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0.0 Abstract

With an interest in moving from steam to supercritical CO, as the working fluid in advanced energy
systems, it is important to study the mechanical response of structural alloys to CO,-containing
environments. MARBN-type 9Cr martensitic steel was originally developed for application in boilers for
supercriticaland ultra-supercritical power plants where the steamtemperature reaches 650°C. Inthis
research, a MARBN-type 9Cr martensitic steel designed and manufactured at NETL was creep testedin a
gaseous CO, environment (i.e., 0.1 MPa at 650°C), and the results are directly compared to creep tests
conducted in air. It was found that environmentally-assisted cracking facilitated by carbide formation
beneath the growing oxide acceleratedfailure in gaseous CO,. This work indicates that creep-oxidation
interactions in advanced martensitic steels represent animportant consideration for materials selection
in supercritical CO, power cycles. Furthermore, this work confirms that more oxidation-resistant alloys

will be required for the highest temperature portions of these systems.
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1.0 Introduction

Significant strides have been made by those investigating the application of transitioning from steamto
supercritical CO, (sCO,) for the next generation of power plants. (See sCO, power cycle conference
proceedings [1].) The transitionto sCO, offers significant efficiency gain and capital cost reduction for
these power plants. However, there s a significant historical knowledge gapin materials behavior,

particularlyin the mechanical response of alloys to CO, environments.

The oxidation response of CO, for common power plant steels and nickel-base superalloys has been
published by many research groups [2-13]. A summary of this work can be found in Ref. [6]. In particular,
9Cr steels do not contain enough Crto form a continuous protective chromia scale at high-temperatures
in CO,. Instead, these materials tendtoform an Fe-rich oxide scale, which is a poor barrierto C ingress.
Therefore, C from the CO, environment enters the metallic matrix, resulting in significant carbide

formation and growth (i.e., carburization) [6].

Multiple authors have studied the ex-situ mechanical response after exposure to both ambient and
supercritical CO,. Pint et al. [2] studiedthe ex-situ response to various alloys after 500 h exposure under
sCO,, and found relatively little change in the tensile properties of steels and nickel-base superalloys
exposed to sCO,. Lee et al. [14] [9], studied nickel-base heat resistant alloys 600, 690 and alloy 800HT,
which were exposed to sCO, at temperatures up to 650°C for 1,000 h. Lee et al. [9, 14] found no
detrimental response on mechanical properties from the sCO, exposure for alloys 600 and 690.
However, carburization of 800HT led to increased UTS and lower tensile elongation. Rozmanet al. [15]
exposed compact tension specimens of nickel-based superalloy Haynes 282 to sCO, for 500 h at 750°C,
and found no effect on the fatigue crack growth threshold of the superalloy exposed to sCO,. The
observed reduction in fatigue crack growth threshold was explained by crack closure phenomenon.

Brittanetal. [16], studied P92 steel, exposing tensile specimens of square profile ~1.2 mm, to sCO, for
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1,000 h at 450°C and 550°C. They found at 450°C carbon penetration into the matrix was deeper than
for the specimens tested at 550°C due to a complex interaction between oxidation, carbide precipitation
and coarsening kinetics. They also found through tensile testing detrimental carburizationat 550°C but
not at 450°C. This seemingly contradictory result was attributed to C buildup near the oxide-metal
interface. At 550°C there was C buildup near the oxide-metal interface while at 450°C no such buildup
occurred. Akanda et al. [17], exposed 0.5 mm thick tensile specimens of P91 to 95% CO,, 4% H,0 and
1%0, environment for 1,000 h at 650°C. The result was a specimen that was very brittle, failing before
yield. Investigations of the fracture surface showed the specimen was carburized through the entire

thickness and failed in an entirely brittle manner.

For in-situ creep testing of steels in CO, environments, few articles have been published. Martinet al.
[18], studied the creep strength of austenitic 304 stainless steelin Ar and CO, environments. It was
found that CO, enhanced creep strengthrelative to Ar through carburization. This strengthincrease was
concurrent with aloss in creep rupture ductility. McPherson et al. [19] tested austenitic 347H stainless
steelin creep in CO, environment. However, no analysis was done other than reporting minimum creep
rates (MCR)in CO,, without a control experiment in air. While not creep testedin CO,, Guo et al. [20]
studied austenitic HP-Nb steel tubes, creeptestedin an ethylene environment where severe
carburization occurred. In many regards this condition is similar to CO, exposure. Guo et al. found that
coarsening of the skeletonized network of M,;Cg carbides to continuous M-C; carbides caused the loss in
mechanical performance. It was found that the carbides cracked during creep deformation due to the

stress onthe continuous network of carbides, leading to premature failure.

