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Grade 92 ferritic-martensitic steel is a candidate alloy for medium temperature (< 550 �C)
components for the supercritical carbon dioxide (s-CO2) Brayton cycle. 1000 hours exposures
were performed on base and welded material in s-CO2 at temperatures of 450 �C or 550 �C and
compared to samples aged in Ar at 550 �C. Both s-CO2 exposures resulted in a duplex oxide
growth and carburization, with 450 �C exhibiting carburization in a power law diffusion profile
up to a depth of 200-250 lm, while 550 �C showed a linear profile up to a depth of 100 lm. The
different profiles indicate much slower precipitation and coarsening of carbides at the lower
temperature, allowing carbon to diffuse deeper into the material. However, 450 �C produced
improved mechanical properties while 550 �C produced deteriorated properties. This was due to
the higher density of carbon near the metal–oxide interface which leads to significant carbide
coarsening and, subsequently, crack initiation and early failure. Additional exposure at 450 �C
is predicted to increase deposited carbon, but further study would be needed to understand if
and when carburization will produce a negative mechanical effect.
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I. INTRODUCTION

THE supercritical carbon dioxide (s-CO2) Brayton
cycle is currently being considered for next-generation
power systems for uses across nuclear, solar, and fossil
power sources. Compared to the current industry
standard, the Rankine cycle, the Brayton cycle has been
found to produce higher efficiencies at comparable
operating temperatures.[1,2] Implementing an s-CO2

Brayton cycle, however, will not be possible without a
thorough understanding of the effects of the environ-
ment on candidate materials.[3]

Grade 92 ferritic-martensitic steel (P92 or NF616)—
along with other 9-12 pct Cr ferritic steels—is being
considered for medium temperature applications due to
its good strength and creep properties up to its highest
suggested service temperature of 620 �C.[4–10] These
high-temperature properties are a result of precipitation
of M23C6 carbides and MX carbonitrides along grain
boundaries. A homogeneous distribution of these

precipitates nucleates and remains relatively small dur-
ing initial heat treatment of P92, due to the stabilizing
effect of W.[11,12] The stabilization of precipitates causes
no detrimental coarsening after further aging at 600 �C.
However, after 1000 hours of aging at 600 �C Lave-
s-phase precipitates and coarsens to above 0.5 lm,
resulting in embrittlement, though the effect of this on
creep strength is not confirmed.[7,13]

The mechanical properties of 9-12 pct Cr ferritic steels
are highly dependent on the size, density, distribution,
and morphology of both strengthening precipitates.[5]

The P92 microstructure consists of 30–50 lm
prior-austenite grains which are transformed during
the heat treatment process to a dual phase structure of
ferrite and tempered martensite, resulting in a grain size
of 1-10 lm.[14] This fine grain structure allows for high
strength from the near-homogeneous precipitation of
strengthening precipitates along grain boundaries. Car-
bonitrides are not expected to significantly coarsen with
additional carbon deposition, as they are likely limited
by the availability of their forming metals, trace alloying
elements V and Nb. Conversely, the forming metals of
M23C6 carbides are primary alloying constituents (Fe,
Cr, W, and Mo). The abundance of these constituents
leads to enhanced coarsening when carbon is added to
the matrix, in this case by environmental exposure to
CO2.

[15–18] Additionally, the refined microstructure of
P92 creates a dense network of diffusion pathways for
carbon, potentially enhancing the depth-dependent
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effects of carburization when exposed to the CO2

environment.
Oxidation of P92 and similar 9-12 pct Cr steels in CO2

has been shown to result in a duplex oxide, with an outer
magnetite and inner Fe-Cr spinel (with an average
stoichiometry of Fe2.3Cr0.7O4).

[19,20] Once this duplex
structure has developed, the alloy exists in a pseudo-s-
teady-state, and further oxidation can be understood
through the available space model.[21] This model
describes a process by which Fe ions diffuse to the
surface to oxidize into magnetite (Fe3O4) and hematite
(Fe2O3). The diffusion of Fe results in vacancies near the
oxide–metal interface, which coalesce into voids. Fur-
ther, the growth of the magnetite and hematite results in
porosity through which gaseous CO2 can flow to the
oxide–metal interface [22] where these voids then allow
‘‘available space’’ for internal oxidation of Fe and Cr.

