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Future direct-fired supercritical CO2 power cycles require steels resistant to
oxidation/corrosion in high-temperature CO2 environments containing vari-
ous impurities. Herein we studied the oxidation behavior of 14 candidate
steels in a simulated direct-fired CO2 power cycle environment consisting of
95% CO2, 4% H2O, 1% O2 with/without 0.1% SO2 at 1 atm and 550 �C, 600 �C,
650 �C for up to 2500 h. Steels with ‡ 11.5 wt% Cr exhibited at least partial
coverage by Cr-rich oxide scales leading to a significant decrease in the oxi-
dation rates in both gases. While SO2 had little effect on low-Cr steels that
formed Fe-rich oxides, it generally worsened performance of high-Cr (> 11.5
wt%) steels by hindering the establishment of a protective Cr-rich oxide. This
effect was most pronounced at the lowest temperature of 550 �C, which was
attributed to strong preferential adsorption of sulfur-containing species within
the oxide at relatively low temperatures.

INTRODUCTION

Supercritical CO2 (sCO2) power cycles represent a
potentially transformative technology for next-gen-
eration high-efficiency power plants. Indirect sCO2

cycles, which rely on a closed loop of (relatively)
pure CO2, are amenable to virtually any heat source
and are thus being considered for future power
generation via fossil, nuclear and concentrated solar
energy.1 Alternatively, a direct (aka direct-fired)
sCO2 cycle requires fossil fuels as the heat source,
as it utilizes the CO2-rich stream produced by a
pressurized oxy-fuel combustion process as the
working fluid of the system.2

A primary consideration for materials selection in
both indirect and direct sCO2 cycles is chemical
compatibility with the circulating CO2-rich fluid.
This is especially true of the primary heat exchan-
ger, where compact designs are needed to enable
high recuperation efficiencies. Such designs utilize
thin metal sections and narrow flow channels (� 0.5
mm) and therefore have minimal tolerance for
oxidation/corrosion. As such, many research groups

have reported within the last 10 years on the
oxidation performance of candidate structural alloys
in pure CO2 at the temperatures (550–750 �C) and
pressures (20–30 MPa) of interest for the high
temperature portion of the primary heat exchanger
in an indirect sCO2 power cycle.3–12 This ongoing
work, combined with extensive previous work eval-
uating alloy behavior in CO2 at lower pressures
relevant to gas-cooled nuclear reactors and oxy-fuel
combustion environments, is beginning to yield a
consistent picture of the oxidation performance that
can be expected for various categories of alloys in an
indirect sCO2 power cycle.13

The oxidation performance of candidate alloys in
the impure sCO2 environments characteristic of a
direct sCO2 power cycle is less clear. Specifically,
streams containing 85–95% CO2, with the balance
being primarily H2O and O2, are expected via
pressurized oxy-combustion of fossil fuels, while
impurity levels (£ 0.1%) of SO2 might also be
present for the case of coal syngas.12 Initial work
has shown a complex pattern of behavior for
candidate alloys in these environments, where the
effects of impurities have ranged from minimal to
considerable, depending on the precise exposure
conditions.3,12,14–26 In particular, small amounts of
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SO2 can significantly affect the oxidation behavior
of steels in CO2-rich environments.27,28 This paper
summarizes ongoing work at the National Energy
Technology Laboratory (NETL) to understand the
oxidation behavior of candidate steels in impure
CO2-rich environments to inform materials selec-
tion for the intermediate-to-high temperature por-
tions of direct sCO2 power cycles.

EXPERIMENTAL

Table I summarizes the compositions of the alloys
tested in this study. The alloys are separated as
ferritic/martensitic steels and austenitic steels and
listed in order of Cr content in each category. Most
of the alloys are commercially available, while
JMP3, JMP4 and CPJ7 are experimental steels
being developed at NETL. Samples were machined
from the plate or sheet form of the alloy in the
service-ready condition to dimensions of 19 mm 9
(8–13 mm) 9 (0.9–2.9 mm), then surface finished
using 600 grit (CAMI designation) SiC paper. Either
2 or 3 samples of each steel were included in each
exposure. The 550 �C tests were the first conducted
and the number of steels evaluated expanded in the
subsequent tests. Therefore, not all steels were
included in the 550 �C test.