Kim et al. [21] testedalloy 600 in creep in air, CO, and sCO, environments. Theyfound that the airand
CO, tests largely overlapped while the creep specimens in sCO, ruptured 2-3X sooner than the
specimens tested at ambient pressure and CO,. Kim et al. attributed the significant decrease in rupture

time to higher oxidation rates, where the thicker oxide scale of the sCO, specimenwas prone to
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spallation. This allowed increased O ingress into the alloy, facilitating oxidation-assistedintergranular

cracking.

Due to their high costs, nickel-based superalloys are reserved for only the hottest sections of turbines
and heat exchangers while lower costs steels are typically used for portions of the plant where
temperatures are less than 600°C. Recent martensitic steel development has targeted alloys capable of
operating at temperature up to 650°C. As a result, MARBN-type steels (i.e., a martensitic 9Cr steel
strengthened by B and N) was developed by NIMS [22]. This manuscript investigates the effect of
ambient pressure CO, environment on the creep rupture life of a MARBN-type steel designedand

manufactured at NETL.

2.0 Materials and Methods

2.1 Alloy manufacture

The MARBN-type steel usedin this research was melted using vacuum induction melting (VIM). The melt
charge was made up of commercial high purity materialin loose, and in compacted, form to facilitate
crucible loading and melting in the zirconia crucible. The liquid was brought to a 50°C superheat
temperaturein a N, and Ar atmosphere and poured in a 76 mm diameter graphite mold with ceramic
wash coat to prevent C pickup. Following casting, slices were cut from the ingot for chemistry analysis
using X-ray fluorescence (XRF) on a Rigaku ZSX Primus Il system while C, N, O and S were determined by
combustion analysis using LECO systems and B using inductively coupled plasma (ICP) analysis. The ingot
was homogenized in a vacuum heat treatment furnace using a computationally optimized heat
treatment schedule yielding a predicted homogeneity of £1% of nominal (or better)for eachelement
[23]. The cast and homogenized ingot was converted to plate by a series of hot working operations,
including hot forging followed by hot rolling. The hot forging was performed at 1000°C and consisted

multiple forging steps to provide a squared ingot where the ingot was reheated between forging step.
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Subsequently, the squaredingot was hot rolled in multiple steps with reheat between steps to obtain a
10 mm thick plate. Subsequent heat treatment of the plates consisted of normalizing at 1150°C for 30
min followed by air cooling to near room temperature and then tempering at 700°C for 1 h followed by

air cooling to room temperature.

2.2 Tensile experiment setup

Specimens for tensile testing were machined from the 10 mm thick plate, with the tensile axis parallel
with the rolling direction. Specimen design utilized a reduced gage, rod-type cylindrical bar 76.2 mm in
overall length. The mechanical test specimens had threaded ends, ANSI 3/8x16, with the gage diameter
equal to 6.25 mm. The parallel sided gage sectionwas 31.75 mm in length. The profile radius was 6.35
mm. Tensile tests were conducted according to ASTM ES8. Initial cross-head displacement was 0.125
mm/min until ~2% elongation after which the cross-head displacement rate was increasedto 1.25

mm/min through failure.

2.3 Creep experiment setup

The creep specimens were identical to those used in tensile testing. Creep tests specific to this research
were performed on an ATS (Applied Test Systems, Inc.) creep frame using an ATS supplied retort tube.
The retort tube is sealed on both ends, with a series of internal baffles between the specimen hot zone
and the water-cooled mounting points. The specimens creep testedin air were testedinside the sealed
retort tube in laboratory air environment. No effort was takento purge the retort tube prior to testing in
air and there was no air flow during the creep experiment. The creep frame has a load capacity of 2,270
kg. The load was transferredtothe specimen using a lever-arm with a 20:1 ratio. Commercial ATS
software provided a comma-separated, digital data files of runtime, creep strain, left and right
extensometer extension, thermocouple temperature and load at 30 s intervals. Creep strainwas

measured from specimen shoulders using dual linear-variable differential transducers. Creep strainwas
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recorded using commercial data acquisition and control software provided by the vendor. Specimen
temperature was measured using three thermocouples attachedto the reduced section at equidistant
intervals. Temperature variationalong the length of the reduced section of the tensile specimen was
less than =0.2°C. Prior to beginning the creep test, a 0.1 kN load was applied to the load train. Due to
the thermal mass of the retort tube, an 12 hour soaktime at 650°C was applied for stabilization of

specimen temperature.

