
ABSTRACT
Both indirect- and direct-fired supercritical CO2 (sCO2) cycles for high efficiency power generation
are expected to have impurities that may greatly alter the compatibility of structural alloys in these
environments.  However, the laboratory data on this subject are limited and inconclusive.  For
indirect applications, comparison 500-h cycles were conducted at 750°C at 1 and 300 bar with re-
search grade and industrial-grade (higher possible impurities) CO2.  The mass change results
suggest only limited differences between these conditions for exposures up to 5,000 h.  For di-
rect-fired or open cycles, a test rig is being assembled to conduct similar exposures at 750°C/300
bar in CO2+1%O2-0.25%H2O.  Commercial Fe- and Ni-base structural alloys were exposed in
each environment and reaction products have been characterized after 1,000, 2,500 and 5,000 h
exposures.

INTRODUCTION

Supercritical CO2 (sCO2) is an attractive working fluid for a range of power generation applications
including nuclear, fossil, concentrated solar power (CSP), geothermal and waste heat recovery,
because of its unique properties and relatively low critical point (31°C/73.8 bar) [e.g. Dostal 2006,
Chen 2010, Iverson 2013, Wright 2013, Cheang 2015].  Several near-term applications including
waste heat recovery have temperatures of ≤550°C, similar to the temperatures in the UK advanced
gas cooled reactors operated at 43 bar [Gong 2017].  However, CSP and fossil energy applications
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have targeted operation at >700°C to enable ≥50% system efficiency [Feher, 1968] with indirect-
fired or closed cycles.  The proposed direct-fired or open sCO2 cycle [Allam 2013,Wright 2013]
has the potential to achieve economical, “clean” fossil energy power generation by diverting the
CO2 from combustion to sequestration or enhanced oil recovery.  Impurities in the sCO2 are a
compatibility issue for both direct- and indirect-fired systems.  With ppm level of impurities, most
sCO2 compatibility studies have shown protective behavior for highly alloyed Fe- and Ni-base
structural alloys [Oh 2006, Dunlevy, 2009, Furukawa, 2011, Rouillard 2011, Tan 2011, Moore 2012,
Cao 2012, Firouzdor 2013, Mahaffey 2014, Pint 2014a, Olivares 2015, Pint 2015a, Mahaffey 2016,
Pint 2016a, Kung 2016, Pint 2017a, Pint 2017b].  Nevertheless, even closed 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) would be incorporated into the cycle as well as possibly S and
Cl if syngas were combusted.  

An experimental facility to simulate 0.1-5%H2O and 0.1-2%O2 impurity levels under supercritical
pressures is currently beginning operation at ORNL.  Previously, 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
[Meier 1982, Kranzmann 2009, Quadakkers 2011, Gheno 2013, Nguyen 2014, Pint 2014b, Young
2014, Huczkowski 2014, Yu 2016a, 2016b, Pint 2016b, Pint 2018].  In these experiments, the
addition of H2O resulted in much faster oxidation rates, especially for Fe-base alloys [Kranzmann
2009, Quadakkers 2011, Gheno 2013, Nguyen 2014, Pint 2014b, Pint 2016b, 2018].  The addition
of O2 showed both positive and negative effects as has the addition of SO2 [Huczkowski 2014, Yu
2016a, 2016b, Pint 2018].  At high pressure, O2 additions have shown slightly negative effects
[Mahaffey 2014, 2016] or little effect [Kung 2016].  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 [Young 2006, Holcomb 2009] thereby accelerating the degradation rate (i.e rate of Cr
loss) of both Fe- and Ni-base alloys [Pint 2012, Bender 2014].  This degradation would be
particularly important for thin-walled structures.  Impurities could also assist in C permeating the
protective surface oxide (either Cr2O3 or Al2O3).  While 9%Cr steels have shown severe internal
carburization [Kranzmann 2009, Quadakkers 2011, Rouillard 2011, Gheno 2013, Nguyen 2014,
Kung 2016, Gong 2017], higher alloyed materials at higher temperature have not shown much
carbon ingress [Olivares 2015, Pint 2016a].