Samples were cleaned in acetone and/or alcohol
and weighed using a microbalance (0.01 mg preci-
sion) prior to loading in a horizontal flowing tube
furnace. The samples were heated to test tempera-
ture (550, 600, 650 �C) under a constant gas flow
that corresponded to a linear rate of 25 cm/min at
temperature. The gas consisted of only pure
(99.999%) CO2 during an initial purge and during
heating and cooling, while impurities were intro-
duced upon reaching the exposure temperature to

achieve a gas composition of (mol%) 95% CO2, 4%
H2O, 1% O2 or the same gas containing 0.1% (1000
ppm) SO2. Liquid water was introduced via syringe
pump into a hot section of the furnace. The gas
mixture was passed through a Pt-Rh catalyst mesh
to achieve the equilibrium composition of the O2/
SO2 components (i.e., to catalyze the reaction SO2 +
½O2 = SO3). The samples were cooled and weighed
every 500 h. The above procedure was repeated
until a maximum total exposure time of 2500 h. The
final 500 h exposure was interrupted for the SO2

test at 550 �C, resulting in a total time of 2250 h for
these samples. The reported mass changes repre-
sent the average and error bars represent one
standard deviation. The reported rate constants
(kp) represent the average obtained for the individ-
ual samples for a given steel/exposure condition.
The rate constants were derived by fitting a linear
function to the mass change vs square root of time.
Select data points were removed at our discretion
when it significantly improved the fit. In particular,
the first one or two data points (t = 0 and t = 500 h)
corresponding to the transient oxidation period
were typically removed, while those corresponding
to obvious spallation (reflected by significant mass
loss and confirmed by visual inspection of the
samples) were also removed.

Cross-sections were prepared for several of the
steels by sectioning and mounting the sample
followed by grinding and polishing to a 1-lm
diamond finish. The sample cross-sections were
analyzed by scanning electron microscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDS)
using an FEI Inspect F50 operating at 20 kV.
Images were collected in backscattered electron

Table I. Compositions of tested alloys (wt%) measured by wavelength dispersive x-ray fluorescence (C
contents are nominal values)

Alloy Fe Ni Cr Co Mo W Al Si Ti Mn Nb C

Ferritic/Martensitic Steels Grade 22* 95.5 0.2 2.3 – 0.9 – 0.03 0.2 – 0.5 – 0.1
Grade 91* 89.3 0.09 8.4 – 0.9 – 0.01 0.3 – 0.5 0.07 0.09
JMP3 83.2 – 9.6 – – – – – – – – –
CPJ7 85.5 0.3 9.9 1.5 1.4 0.4 – 0.3 – 0.3 0.06 0.2
JMP4 82.7 – 10.1 – – – – – – – – –
SAVE 12 82.8 – 10.5 2.9 – 2.9 – 0.2 – 0.5 0.07 0.1
409 86.8 0.3 11.5 0.03 0.02 – 0.1 0.4 0.2 0.4 0.01 0.08
420 86.0 0.4 12.4 0.02 0.09 0.02 0.05 0.3 0.01 0.5 0.01 0.2
416 85.5 0.3 12.5 0.02 0.2 0.01 0.01 0.2 0.01 1.1 0.01 0.1
E-Brite 71.6 0.2 26.5 0.02 1.0 – 0.1 0.3 – 0.04 0.1 0.01

Austenitic steels 347H* 70.1 9.0 17.3 0.1 0.4 – – 0.3 – 1.9 0.5 0.05
304H 70.6 8.3 18.7 0.2 0.1 0.01 0.01 0.4 – 1.1 0.01 0.07
800 44.2 32.7 19.9 0.07 0.2 – 0.4 0.5 0.5 0.9 0.05 0.1
310S* 53.5 19.1 25.0 0.2 0.09 – 0.02 0.4 – 1.4 0.01 0.04

Only Fe and Cr content are listed for JMP3 and JMP4 steels, which are currently under development at NETL.*Composition provided by
the manufacturer.
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(BSE) mode. Select samples were also analyzed by
electron probe microanalysis (EPMA) using a JXA-
8530FPlus HyperProbe.