It is believed that the internal oxidation to create the
inner Fe-Cr spinel locally lowers the pO2 to the point
that Cr oxidizes preferentially.[19,20] In P91, a very
similar 9 pct Cr steel, small islands of Cr-oxide have
been observed underneath the inner Fe-Cr spinel,
forming the internal oxidation zone (IOZ).[9] After
exposure at 600 �C for 20,000 hours, P91 exhibited an
IOZ characterized by chromite (FeCr2O4) and M23C6

carbides which had left the nearby matrix nearly devoid
of Cr. The oxides were preferentially situated nearer the
oxide–metal interface than the carbides. The indication
is that internal carbides were formed, removing Cr from
the matrix and isolating it in islands which were then
oxidized as the oxide grew inward, thanks to the higher
thermodynamic stability of the oxide. The removal of Cr
from the surrounding matrix would then lead to
oxidation of Fe (once the local pO2 increases suffi-
ciently) around the chromite islands to form the full
Fe-Cr spinel with the above-listed average stoichiome-
try. This process is also likely to occur at lower
temperatures and be very similar in P92.

Several experimental studies have been performed
which exposed P91 or P92 to high-temperature CO2.
Previous work at the University of Wisconsin-Madison
showed that P92 exposed to CO2 at 450 �C, 20 MPa for
1000 hours produced an oxide layer of roughly 8 lm
thickness, and carburization to a depth of up to 200 lm
from the surface.[15] Another study exposed P91 to CO2

at 550 �C, 25 MPa for 310 hours and discovered carbon
contents between 1.5 and 2.0 atomic percent extending
from the inner Fe-Cr spinel out beyond 50 lm (max-
imum reported depth of measurement).[19] A study at
the National Energy Technology Laboratory exposed
P91 to several different environments at 550 �C, and
found 1500 hours of s-CO2 exposure resulted in a
roughly 37-lm-thick duplex oxide.[23] An additional
study exposed P92 to an Ar-CO2 50/50 mixture at 550
�C for up to 150 hours and found a carburized region of
roughly 100 lm.[18]

The carburization and oxidation processes that occur
in alloys exposed to CO2 have been linked.[17,18,24] This
is believed to be the result of the Boudouard reaction,
given in (1). The direct reduction of CO2 produces CO,
and the recombination of two CO molecules into CO2

produces an excess carbon atom. Therefore, the more

oxidation that occurs, the greater the effect of carbur-
ization on the material. In addition, as internal oxida-
tion occurs, previously formed carbides will get oxidized
(oxides are generally more thermodynamically stable in
pure CO2 environments[25]) and create additional free
carbon. In this way, the carbon profile will get pushed
inward, and build up in and near the internal Fe-Cr
spinel. The IOZ, meanwhile, has been shown to be
carbon-poor, with the assumption being that as carbides
are oxidized, the carbon is freed up and diffuses inward
to find additional Cr to form carbides.[9] As discussed
above, the coarsening of carbides should have a
measurable effect on mechanical properties.

CO2 þ C $ 2CO ½1�

II. EXPERIMENTAL PROCEDURE

P92 base material was acquired from Anderson
Laboratories, and 9CRWV-TIG filler[26] was purchased
from Euroweld Limited. Material compositions are
given in Table I. Welding was performed on 3.18 mm
plates with a preheat-interpass temperature above 200
�C to avoid hydrogen-assisted cold cracking.[26] The
weldment was then given a post-weld heat treatment
(PWHT) of 765 �C/2.5 h in accordance with the boiler
and pressure vessel code case 2179-8.[27] The plate was
milled to 1.6-mm thickness to remove surface effects,
and samples were produced using electrical discharge
machining.
Tensile samples, previously described,[28] were cut

transverse to the weld, with ellipsoidal corrosion sam-
ples taken from the area between the gauges of
neighboring tensile samples. Samples were polished to
800-grit using SiC polishing paper prior to either
unexposed tensile testing or exposure. The exposure
facility utilized in this experiment has previously been
described.[24,29,30] Exposures were performed for 1000 h
in either research grade CO2 (99.999 pct pure) at 450 �C
or 550 �C, 20 MPa, or were aged in ultra-high purity Ar
(99.999 pct pure) at 550 �C, 0.02 MPa. For base
material, three samples were tested in the as-received
heat-treated condition, while three were tested in each of
550 �C-exposed conditions and two were tested after 450
�C CO2 exposure. For welded samples, six samples were
tested after PWHT, while three were tested in each of
the CO2-exposed conditions and one after aging in Ar.
Tensile testing was performed at room temperature,