Creeptestsin gaseous CO, were performed on the same ATS creep frame using the ATS supplied retort
tube. The gaseous CO, flow procedure through the retort was adapted from corrosion studies to
minimize the amount of O in the system. The furnace/retort assembly was heated to 50°C and purged
overnight with 100 SCCM of gaseous CO, (99.999% purity). The system was then heated to 350°C for 4
hours prior to final ramping to the desired temperature of 650°C alsowith 100 SCCM of gaseous CO,
flow. During the bake out procedure a preload of 0.1 kN was applied to the load train. A 12-hour soak
time at 650°C was also applied to the specimen prior toinitiation of the test. Aflow of 100 SCCM of

gaseous CO, gas was maintained throughout the experiment duration.

2.4 Data analysis

At the conclusion of the creep test, the digitalfile was analyzed using a combination of data reduction
and point smoothing. This approach consisted of an algorithmthat averagedtime and strain over
discrete time intervals that progressivelyincreased as the duration of the test increased. Timeintervals
used in this case were the following: 5, 10, 20, 50, 70, 100, 200, and >500 hours. Over these time
intervals data was averaged over progressivelyincreasing intervals of 8, 16, 32, 64, 128, 256,512 and
1024 datum points. Furthermore, to smooth data a 50% offset was calculated. In other words, from
hours 0 to 5, the strainand time values from first data point was averaged from datum points 0 to 7, the

second data point was averaged from datum points 3 to 10, the third data point was averaged from
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datum points 8 to 15 and so forth, until 5 hours of elapsed time, where the averaging intervalincreased
from 8 datum points to 16 datum points. The strainrate was calculated from the slope of a linear fit of

the aforementioned datum intervals.

2.5 Microscopy procedure

The fracture surfaces were imaged with a FEl Inspect F field emission scanning electron microscope
(SEM) using backscatter and secondary imaging modes. An Oxford AZTEC energy dispersive
spectrometer (EDS) was used for chemical microanalysis. Unless otherwise noted, the accelerating
voltages usedin the inspection of the fracture surfaces was 20 keV. Standard metallographic procedures
were utilized when cross-sectioning the fractured creep specimens. Specimens were bisected and
mounted in conductive media. Specimens were then ground/polished starting at 120 grit abrasive and
finishing with 1200 grit abrasive. At this point the specimen sections were polished using silica and
alumina media. Energy-dispersive X-ray spectroscopy (EDS) maps were generated for 1 h intervals at 20

keV, unless noted otherwise.

A JEOLJXA 8530F PLUS HyperProbe field emission electron microprobe was used to analyze the samples.
The Microprobe has six attached X-ray detectors, five Wavelength dispersive X-ray (WDX) and one
energy dispersive X-ray detector (EDX). Element detectionis capable of detecting boron through
uranium. A 4kV accelerating voltage was used unless otherwise noted. The 4kV accelerating voltage was
selected for its small excitation volume and ability to detect composition changes near boundaries, all
the while keeping secondary fluorescence to a minimum. Known compositional standards where
selected and X-ray counts at the peak and background were acquired. Compound standards were
utilized for the light elements, C, O, N and pure metal standards for the metalliccomponents. Polished

specimens were coated with a conductive layer of Pd. Elemental X-ray maps, both qualitative and
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guantitative, and quantitative point analysis were acquired with composition calculated. Unless

otherwise noted, the quantitative maps are presentedin this research.

Imagel was used to measure oxidation layer thicknesses. Threeimages were taken on the SEM from the
oxidation area at 1,000X magnification. Subsequently, a total of 10 lines distributed over the three
images were measured for oxidation thickness purposes. Thickness measurements were taken

exclusively from the gage section of the specimens.