RESULTS AND DISCUSSION

Figure 1 summarizes the mass change of all steels
and conditions after a total exposure time ranging
from 2250 to 2500 h, while plots of the average mass
change vs time for each steel are included in Fig. S1
of the supplementary information. The steels in
Fig. 1 are arranged in order of increasing Cr
content, which is listed above the mass change for
each steel. The plots reveal a clear transition from
high to low mass gains (note the broken y-axis) for
steels with Cr content between 10.5 wt% (SAVE12)
and 11.5 wt% (409) at temperatures of 600 and
650 �C, regardless of SO2. A similar transition is
seen at 550 �C; however, the fewer steels at this
temperature prevented as precise determination of
the Cr content where this occurred. Figure 1 does
not reveal a significant effect of SO2 on the mass
gains of most of the low-Cr steels, with two excep-
tions. The first is Grade 22 at 650 �C, where the
mass change indicates significant spallation in the

absence of SO2, whereas little or none occurred in
the presence of SO2 (Fig. S1). This spallation
behavior of Grade 22 was confirmed by visual
inspection of the samples. The second exception
was Grade 91 at 650 �C, where SO2 produced
notably lowers mass gains compared with the SO2-
free condition (Fig. S1). The mechanism responsible
for this behavior will be described in a subsequent
paper. Unlike for low-Cr steels, Fig. 1 indicates a
notable effect of SO2 for high-Cr steels for at least
some exposure temperatures. In particular, the
mass gains imply a clear negative effect of SO2 at
the lowest temperature 550 �C.15 While less obvi-
ous, slightly higher mass gains and large error bars
also suggest a negative effect of SO2 at the highest
temperature of 650 �C. Alternatively, SO2 appeared
to have little effect on high-Cr steels at 600 �C.

Several of the steels were cross-sectioned and
analyzed by various techniques to understand the
oxide scales that formed in these environments.
Unsurprisingly, the low-Cr (£ 10.5 wt%) steels,
which showed high mass gains, formed Fe-rich
oxide scales. Figure 2 shows an example of this
scale for Grade 91 exposed to the SO2-free environ-
ment at 550 �C for 2500 h. The analysis reveals a

Fig. 1. Mass change of steels after 2250-h or 2500-h exposure to 95% CO2, 4% H2O, 1% O2 without/with 0.1% SO2 at 1 atm and temperatures of
(a) 550 �C, (b) 600 �C and (c) 650 �C. The steels are shown in order of increasing Cr content, which is listed above the bars in wt%. Note the
broken y-axis for the lower-Cr steels.
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scale constitution that is similar to that which has
been observed frequently for relatively low-Cr steels
in pure CO2.13 That is, a duplex oxide scale consist-
ing of an outward-growing layer of Fe3O4 covered by
outermost Fe2O3, an inward-growing layer of Fe3-

xCrxO4 spinel and an internal oxidation zone con-
sisting of Cr-rich oxide precipitates dispersed in the
alloy matrix. That this scale structure/composition
is very similar to what is observed in pure CO2

implies that the impurities did not have a signifi-
cant effect on the oxidation behavior of these low-Cr
steels. It is well established that growth of these Fe-
rich oxide scales in high-temperature CO2 is accom-
panied by significant carbon uptake by the steel,13

and indeed this remains true for the impurities
tested herein.15 While carburization is an important
form of degradation in high-temperature CO2, it is
not considered further in the present paper, which
is principally focused on the oxidation behavior of
the steels.