and stress data were acquired from a MTS Criterion 43
with a 5 kN load cell. Strain data were acquired from a
custom video extensometer setup which was verified to
an accuracy of 1.2 pct for the Young’s Modulus and a
median difference per tensile measurement of 3 pct
relative to an off-the-shelf extensometer on larger
samples. Mass measurements were made both before
and after exposure using a high-precision Sartorius scale
with an accuracy of ± 2 lg. Samples were analyzed
using a field-emission scanning electron microscope
(FE-SEM) combined with energy-dispersive
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spectroscopy (EDS), which included measuring oxide
thickness. Elemental depth profiles were acquired using
a Horiba GD Profiler 2—a glow-dispersion optical
emission spectrometer (GD-OES)—and the sputtering
depth was calibrated using a Zygo NewView 6K
profilometer.

III. RESULTS

A. Mass Change and Oxide Analysis

The change in mass demonstrated the increased
corrosion expected from 550 �C CO2 exposure relative
to that of 450 �C. The mass gains for base material were
4.950 ± 0.007 mg/cm2 for 550 �C exposure and 1.429 ±
0.031 mg/cm2 for 450 �C. For welded samples, mass
gains were 4.508 ± 0.675 mg/cm2 for 550 �C exposure
and 1.541 ± 0.042 mg/cm2 for 450 �C. The mass gain
from 550 �C exposure was consistent with previous
work.[23,31] Oxide thicknesses were determined using
SEM images of cross-sectioned samples, as observed in
Figures 1(a) and (c). Samples exposed to CO2 at 450 �C
exhibited an average thickness of 11.7 ± 1.7 lm, while

those exposed at 550 �C resulted in an average of 36.9 ±
2.8 lm. These results indicate two things: there was no
statistical difference in corrosion between welded and
base material, and roughly three times as much corro-
sion occurred in CO2 at 550 �C than at 450 �C.
Additionally, both exposures produced a duplex oxide

consisting of an outer Fe-oxide layer and an inner Fe-Cr
spinel, see Figure 2. The outer magnetite appears to
have grown outward from the surface with a measured
porosity of roughly 4-10 pct (through image process-
ing). The inner Fe-Cr spinel, meanwhile, appears to have
grown inward and contained no large pores. The inward
and outward growth of these oxides is evident from both
the composition of the oxides (trace alloying elements
evident within the inner oxide but not the outer oxide)
and the flat line separating the oxides (representing the
original alloy surface). This confirms the characteriza-
tion of the duplex oxide from the previous works
mentioned above.[9,20,23]

As the Fe-Cr spinel is theorized to have grown
inward, its thickness was measured to account for total
material loss by the gauge cross-section of the tensile
samples. The Fe-Cr spinel was found to average 4.2 ±
0.5-lm-thick after 450 �C exposure, and 12.2 ± 0.7 lm

Fig. 1—Oxide of P92 exposed for 1000 h to CO2 at 450 �C (a, b) and 550 �C (c, d) showing a duplex oxide formation of an outer Fe-oxide and
an inner Cr-rich spinel. High-magnitude images (b, d) show that 450 �C exposure allows for a ~ 1-lm-thick layer of hematite above the
magnetite (not observed at 550 �C), while the IOZ after 1000-h exposure at 550 �C is large enough to be observed (~ 3 lm thick).

Table I. Composition of Base and Filler Material Used in this Work

Cr W Mo Mn Ni V C Si Nb N Al P S B Fe

Base Material 8.94 1.91 0.50 0.45 0.21 0.20 0.11 0.10 0.08 0.047 0.016 0.016 0.003 0.001 bal.
Filler Metal (9CrWV-TIG) 9.04 1.65 0.41 0.68 0.49 0.17 0.092 0.22 0.062 0.058 0.007 0.009 0.010 0.003 bal.
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after 550 �C exposure, corresponding to a 1 pct and
3 pct metal loss, respectively. This indicates that metal
loss likely does not contribute to a significant loss in
measured strength or ductility after exposure at either
temperature.