2.6 Hardness measurements

Vickers hardness tests were conducted using a Buehler MicroMet Il. For the indents measuredat the
center of the specimen, a 1 kg load with 15 seconds dwell time was used for sevenindents with the
average value reported. For hardness values relative to the depth from the surface, one indent was
made using a 0.1 kg load with 15 seconds dwell time at various depths relative to the specimen outer

surface. For indents using the 0.1 kg load, the diagonals were measuredin the SEM.

3.0 Results

3.1 Initial microstructure and mechanical properties

The initial microstructure of the MARBN-type alloy is shown in Figure 1 and documents the starting
condition of this 9Cr martensitic steel. Figure 1 provides approximate sizes for grains, boundaries
morphology, carbides and other visible features. The general characteristics of this MARBN-type 9Cr
martensitic steel is tempered martensitic with M,;Cg-type carbides decorating the prior austenite grain
boundaries (PAGBs)and martensite lath boundaries, Figure 1b. The PAG size is estimated at a diameter
of ~60 um. Only 1.8 mm of line length was measured for PAG size measurement. The composition of

this steelis listed in Table 1.
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Figure 1. Initial microstructure of MARBN-type 9Cr martensitic steel. A) Low magnification B) High magnification, PAGB = prior
austenite grain boundary

Table 1. Composition of the MARBN-type 9Cr martensitic steel obtained from XRF analysis for major constituent elements
(balance Fe), combustion analysis for Cand N and ICP for B (wt.%).

Mn Si Cr Ni Co Mo W Nb Cu Ta V c N B
051 024 908 018 293 0.10 290 006 003 035 020 015 0.02 0.01

While the tensile mechanical properties are not directly comparable tothe creep properties, they
provide a reference point for assessing potential creep performance. Figure 2 shows the 0.2% offset
yield stress, ultimate tensile strength, elongation tofailure and reduction in area as a function of
temperature for this steel. The room temperature tensile properties of this steelare 825 MPa 0.2%
offset yield stress (YS), 984 MPa ultimate tensile strength (UTS), 24% elongation at failure (ef) and 60%
reduction in area (RA). At 650°C the values for these properties are: 380 MPa (YS), 445 MPa (UTS), 38%
(ef) and 79% (RA). The behavior of this MARBN-type 9Cr martensitic steel was very consistent with
respect to other advanced 9Cr ferritic-martensitic steels (e.g., COSTE-type 9Cr martensitic steel) interms
of strengthand ductility. (The appendix contains a table of the MARBN-type 9Cr martensitic steel data

used in Figure 2.)
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Figure 2. Tensile properties (0.2% YS, UTS, efand RA) of MARBN-type 9Cr martensitic steel as a function of temperature (room
temperature through 650 C).

This steelis consistent with other experimental and commercial 9Cr steels and as such its behavior in air
and CO; should be typical for the 9Cr class of steel used in high temperature energy applications. Figure
3 (i.e., Larson Miller parameter (LMP) as a function of stress with the constant C = 25) shows the sample
set for one NETL MARBN-type 9Cr steel (creep tests performed in laboratory air without the retort tube
are designated Air in the legend) on a graph containing data from COSTE-type 9Cr steels (also Air). This
graph shows the relative behavior of the two steels tobe very similar. Creep testing of the NETL-type
MARBN steel was done exclusively at 650°C while the testing for the COSTE-type steels was performed
in the temperature range from 538°C to 650°C (designated as Various). While the chemical
compositions betweenthese two types of steels are different with respect tosome elements (mainly Co,
Cu, and B), the other elements differ only in slightlyin weight fraction. The creep tests inthe frame
using theretort are alsoshown in Figure 3. The tests done in laboratory airin the retort are designated
RAir, while those done in gaseous CO, are designated RCO,. Note that the RAIr tests superpose onthe

creep test performedin Air. Finally, those creep tests performedin gaseous CO, are alsoshown on the
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graphin Figure 3. The influence of gaseous CO, oncreep life is reproducible and significant for this heat

of MARBN-type 9Cr martensitic steel.
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Figure 3. LMP performance of NETL experimental MARBN-type 9Cr martensitic steel compared with COSTE-type 9Cr (non-B
containing) ferritic-martensitic steels. The value of C for determination of LMP was 25 with LMP reported in thousands. Creep
tests were done in Air (laboratory), RAir (Retort Air) and RCO; (Retort Gaseous CO3).

