and experiments with impurities at high pressure are needed to further study this compatibility
issue.

NOMENCLATURE

AFA = alumina-forming austenitic (steel)
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
UK = United Kingdom
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