The oxide morphology was different between the two
1000 hours CO2 exposures. 450 �C exposure resulted in a
1-lm-thick layer of hematite above the magnetite, see
Figure 1(b). Hematite was not observed after 550 �C
exposure, likely due to rapid diffusion of Fe outward,
removing the oxygen-rich phase quickly and keeping it
too thin to observe with SEM. Further, Figures 1(d)
and 3 show that 550 �C exposure allowed for the
development of a ~ 3-lm-thick IOZ. This region was not
large enough to be seen with SEM in the 450 �C-exposed
samples, though it has been observed previously.[15]

B. Tensile Results

Tensile results, given in Table II, indicate strengthen-
ing occurred after both CO2 exposures, for both welded
and base material. For base material, 450 �C resulted in
an 18 pct increase in yield strength (YS) and a 9 pct

increase in ultimate tensile strength (UTS). The mea-
sured decrease in elongation is statistically insignificant
due to the large variance in the measured quantities,
indicating no significant drop in elongation. Meanwhile,
the samples exposed to CO2 at 550 �C experienced
moderate increases in YS and UTS—3 pct and 6 pct,
respectively—with a 35 pct loss in elongation relative to
unexposed. In contrast to this, there was no observed
mechanical effects of the inert environment thermal
aging at 550 �C, an effect which has been seen before,[32]

and indicates that laves-phase precipitates did not grow
to a mechanically detrimental level.[7]

Welded samples exhibited similar results. 450 �C
exposure in CO2 resulted in a 17 pct increase in YS and
a 6 pct increase in UTS, with only a 7 pct drop in
elongation relative to unexposed. Exposure to CO2 at
550 �C resulted in a negligible effect on YS and a 6 pct
increase in UTS, with a drop in elongation of 29 pct.
This is a very similar effect to that of base material:
while 450 �C exposure increases strength with little or no
cost in ductility, CO2 exposure at 550 �C begins to have
a negative effect on mechanical properties. In another
similar result to that of base material, neutral aging at

Fig. 2—EDS maps for the oxide from 450 �C and 550 �C, 1000 h exposures. Shows duplex oxide growth for both exposures: external Fe-oxide
and internal Fe-Cr spinel.

Fig. 3—EDS line scan over the oxide of a P92 sample exposed to CO2 at 550 �C, 20 MPa for 1000 h. Shows the duplex oxide and the formation
of a roughly 3-lm-thick IOZ.
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550 �C resulted in no meaningful change in tensile
properties. All samples appeared to fail in the heat-af-
fected zone (HAZ), likely in the fine-grained HAZ
(FG-HAZ), which has previously been identified as a
weak point in P92 welds,[33] and this was not altered by
exposure.

The tensile results show that welded samples were
consistently weaker and less ductile than base material.
However, both welded and base samples exhibited the
same response to exposure relative to the unexposed
condition. This shows that the welding did not impact
the mechanical response to either thermal aging or the
s-CO2 environment for P92. Welded samples also
mirrored the results of mass change and oxide thickness
compared to base material, so it can be determined that
the effect of the s-CO2 environment was the same.
Therefore, the differences between base and welded
samples will not be commented on in the following
sections, as the analysis would be redundant.

C. Fracture Surface Analysis

Qualitative analysis was performed on pulled samples
by examining the fracture surface after tensile testing of
base material. As can be seen in Figure 4(a), unexposed
P92 exhibited necking of the gauge, corresponding to
the ductility observed after peak stress in the
stress–strain curve. Figure 4(b) shows that the fracture
surface was composed of a majority of micro-void
coalescence (MVC), with micron-scale dimples, as well
as some brittle cleavage, each corresponding to the
microstructural phases, soft ferrite and hard martensite,
respectively. Aging at 550 �C for 1000 hours did not
change the fracture mode, as can be seen in Figures 4(a)
and (d). The exposure of base material to CO2 at 450 �C
for 1000 hours resulted in a similar, though slightly
different, fracture surface. Figures 4(e) and (f) show
slightly less necking (image taken from the less ductile of
the two samples), along with a similar mixture of
micron-scale dimples and cleavage. The shared mode of
fracture between unexposed, 550 �C aged, and 450 �C
CO2-exposed samples indicates that the ductility of the
material did not change significantly from either
exposure.