3.2 Environmental creep results

Plotting the creep strain (log scale) against cumulative creep time (log scale) provides a visual reference
for the creep performance for each environmental condition. Figure 4 shows the creep rupture data for
these experiments. The creep test conditions were 650°C and 207 MPa. Creep strainis plotted as a
function of creep time (Figure 4a). Additionally, creepstrainrateis then plotted as a function of creep
time (Figure 4b). In Figure 4 the data for creep specimens testedin air are represented by pink squares
and red triangles while the data for those creep specimens testedin gaseous CO, are represented by
black circles and blue stars. Two experiments were conducted in air and two experiments were
conducted in the gaseous CO, environment. Excellent correlation between the air (red/pink symbols)
and gaseous CO, (blue/black symbols) shows the repeatability of the creeptests for this steel. From

Figure 4a it is apparent that both specimens creeptestedin gaseous CO, failed sooner than those creep
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testedin air. From Figure 4b it is apparent that the specimens creep tested in gaseous CO, had nearlyan
order of magnitudeincrease in the minimum creep rate (MCR). Some repeatable localized increases in
the strainrate are observed around 20 and 50 h for the gaseous CO, tests. The cause of these localized

spikes in strainrate are unknown at this time.
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Figure 4. Relationship between elapsed experiment (creep) time at 650°C and 207 MPa as a function of (A) creep strain and (B)
Creep strain rate. Note the similarity in the shapes of the curves which is representative of the steel while the magnitude of the
curvevalues is representative of the environment.

3.3 Fractography

Inspection of the surfaces after creepfailure provide insight into the fracture mechanisms. Fracture
surfaces which are ductile typically show cup and cone like fracture features whereas fracture surfaces
which are more brittle in nature possess planar features. Figure 5 shows the fracture surface of the air
and gaseous CO, creeptested specimens. Figure 5a shows the specimen creep tested in air which had a
RA of 48% while Figure 5b shows the specimen creep testedin gaseous CO, which had an RA of 52%.
The insets of Figure 5a and 5b show high magnification images of the ductile dimple failure located in
the center of the sample in air and CO, respectively. No change in failure mode was observed in the

center of the sample where creep failures typically initiate due to the formation and coalescence of
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voids [24]. Of note from the low magnification images in Figure 5 is the relatively larger and more

prominent shear lip on the specimen creep testedin gaseous CO,.

Figure 5. Electron backscatter image of the fracture surfaces of creep ruptured MARBN-type 9Cr martensitic steel:(A) in air and
(B) in gaseous CO.. Insets on each figure show higher magnification images of the center portion of failed creep specimen.

From a side perspective changes in the oxide scale can be observed. Figure 6 shows secondary electron
images of the oxide scale from near the fracture surface of the samples creeptested. Figure 6a shows
the oxide scale that formed during the creeptestin air while Figure 6b shows a similar view of the oxide
scale that formed on the surface during the creeptestin gaseous CO,. While the specimen creep tested
in air (Figure 6a) shows some cracking of the oxide scale, the specimen creeptestedin gaseous CO,
(Figure 6b) shows more extensive and severe cracking of the oxide scalein the sameregion of the gage

section.
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Figure 6. Secondary electron images of the creep fracture specimens from the side: (A) creep specimen tested in air and (B) creep
specimen tested in gaseous CO5.

While the general aspects of failure in the center of the two creep specimens did not change
significantly due to environment, a change was observed around the periphery of the creep specimens.
Figure 7 shows a fractographic perspective from the top downward, focused on the edge of the creep
specimen. Itis apparent that the fracture mechanism abruptly changes in the gaseous CO, creeptested
specimen. Instead of having a smooth shear lip all the way to the edge of the fractured surface, as
shown for the specimen creeptestedin air, i.e., Figure 7a, the fracture morphology for the specimen
creep testedin gaseous CO, gas changes from ductile to brittle at approximately 200 um from the

specimen edge.
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Figure 7. Secondary electron images of the fracture surfaces at the edge of the failed creep specimens at 650°C and 207 MPa:
(A) creep tested in air and (B) creep tested in gaseous CO.