As implied by the mass gains, the oxide scales
formed on high-Cr (‡ 11.5 wt%) steels showed a
more complex pattern of behavior as a function of
both temperature and SO2. Figure 3 shows cross-
sectional SEM images of 347H (17.3 wt% Cr)—an
example of a ‘‘high-Cr’’ steel without an exception-
ally high Cr content—at all exposure conditions.

Figure 3a shows that a thin, Cr-rich oxide scale
formed at 550 �C in the absence of SO2 (composi-
tions annotated on the SEM images were deter-
mined by EDS). Figure 3b shows that similar (albeit
slightly thicker) Cr-rich oxide scales covered a
portion of the steel surface in SO2; however, these
were interrupted by frequent Fe-rich oxide nodules,
consistent with the higher mass gains (Fig. 1). In
addition, small sulfide particles, which were usually
enriched in Mn, were present beneath both the thin
Cr-rich oxide scales and thicker Fe-rich oxide
nodules. Alternatively, at 600 �C, thin Cr-rich oxide
scales formed regardless of SO2. Finally, at 650 �C
the steel showed similar behavior to the SO2

exposure at 550 �C (i.e., partial coverage by Cr-rich
oxide scale with frequent Fe-oxide formation)
regardless of SO2.

While the presence of SO2, or a sufficiently high
exposure temperature (i.e., 650 �C), promoted the
formation of Fe-rich oxides for 347H, the mass gains
and oxide thicknesses were still significantly lower
than the low-Cr steels characterized by uniform Fe-
rich oxide scales. Figure 4 illustrates the reason for
this discrepancy, using the SO2 exposure at 550 �C
as an example. The x-ray maps confirm that the
thin oxide is indeed Cr-rich, while the thicker
nodule is Fe-rich. However, Fig. 4c also shows that

Fig. 2. Qualitative EPMA analysis of Grade 91 exposed at 550 �C and 1 atm to 95% CO2, 4% H2O, 1% O2 for 2250 h. (a) BSE reference image,
(b–d) x-ray maps showing elements of interest.
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a continuous layer of Cr-rich oxide exists at the
bottom of the nodule. Hence, the region of Fe-rich
oxide growth (caused in this case by the presence of
SO2) underwent a recovery process, whereby a layer
of Cr-rich oxide formed at the base of the nodule and
subsequently limited oxide growth by diffusion
through this layer. Interestingly, 347H specimens
exposed to the same environment that were thinner
(0.6 mm) compared with the present study (2.0 mm)
were incapable of this recovery process and were
therefore more severely oxidized (and carburized).29

Figure 4e and g also suggest the presence of Mn-rich
sulfide particles beneath the scale, as described
above. Indeed, quantitative EPMA point analysis of
similar particles (not shown) confirmed significant
enrichment of Mn and S.

Figure 5 shows cross-sectional SEM images of
310S (25.0 wt% Cr)—an example of a steel with a
very high Cr content—at all exposure conditions.
Figure 5a and b reveal a similar pattern of behavior
compared with 347H at the lowest temperature of
550 �C, where SO2 resulted in a thicker Cr-rich
oxide scale, interrupted by frequent Fe-oxide for-
mation. However, compared with 347H, the extent
of Fe-oxide growth was more limited prior to
initiation of the aforementioned recovery process,
resulting in less prominent nodules for 310S (note
the different scale bars in Figs. 3 and 5). The
behavior of 310S at 600 �C was likewise similar to
347H, where SO2 had essentially no effect on the
oxidation behavior. Alternatively, 310S showed a

different pattern of behavior at the highest temper-
ature of 650 �C, where it formed a uniform Cr-rich
oxide scale both with and without SO2, where the
scale was slightly thicker for exposure in SO2.