As seen in Figure 5, analysis of the samples exposed
to CO2 at 550 �C showed an altered fracture surface.
Little-to-no localized necking was observed,

corresponding to the lowered elongation in the tensile
results. In addition, while there was still a mixture of
MVC and cleavage, the sample cross-section was
divided into roughly equal regions in which MVC
dominated (Figure 5(b)) and cleavage dominated
(Figure 5(c)). These regions were not depth-dependent,
though the cleavage-dominated regions always had a
connection to the edge of the sample. It is possible—
even likely—that they were the result of near-surface
crack initiation which then propagated along grain
boundaries into the material until the true stress on the
remaining area increased sufficiently to induce complete
fracture.

Fig. 4—Fracture surface images for P92 base material ruptured
unexposed (a, b) and after neutral aging at 550 �C (c, d) show a
mixture of micron-sized dimples (MVC) and cleavage, combined
with overall sample necking. Fracture surface images for CO2

exposed at 450 �C (e, f) show a similar mixture of MVC and
cleavage, with decreased sample necking corresponding to lowered
elongation observed in this sample.

Table II. Tensile Results for P92 Samples After the Given Exposure

UTS (MPa) 0.2 pct YS (MPa) Elongation (Pct) Failure Location

Base: Unexposed 722 ± 4 562 ± 5 20.7 ± 0.5 N/A
Base: 450 �C CO2 785 ± 5 664 ± 4 18.1 ± 4.3 N/A
Base: 550 �C CO2 766 ± 2 577 ± 3 13.4 ± 0.6 N/A
Base: 550 �C Aging 735 ± 2 560 ± 1 19.9 ± 0.3 N/A
Welded: Unexposed 669 ± 1 509 ± 10 15.7 ± 0.2 FG-HAZ
Welded: 450 �C CO2 709 ± 3 593 ± 10 14.6 ± 0.2 FG-HAZ
Welded: 550 �C CO2 711 ± 3 518 ± 7 11.2 ± 0.6 FG-HAZ
Welded: 550 �C Aging 674 496 15.1 FG-HAZ
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D. Carburization Analysis

Micro-hardness measurements were obtained for both
CO2-exposure conditions and for unexposed samples, as
it has been shown to be indicative of local carburiza-
tion.[15] Bulk hardness measurements were made by
averaging 25 measurements at the center of the sample
(away from corrosion effects, as will be seen below),
while depth measurements, given in Figure 6, were made
by averaging 2-4 measurements equidistant from the
interface between the inner and outer oxides. Bulk
measurements found CO2 exposure at 550 �C resulted in
241.2±5.1 HV, while 450 �C resulted in 252.8 ± 5.5 HV.
In addition, the bulk of 550 �C aged P92 was found to
have a hardness of 239.2 ± 5.2 HV. These match the
hardness values reported in literature for heat-treated
P92, which are in the range of 240-275 HV,[5,6] and
indicate no effects of CO2 in the bulk material. Depth
measurements, however, shown in Figure 6, indicate

that after exposure to 450 �C there is an increased
hardness profile near the surface, which decays to the
bulk values around 200–250 lm from the surface. A
similar study has correlated this hardness profile to the
magnitude and depth of carburization after exposure at
450 �C.[15] The 550 �C exposure, however, does not
share this profile; the hardness of each point matched
the bulk hardness. This indicates that either carbon did
not penetrate to the minimum depth required for
micro-hardness measurements, or the interaction of
carbon was different during 550 �C exposure.
To investigate this disparity in hardness profiles, P92

was cross-sectioned and etched with 5 pct nitric acid in
ethanol (5 pct Nital), shown Figure 7. Etching revealed
a carburization depth below the oxide of 100-125 lm
(135-160 lm below the surface) after exposure to CO2 at
550 �C for 1000 hours. This depth is less than that seen
here and reported previously for 450 �C exposure.[15]

Fig. 5—Fracture surface images for CO2-exposed base material at 550 �C. Characterized by very little necking (a), as well as regions dominated
by a roughly even split of regions dominated by MVC (b) and cleavage (c).

Fig. 6—Micro-hardness measurements near oxide after CO2

exposure.