3.4 Microstructural changes

3.4.1 Oxidation scale morphology

Given the fractographic observations, selected specimens were then cross-sectioned for further
microstructural analysis of the oxide scale and its extent. Cross-sectioning will reveal any changes from
the initial microstructure, oxidation depths, changes in oxide scale morphology, changes in hardness,
etc. Figure 8 shows secondary electron images of the cross-sections for the various conditions taken
some distance away from the fracture zone (i.e., the fracture surface and the highly deformed
subsurface region below the fracture surface) to mitigate complications on measurements due to the
necking of the creep specimen. Figure 8a shows the specimen creep testedin air, Figure 8b features the
specimen creeptestedin gaseous CO,, and Figure 8c shows an oxidation control cylinder included with
the testin the gaseous CO,. The oxidation control cylinder consisted of a cylinder 6.35 mm in diameter
and 31.75mm in length, i.e., the same dimension as the gage section of the creep specimen. The

oxidation cylinder was hung in the retort tube with the creep specimen. It was, therefore, exposedto
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the same temperature, time and environment as the creep specimen but without the absence of stress.
Itis apparent that the overall oxidation damage is thicker in the gaseous CO, creeptested and control
specimens relative to the specimen creep testedin air. The oxidation scale thickness for the specimen
creep testedin gaseous CO, and the control cylinder show similar thicknesses. This suggests the

externally applied stress had little influence on the oxidation thickness in the gaseous CO, environment.

AIR Creep Test CO, Creep Test

Figure 8. Cross section of specimens showing oxide scale in various conditions at 650°C A) Creep tested in air at 207 MPa, B)
Creep tested in gaseous COzat 207 MPa and C) Coupon inserted with the gaseous CO; creep test (no applied stress).

3.4.2 Element distribution in oxide scale

Figure 9 shows the cross-section of the creep tested specimens (airand gaseous CO,) near the fracture
site along with X-ray maps on the oxide scale with element distributions mapped using EDS. The images
in Figure 9 show the oxide at the top of each image and metal matrix at the bottom. Note: The external

scale extends past the field of view for the images exposed to gaseous CO,.

AIR - BSE 25 um
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Figure 9. X-ray maps of the external and internal oxidation of failed creep specimens in various conditions. (A-D)Various
elements of interest in air, with (A) the reference backscatter image. (E-H) Variouselements of interest in gaseous CO2 with (E)
the reference backscatterimage.

The specimen creep testedin air (Figure 9, a-d) shows a rather uniform Fe-rich oxide scale. Two layers,
rich in Cr, are observed near the top of the oxide, indicating that the specimen experienced selective
oxidation during portions of the exposure. Thatis, Cr enrichment in the oxide proceeded to an extent
such that a highly dense Cr-rich oxide scale formed, failed, and reformed during the creep exposure. The
oxide scale formed on the specimen creeptestedin gaseous CO, (Figure 9, e-h) had a very different
appearance. A clear interface is observed between an external, continuous Fe-oxide scaleand an
internal, discontinuous oxide scale containing Fe in addition to Cr. Unlike the air specimen, only minimal
evidence of Cr enrichment is seenthroughout the oxide, indicating that selective oxidation of Cr
essentially did not occur during the exposure, consistent with the thicker overall oxidation thickness of
the gaseous CO, specimen. The resulting two-layer oxide scale is consistent with many prior
investigations of 9Cr martensitic steels in high temperature CO,-rich environments [6]. The outer oxide
scale forms by outward diffusion of Fe cations to the oxide surface, while the inner oxide forms by CO,
that transports through the oxide and reacts with metal at the oxide/matrix interface accordingto M +
CO,=MO + CO. The CO produced by this reaction may then further react with metalaccording toM +
CO = MO+ C, or recombine via the Boudouard reactionvia 2CO = CO, + C. By either scenario, Cis

liberated at the oxide/matrix interface, whichis then free to diffuse into the underlying matrix.
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3.4.3 Carburization

As noted, advanced 9Cr martensitic steels such as this MARBN-type carburize in high temperature
gaseous CO, atmospheres, leading to formation and growth of Cr-rich carbides to substantial depths in
the steel [4, 6, 12, 25]. To determine the depth of carburizationin this study, both SEM observationand
a hardness methodology were employed. Figure 10 shows a micrograph of the creep specimen in
gaseous CO, after etching to reveal metal carbides. From the low magnificationimaging it is apparent
that the carburized zone penetrates toa depth of ~200 um into the specimen. The high magnification

inset shows severe coarsening of the carbides within this zone.

Oxidation

Figure 10. Carburized microstructure of NETL MARBN-type 9Cr martensitic steel after exposure to gaseous CO> during creep test.
Inset: High magnification of carburized zone showing the coarsened carbides.