Alloy oxidation rates are commonly controlled by
diffusion through the scale,30 resulting in parabolic
mass gain behavior according to

kp ¼ Dmð Þ2

2t

where Dm is the mass change (per exposed surface
area), t is the exposure time and kp is the parabolic
rate constant. While not all the steels showed clear
parabolic behavior (Fig. S1), such kp values are
nevertheless a useful means of visualizing the
approximate oxidation rates of large numbers of
samples and exposure conditions. Figure 6 summa-
rizes these values graphically for all steels and
conditions, while the tabulated values are included
in Table S1 of the supplementary information.
Figure 6 is also annotated with the reaction prod-
ucts identified through post-exposure characteriza-
tion, i.e., purely Fe-rich oxide growth and purely Cr-
rich oxide growth, while the regions intermediate to
these two regimes reflect the instances of periodic
Fe-oxide formation and recovery as described above.
Figure 6a shows that exposures done without SO2

exhibited a relatively distinct transition between
these two regimes, where 409 (and 347H at 650 �C),
were the only steels that did not conform to either
regime. Furthermore, Fig. 6a shows that most steels

Fig. 3. Cross-sectional SEM images of 347H exposed for 2250 or 2500 h to 95% CO2, 4% H2O, 1% O2 without/with 0.1% SO2 at 1 atm and
temperatures of (a–b) 550 �C (c–d) 600 �C (e–f) 650 �C.
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Fig. 4. Qualitative EPMA analysis of 347H exposed at 550 �C and 1 atm to 95% CO2, 4% H2O, 1% O2, 0.1% SO2 for 2250 h. (a) BSE reference
image, (b–g) x-ray maps showing elements of interest.

Fig. 5. Cross-sectional SEM images of 310S exposed for 2250 or 2500 h to 95% CO2, 4% H2O, 1% O2 without/with 0.1% SO2 at 1 atm and
temperatures of (a–b) 550 �C (c–d) 600 �C (e–f) 650 �C.
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exhibited the expected temperature dependence,
where kp increased with increasing exposure tem-
perature. Hence, the mechanism of oxidation did
not change significantly between 550 and 650 �C for
most steels exposed without SO2.

Figure 6b shows two primary differences for
exposures done with SO2. First, several additional
steels/exposure conditions now fall within the zone
of intermediate Cr-oxide and Fe-oxide growth,
specifically all steels with Cr £ 18.7 wt%. Hence,
exposure in SO2 required higher levels of Cr to
facilitate Cr-rich oxide growth. Second, the high-Cr
steels exposed at three temperatures clearly show
non-Arrhenius behavior. Specifically, the oxidation
rates decreased between 550 and 600 �C and
increased between 600 and 650 �C. In short, SO2

generally showed a negative effect for high-Cr steels
by making it more difficult for the steel to form and
maintain a Cr-rich oxide scale and this effect had a
complex dependence on the exposure temperature.

Possible reasons for the negative effect of SO2 on
the high-Cr steels can be generally separated into
two categories: (1) it may change the compounds
that form by reaction of the alloy with the gas, such
that protective (Cr-rich) oxides are no longer
stable,16 and (2) SO2 (or another sulfur-containing
species) may enter the growing oxide scale and
prevent the establishment of the Cr-rich oxide,
cause its failure and make it more difficult to reform
a Cr-rich oxide in the event of failure.27,31–36 The first
possible reason appears unlikely, considering no
evidence of metal sulfates was found during char-
acterization. Regarding the second explanation,
significant previous work studying the oxidation of
metals and alloys in mixed oxidant (e.g., CO2, H2O,
O2) environments containing SO2 has highlighted
the importance of competitive adsorption processes
in controlling the oxidation behavior.37 Specifically,