Fig. 7—Etched P92 base material after exposure to CO2 at 550 �C,
20 MPa for 1000 h. Shows a carburization depth of 100-125 lm
below a ~ 35 lm-thick-oxide.
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GD-OES was used to analyze the depth profile of
carbon from the surface for both CO2 exposures, see
Figure 8, with a depth resolution of roughly 5 lm (based
on sputtering depth variation). The depth profiles match
those of previous studies of high pressure, static (or
pseudo-static) studies.[16] Both exposures revealed little
carbon in the outer magnetite, as observed previ-
ously.[16,17] Carbon present within magnetite has been
shown to decrease with additional corrosion, and this
was observed as no carbon was left in magnetite after
exposure to 550 �C. The carbon profile then reached a
maximum in the inner Fe-Cr spinel. This supports the
theory that the outer magnetite grows on the oxide–gas
interface, where carbon is not deposited—or, if it is
deposited, is quickly oxidized due to the porous growth
of the magnetite—while the inner Fe-Cr spinel grows
inward, depositing carbon as gaseous CO2 oxidizes.

Beneath the Fe-Cr spinel, the different temperature
exposures resulted in dissimilar carbon profiles. For 550
�C, a local minimum occurred just as the alloy was
reached, likely corresponding to the IOZ observed in
Figures 1(d) and 3.[16,19] As depth increased in the alloy,
carbon content decreased in a linear fashion (observed
previously for P91[16]). Conversely, the profile for 450
�C-exposed material decreased in a gradual exponential
decay, approximating a concentration gradient typical
for diffusion. A decrease in carbon after the oxide has
been observed (due to the IOZ),[15] but it was likely too
thin for the depth resolution of this analysis. The linear
decrease in carbon content within P92 after exposure at
550 �C indicates that the depth of carburization (when
the carbon measured is equal to the alloying carbon) is
shallower than with the exponential decrease found for
450 �C. This supports the findings of micro-hardness
and etching to show that while carburization was more

damaging after 550 �C exposure, it was less penetrating
than at 450 �C. As we know that there was more carbon
deposited at 550 �C, the volume fraction of carbides
formed within the carburized region is likely much
higher than at similar depths at 450 �C.

IV. DISCUSSION

The study of welded and base material in parallel
allowed for an analysis of how the welding process
affected the corrosion performance of P92. The results
indicate that both oxidation and carburization occurred
at a similar rate within all regions: fusion, HAZ, and
base. This shows that the welding process and PWHT of
P92 maintains the same level of corrosion protection
and mechanical property response of base material.
Therefore, this work has determined that there is no
detrimental corrosion performance due to the similar
welding P92, provided the weld is of good quality.
While it has been shown that exposure of P92 and

other similar grade steels are susceptible to corrosion in
s-CO2, the results presented here show that specific
effects are highly dependent on temperature and pres-
sure, as well as exposure time. Oxidation and mass
change analysis showed that there was roughly three
times the corrosion (both oxidation and carburization)
at 550 �C relative to 450 �C. Small differences between
the oxides were observed: hematite at 450 �C but not at
550 �C, and an observable IOZ at 550 �C but not at 450
�C (though an IOZ is assumed to have been present).
From these results alone, it could be posited that the
performance of P92 at 550 �C represents the results from
long-term exposure at 450 �C; that the mechanical
properties of the alloy could be correlated to oxide
thickness—or, at least, internal oxide thickness—re-
gardless of temperature.
However, carburization analysis contradicts this posi-

tion. While mass change indicated additional carbon
deposition at 550 �C, the depth of carburization was
greater at 450 �C. This appears to be due to a confluence
of factors: diffusion rates of carbon and Cr at 450 �C vs
550 �C; the rate of carbon deposition; and the kinetics of
carbide formation. Previous work at 550 �C has shown
that M23C6 carbides coarsen along grain boundaries,
but near the surface the activity of carbon increases such
that the carbon-rich M7C3 forms both intra and
intergranularly.[16,20] Meanwhile, other work at 450 �C
has shown noticeable carburization limited to grain
boundary carbide coarsening, likely in the form of
M23C6.