Hardness tests were performed at decreasing depths from the external scale to assess the extent of the
carburization zone. A single indent was measured per depth, with 15 s dwell at 0.1 kg load. The
relationship between hardness for the specimen creeptestedin gaseous CO, and depth from external
scaleis shown in Figure 11. The specimen hardness was shown to decrease from ~340 kg/mm? at the

oxide interface to ~280 kg/mm? at a depth of about 200 um from the surface. Note that the depths in
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Figure 10 and Figure 11 were uncorrected for non-perfect bisection. In other words, the specimen was
not perfectly cross-sectioned and depth measurements are relative tothe particular orientation that the
specimen was cut. Nevertheless, the trend observed, i.e., the increased hardness within the top 200 pum,

is consistent withthe depth of carburizationshown in Figure 10.
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Figure 11. Subsurface hardness profile of creep specimen tested in gaseous CO. With O representing the interface between the
oxide and base metal.

In addition, the pre-exposure and post-exposure matrix hardness were measured with the results
tabulatedin Table 2. For both the air and gaseous CO, creep tested specimens the gage section shows
slight softening comparedto that of the grip section. This is typical of martensitic steels where the
martensite transformationinduces significant dislocation densities in the initial microstructure, and as
the creeptest progresses dislocations are annihilated, leading to a lower dislocation density at the test
conclusion. The grip sections of the creep specimen testedin gaseous CO, showed the least hardness
change (i.e., ~3.4%) from long-term exposure at 650°C. The grip sectionin the air exposed creep
specimen was slightly lower in hardness at 10.3% but it should be rememberedthat the air creeptest
was of longer duration than the one in gaseous CO,. As suchthe hardness trends in the grip are

consistent with creeptesting in either environment. The trend observed in the grip section was
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replicatedin the gage section for both exposure environments, i.e., there was a decrease in hardness in
the gage section of the creep specimens. For example, the decrease in hardness for the creep specimen
in air (grip to gage) was approximately 16.7% while in the creep specimenin gaseous CO, this change
was 13.9%. This was most certainly due to the extended time to rupture for the airtest (527 h)

compared to the testin gaseous CO, (169 h).

Table 2. Bulk Vickers micro-hardness of creep specimens at variouslocations prior to and after exposure.

Vickers Hardness &

Standard Deviation Pre-exposure Air /gage | Air/grip | CO,/gage | CO,/grip

Average Hardness

324.88 242.80 | 291.58 270.35 313.99
[kg/mm?]

Standard Deviation 6.90 4.00 1.83 15.67 1.12
[kg/mm?]

3.5 Interfacial observations

3.5.1 Oxide/matrix interface morphology
To help ascertainthe cause of the detrimentin creep performance in gaseous CO,, images of the

carbides and oxidation interface were taken at the edge of the specimens. Figure shows various
micrographs of the creep specimens near the edge. For the specimen creeptestedin air, Figure a, at low
magnifications, intermittent cracking of the oxide occurs. The intermittent cracking extends ~30-50 pm
into the specimen. For the specimen creep testedin gaseous CO,, Figure b, at low magnification,
intermittent cracking of the oxide is also observed, however, the relative depth of the cracking is much
deeper, consistent with the side view SEM images (Figure 6). The cracking in these specimens extends

~100-200 pum past the metal-oxide interface.
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Figure 12. SEM micrographs of creep specimen edges (i.e., along external surface of the cylindrical gage section). (A) Creep
tested in Air and B) Creep tested in gaseous CO;. Insets show various locations at high magnification.

At high magnification, insets of Figure 12a, i.e., the crack tip protruding into the matrix, shows a
relatively continuous external oxide scale with minimal evidence of internal oxidation for the specimen
creep testedin air. For the specimen creeptestedin gaseous CO, at high magnification, Figure 12b, the
cracktip shows an external oxide scale that is less continuous and accompanied by internal oxidation,

resulting in a fine oxide network growing into the underlying matrix.

3.5.2 Oxide/matrix elemental distribution
The microprobe was utilized to further investigate the oxidation front. From low magnification

microprobe results of the air specimen, Figure 13, a narrow band (=20 um) of nitrogen enrichment is
seenimmediately beneath the oxide scale. This nitrogen layer was not observed in the specimen creep
testedin gaseous CO,. Therefore, the steel experienced a smallamount of nitrogen ingress during the

creep testin air.
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Figure 13. Low magnification composition map of N for the specimen creep tested in Air.