SO2 (and other sulfur-containing molecules) are
very strong adsorbates and therefore the fraction of
reacting SO2 (and SO3) molecules on the oxide
surface can be expected to be much higher than that
present in the bulk gas. Furthermore, the results
show that some sulfur-containing species success-
fully diffused through the Cr-oxide oxide scales
formed on the high-Cr steels, as evidenced by
formation of sulfide particles in the underlying alloy
(Figs. 3–5). This likely occurred by diffusion
through defects (such as grain boundaries) in the
oxide scale,27 and thus this diffusion process (and
therefore the amount of sulfur ingress through the
scale) is likely subject to the same competitive
adsorption process as the initial adsorption of the
reactive molecules on the oxide surface.28 Impor-
tantly, competitive adsorption processes generally
become less prominent as temperature is increased
and the adsorption rate decreases.30,38,39 Therefore,
the effect of competitive adsorption of the sulfur-
containing species was likely most pronounced
during the 550 �C exposure. Thus, it appears likely
that the increased participation of sulfur-containing
species during oxidation at 550 �C contributed to
the worse oxidation performance of the high-Cr
steels at this temperature. The precise mechanism
whereby SO2 prevented the formation of a Cr-rich
oxide scale, or caused its failure (i.e., by affecting
the growing oxide scale, the underlying alloy, or
both), is currently unclear. It is also noteworthy
that the equilibrium SO3/SO2 ratio is significantly
higher at 550 �C (2.3) compared with 600 �C (1.0)
and 650 �C (0.5), based on thermodynamic calcula-
tions. Therefore, if SO3 is the problematic sulfur
species, this may further explain the worsened
effect at the lowest exposure temperature. Finally,
alloy diffusion was slowest at 550 �C. Because
selective oxidation (of Cr in this case) is favored by

(a) (b)

Fig. 6. Parabolic oxidation rate constants of steels exposed at 550, 600, 650 �C and 1 atm to (a) 95% CO2, 4% H2O, 1% O2 and (b) the same gas
containing 0.1% SO2.
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faster diffusion, this likewise makes the alloy more
susceptible to the disruption in establishment of a
Cr-rich oxide scale caused by SO2.

SUMMARY AND CONCLUSION

Herein we evaluated the oxidation performance of
several candidate steels in the gas compositions
expected in direct-fired CO2 power cycle environ-
ments. Steels with Cr contents ranging from 2 to 27
wt% were exposed to 95% CO2, 4% H2O, 1% O2

without/with 0.1% SO2 at temperatures of 550–
650 �C for up to 2500 h to simulate the compositions
expected by the oxyfuel combustion of natural gas
and coal syngas, respectively. The transition from
Fe-rich oxide growth to (at least partial) Cr-rich
oxide growth occurred for Cr levels between 10.5
and 11.5 wt% regardless of SO2, although the
transition was less distinct in SO2. The expected
temperature dependence on the oxidation rate was
observed for both low-Cr steels (which formed Fe-
rich oxide scales) and high-Cr steels (which formed
Cr-rich oxide scales) in the absence of SO2. Fur-
thermore, SO2 had little effect on the oxidation
behavior of low-Cr steels. Alternatively, it had a
strong effect on the behavior of high-Cr steels,
particularly at the lowest exposure temperature of
550 �C. The most likely explanation appears to be
due to strong preferential adsorption of sulfur-
containing species on and within the growing oxide
scale, preventing the formation/growth of a protec-
tive Cr-rich oxide.

From an application perspective, this work shows
that many candidate steels may possess the
required oxidation resistance for use in the inter-
mediate-to-high temperature portions of a direct
sCO2 power cycle fueled by natural gas, where
sulfur levels are very low. For example, several 400
series steels showed good oxidation performance.
Therefore, these low-Ni steels should be considered
as a cost-effective alternative to austenitic stainless
steels, up to their maximum use temperature (likely
� 450 �C in an sCO2 power cycle). Likewise, certain
creep-strength-enhanced ferritic-martensitic steels
(which can contain up to � 12 wt% Cr) may also
prove suitable for portions of the cycle. Caution is
needed when sulfur-based impurities are expected,
especially at relatively low temperatures. Addi-
tional research is needed (and ongoing) to establish
the oxidation performance with and without SO2 at
even lower temperatures, to further inform cost-
effective materials selection for direct-fired sCO2

power cycles.
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