[15] This study has confirmed that the relationship
between the total deposited carbon and carburization
depth is dependent on both exposure temperature and
rate of internal oxidation (hence, the rate of
carburization).
At both 450 �C and 550 �C, internal oxidation and

CO recombination liberates free C. The instability of
carbides relative to oxides forces the carbon to diffuse
into the alloy to bond with metal elements—primarily
Cr. These Cr-rich carbides form in islands, or precipi-
tates, directly beneath the oxide, forming the IOZ and
continuing the process of duplex oxidation described

Fig. 8—GD-OES results for P92 samples which were exposed to
CO2 at 20 MPa for 1000 h at 450 �C (top) and 550 �C (bottom).
Carbon plotted against left axis, oxygen plotted against the right
(both linear scales).
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above. The oxidation of these islands re-liberates the
carbides and forces carbon still deeper into the alloy.
Thus, begins a process in which the kinetics for carbide
formation (of first M23C6 and then of more carbon-rich
phases) and Cr diffusion competes with the rates of
carbon deposition from internal oxidation and carbon
intergranular diffusion. At 450 �C and 20MPa, this
competition was dominated by deposition and diffusion:
the IOZ was too small to be observed with SEM and the
depth of carburization was>200 lm. However, at 550
�C the carburization process was dominated by precip-
itation and coarsening of Cr-rich carbides: a thick IOZ
and a total carbon enrichment depth of roughly 100 lm.
This supports the work on P92 and other steels which
indicate faster carburization kinetics at higher temper-
atures (peaking in the 750-900 �C range).[5,34,35] There-
fore, the study of P92 and similar alloys in s-CO2 should
note that the precise temperature and oxidation rate can
change the concentration gradient of carbon within the
material, even when oxide thicknesses appear similar.

As an example, based on data from previous work,[15]

it is projected that P92 exposed at 450 �C for roughly
7500 hours would produce an oxide of 36.9 lm (the
thickness seen here after exposure at 550 �C for 1000
hours). This means that roughly the same carbon will
have been deposited into the P92 in both conditions (450
�C for 7500 hours, 550 �C for 1000 hours), but the 450
�C exposure will produce a different carbon depth
profile. Previous work has shown that at 1000 h the
carburization depth increase has slowed significantly
compared to the initial 200 or 600 hours.[15] This data
can project that the 7500 hours of exposure at 450 �C
would produce carburization to a depth of 300–500 lm,
forcing the deposited carbon to be 3–5 times more
diffuse than observed here after exposure at 550 �C for
1000 hours. This indicates two things: first, that the
mechanical effects of carburization in P92 are much
more severe at 550 �C than at 450 �C, even when the
amount of carbon deposited is equal; and second, that
carburization at 450 �C could possibly result in embrit-
tlement within a year (8760 hours). Further work with
in situ corrosion-assisted crack growth should be per-
formed to measure the impact of this carburization in a
more quantifiable manner. However, this work indicates
that P92—despite the high performance of its weld—is
likely not a material that should be used for pressurized
systems of s-CO2 at or above 450 �C.

V. CONCLUSION

Exposures of P92 in CO2 at 20 MPa for 1000 hours
were completed at temperatures of 450 �C and 550 �C,
and a comparative aging study was completed in Ar at
550 �C, 0.02 MPa for 1000 h. Several conclusions were
made based on this work:

� Similar values for mass gain and oxide thickness, as
well as similar mechanical property responses to
exposure, allow for the conclusion that there was no
observed difference between welded and base P92.

� Carburization analysis showed that while more
carbon was deposited in the 550 �C s-CO2 environ-
ment, 450 �C exposure resulted in roughly twice the
depth of attack. The difference in carbon depth
profiles was attributed to the interplay of oxidation
rate, carbide precipitation and coarsening kinetics,
and diffusion rates of carbon and Cr within the
alloy.

� While tensile testing showed a detrimental impact
from carburization at 550 �C and not at 450 �C, this
was ascribed to elevated carbon buildup near the
oxide–metal interface at 550 �C functioning as crack
initiation sites, while the requisite buildup was not
observed at 450 �C.

� Projections indicate that carburization of P92 at 450
�C will equal that seen here for 550 �C exposure after
roughly 7500 hours, but the larger depth of carbon
ingress will suppress the maximum concentration of
carbon near the oxide–metal interface.

� While carbide coarsening had not caused deterio-
rated mechanical properties at 450 �C after 1000
hours, the effect of additional carbon deposition was
not determined. Further study of in situ stress creep
and fatigue should be completed before implemen-
tation of P92 at or above 450 �C.
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