To study the effect of low levels of impurities and create a performance baseline, the current work
compares the behavior of several representative structural alloys in research grade (RG) and
industrial grade (IG) CO2 at 1 and 300 bar at 750°C.  The ambient pressure results provide a link
to the existing extensive literature at 1 atm.  Experiments in laboratory air also have been
conducted for comparison. The structural materials include two advanced austenitic steels, an
alumina-forming Ni-based superalloy (typically used for turbomachinery) and both solid solution
and precipitation-strengthened [Zhao 2003, Pike 2008, Shingledecker 2013] Ni-based alloys
identified by the U.S. Advanced Ultrasupercritical Steam Consortium [Viswanathan 2005,
Viswanathan 2010] for applications above 700°C.  Alumina scales are thought to be less
permeable to carbon (or carbonaceous species) [e.g. Jönsson 1997] and more stable in the
presence of H2O [Pint 2012].  These results provide an extensive baseline to interpret the results
that will soon be generated with higher levels of impurities.  The first mass change results from
this new experimental equipment also are presented.
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EXPERIMENTAL PROCEDURE

The chemical compositions of the structural alloys studied are shown in Table 1.  Alloy coupons
(~10 x 20 x 1.5mm) were polished to a 600 grit finish and ultrasonically cleaned in acetone and
methanol prior to exposure.  All of the exposures used 500-h cycles at 750°C.  For 1 atm
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, 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.  For a comparison exposure in air, the
specimens were heated using a similar schedule in ambient laboratory air with a relative humidity
of ~50%.  For the 300 bar experiments, the exposures were conducted in an autoclave fabricated
from alloy 282.  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.
The fluid flow rate was ~2 ml/min.  Additional details of the system have been provided  elsewhere
[Pint 2014a,2015a, 2017a].  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.  Separate experiments were
conducted for RG and IG CO2.  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, the H2O was 18.8±16.9 ppm with a
range of <1 to 57 ppm.  A reliable means of measuring the low O2 levels is still being investigated.
For the first controlled impurity sCO2 test, the O2 level was calculated (based on gas flow) as
1.0±0.2% and the H2O as 0.26±0.05% with most of the variation associated with the change in
sCO2 cylinders.

For all of the experiments, the specimens were weighed 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 ~30 measurements taken for each specimen.  
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Alloy Fe Ni Cr Al Other
Austenitic Fe-base chromia-forming steels

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 (S31042) 51.3 20.3 25.5 < 0.3Co,0.4Nb,1.2Mn,0.3Si,0.3N,0.05C

Ni-base chromia-forming alloys
625 (N06625) 4.0 61.0 21.7 0.1 8.8Mo,3.5Nb,0.2Ti,0.2Si,0.2Mn,0.1Cu,0.1Co
230 (N06230) 1.5 60.5 22.6 0.3 12.3W,1.4Mo,0.5Mn,0.4Si
617B (N06617) 1.2 54.6 22.3 1.0 11.9Co,8.2Mo,0.4Ti,0.05Si,0.04Mn,0.005B
282 (N07208) 0.2 57.1 19.6 1.6 10.6Co,8.6Mo,0.04Si,2.2Ti,0.02Mn
740 (N07740) 0.1 49.7 24.5 1.4 20.6Co,1.5Nb,1.4Ti,0.3Mn,0.2Si

Ni-base alumina-forming alloys
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.



RESULTS

Figure 1 shows typical data generated at 300 bar at 750°C.  The boxes show the 25% and 75%
values for 5-10 specimens of each alloy and the whiskers show the minimum and maximum values
measured.  The lines connect the median values in IG and RG sCO2.  A similar plot is shown in
Figure 2 for the 1 atm results.  In this case, only the median values are shown for RG CO2 for
clarity.  In both cases, nearly parabolic behavior was observed.  The median mass gains after
1,000 and 2,500 h (i.e. 2 and 5 cycles) for all of the alloys exposed at 750°C are shown in Figure
3.  Results in air are shown for comparison.  In general, the scales formed in the various CO2
environments were not significantly different than those formed 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 1 and 300 bar results was minimal.  Likewise,
only minimal differences were noted between IG and RG CO2.  Generally, the lowest mass gains
were observed for the solid solution strengthened 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 showed higher
mass gains due to the higher levels of Al and Ti [Pint 2015a].  Both 740 and 282 have higher levels
of Al and Ti to form the γ´ strengthening phase.  The alumina-forming superalloy 247 also showed
relatively high mass gains in most cases, suggesting that a protective scale was not formed under
these conditions.  The greatest variability was noted for the two Fe-based alloys.  Some of the
highest median mass gains were observed for specimens of 310HCbN.  Perhaps the high Mn
content in this alloy might play a role.

For each condition, specimens were removed after 1,000 and 2,500 h for characterization.  Figure
4 shows example light microscopy cross-sections of the specimens removed after 2,500 h.  In
general, the cross-sections show that the scale was generally thin, which is consistent with the
low mass gains observed in Figures 1-3.  Also as expected, little internal oxidation was observed
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Figure 1.  Specimen mass gain data for 500-h cycles at 750°C in 300 bar IG and RG sCO2.
Box and whisker plots show data for 5-10 specimens exposed with solid lines connecting
the median values of the IG data.  Shaded boxes and dashed lines indicate the RG data.



for alloys 25 and 625.  While much more internal oxidation was observed for precipitation
strengthened alloys 740 and 282, the scale also appears thicker, which has been attributed to an
effect of the Ti addition [Ennis 1985, Brady 2006, Pint 2014c].  Significant internal oxidation also
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Figure 3.  Median specimen mass gain values after 1,000 and 2,500 h exposures at 750°C
in five different environments.

Figure 2.  Specimen mass gain data for 500-h cycles at 750°C in 1 bar IG and RG CO2.
Box and whisker plots show data for 5-10 specimens exposed with dashed lines
connecting the median values of the IG data.  Solid lines indicate the RG data.



was observed for alloy 247, which is consistent with the high mass gains for this alloy.  Some of
the internal oxidation may be due to the 1%Hf addition in this alloy [Pint 2015a].  An exposure
temperature of 750°C is somewhat low for forming an alumina-scale.  Further characterization is
needed but it appears that the alloy was not able to form a continuous alumina scale in these
conditions.

Figure 5 shows box and whisker plots of the measured oxide thickness and depth of internal attack
for three of the Ni-based alloys after exposure in air and IG CO2.  Consistent with the mass change
data and the cross-sections in Figure 4, the reaction products formed in these different
environments were very similar.  Surprisingly, there is some indication that the 300 bar IG sCO2
condition resulted in slightly less reaction product.

Figure 6 shows the first results with controlled impurities of 1%O2 and 0.26%H2O at 300 bar to
simulate the direct-fired cycle.  For comparison, average mass gains from the IG and RG sCO2
experiments are shown with the whisker showing one standard deviation.  Three specimens of
each alloy were exposed in this experiment and larger variations were noted for some alloys
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Figure 4:  Light microscopy of polished cross-sections of specimens exposed for 2,500 h
at 750°C in four different environments.  Sections are shown of the 282 #1 heat.
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compared to the RG and IG conditions.  Additional cycles are in progress that will help to establish
relative reaction rates and specimens will be removed at similar time intervals for comparison to
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Figure 5.  Box and whisker plots of (a) oxide thickness and (b) depth of internal oxidation for 625,
740 and 282 specimens exposed at 750°C in air and 1 and 300 bar IG sCO2.

a b

Figure 6.  Mean specimen mass gain values after 500 h exposures at 750°C/300 bar in
three different sCO2 environments.



the other conditions.

DISCUSSION

The results here appear to confirm both that low impurity levels have limited effects on compatibility
and that pressure (1 vs. 300 bar) has little effect on the oxidation rate.  Longer exposures are
required to draw a similar conclusion about high impurity levels at 300 bar.  Since the oxides
formed at 750°C are relatively thin, Figure 4, there is not much to learn from the polished cross-
sections.  Currently, transmission electron microscopy is being conducted on 625 specimens
exposed for 5,000 h in air, 1 bar IG CO2 and 300 bar IG sCO2 in order to look for differences in
the microstructure that might help explain some of the observations.  For example, if there is a
difference in oxide scale porosity between 1 and 300 bar.  There was no indication of C ingress in
this work (based on metallography, microscopy and GDOES [Lance 2018]), which suggests that
these materials are relatively compatible with sCO2 despite the high C activity created at the metal-
scale interface in a CO2 environment [Fujii 1967, Young 2011].  The internal oxidation observed,
particularly for the 740 and 282 specimens, is also observed when these alloys are oxidized in air
and steam.  The rates of internal oxidation have been studied extensively at 800°C and were found
to be acceptably low [Pint 2015b].  The oxidation rates at higher temperatures in a range of
environments is relevant for the primary heat exchanger on indirect-fired systems.

One of the reasons for studying both 1 and 300 bar is that there are limited capabilities for studying
compatibility at supercritical pressures, particularly with controlled impurity levels.  However, an
effect of pressure is to increase the amount of impurities and that may not be captured in an
ambient pressure experiment.  For example, the formation of CrO2(OH)2 is limited by the amount
of H2O and O2 present to react with the Cr2O3 scale [Young 2006].  The amount of reaction at 1
bar may be negligible but not at 300 bar in a flowing test.  This type of degradation is a particular
concern for thin-walled components in heat exchangers.

CONCLUSIONS

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 1 and 300 bar with research grade and industrial grade CO2.  Commercial Fe- and Ni-
base structural alloys were exposed in each environment and reaction products were characterized
after 1,000 and 2,500 h exposures.  Only minor differences were noted between these two grades
of CO2 after 2,500 h 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/300 bar in CO2+1%O2-0.25%H2O
and the first mass change results were presented.

NOMENCLATURE

CSP = Concentrated Solar Power
GDOES = Glow Discharge Optical Emission Spectroscopy
IG = Industrial Grade
ORNL = Oak Ridge National Laboratory
RG = Research Grade
UK = United Kingdom
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