From high magnificationinvestigations on the microprobe, a distinct interface betweenthe oxidation
front at the crack tip and the underlying matrix (Figure 14c) was found for the specimen creep testedin
air. In addition, some Cr segregation was observedin the steelin the form of distinct particles (Figure
14d). These particles are primarily anticipatedto be Cr,5Cs carbides, however some of these particles are
correlated with W (Figure 14f), suggesting (Cr,W)-rich carbides that were presentin the alloy prior to
exposure. Additionally, a portion of the segregated Cris correlated with N, implying Cr-rich nitrides

arising from the nitrogen uptake described above.
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Figure 14. Quantitative microprobe analysis of a crack tip near the fracture surface for specimen exposed in air. (a) BSE
reference image (b-g) X-ray maps showing elements of interest. The oxidation front is delineated by a solid line.

Figure 15 shows microprobe maps at high magnification of the specimen exposed to gaseous CO,.
Comparedto the specimen testedin air, the interface of the oxidation front and the underlying matrix is
much less distinct (Figure 15c). Specifically, while the perimeter of the downward-growing crack did
appear fully oxidized, also apparent are inward-growing, partially oxidized regions that extend further
into the matrix. [Note: There is a pull-out feature in the oxide scalein Figure 15.] While the specimen
creep testedin airshowed N segregationina band ~20 um below the oxide scale, N concentrationin
the gaseous CO, creep tested specimen appeared uniform. Both Cr (Figure 15d) and W (Figure 15f)
showed significantly more segregation comparedto the specimen creep testedin air, both within the
oxide and the underlying matrix. The segregation was sosignificant that a highly dense network of
enrichment of these elements had formed, which spanned from the oxidized region into the underlying
matrix. Furthermore, Figure 15e shows that the Crand W were clearly correlated with C enrichment
within the underlying matrix, whereas relatively little C was present within the oxidized region.

Therefore, the dense network of Crand W enrichment corresponded to (Cr, W)-rich carbides formed in
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the underlying matrix from the gaseous CO, exposure. Indeed, the size and distribution of the carbides is
consistent with imaging results of the CO, specimen after etching (Figure 10 (inset), Figure 12b).
Observing that the Cr (Figure 15d) and W (Figure 15f) remain stationary while the C (Figure 15e)
disappears in the oxide implies that carbides in the steel were oxidized as they were incorporated into
the inward-growing oxidation front. A magnified region of the Cr, O, and C maps (Figure 15h-j) nearthe
oxidation front ahead of the cracktip confirms this sequence of events, where the regions of O
enrichment adjacent to the fully oxidized region clearly correspond to regions enriched in Crand

depleted of C.

-100 at%

l 0 at%

Figure 15. Quantitative microprobe analysis of a crack tip near the fracture surface for specimen exposed in CO2. (a) BSE
reference image (b-g) X-ray maps showing elements of interest (h-j) magnified maps of O, Cr, C at a region near the oxidation
front. The oxidation front is delineated by a solid line.

4.0 Discussion

To summarize the results, a detriment in creep life was observed for duplicate creep specimens testedin
gaseous CO, environment. Carburizationto a depth up to 200 um beneaththe oxide scale was observed
leading to a coarsened carbide network. A correlating change in the fracture surface was observed on

the perimeter of the creep specimens testedin gaseous CO,. Creep specimens testedinair showed a
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continuous external oxide layer, while those tested in gaseous CO, had significantly more internal
oxidation. Microprobe investigations at the cracktip show a depletion of Cin the advancing oxide layer

for the specimens testedin gaseous CO, only.

Some potential mechanisms which may explain the creep detriment observed in gaseous CO, are (a)
coarsening of the carbides, (b) cracking of the continuous coarsened carbides and (c) environmental

assisted cracking.

MARBN-type 9Cr martensitic steels are designed to limit M,3Cg carbide coarsening using B additions [26,
27]. Boron is known to segregate to PAGBs and limit coarsening of the M,;Cg carbides [26]. Itis
anticipated excess coarsening of the carbides would likely embrittle a MARBN-type 9Cr martensitic steel
such as observed in P91 steel [17]. Indeed, the hardness of the creep specimen testedin gaseous CO,
showed increasing hardness from a depth of ~200 um from the specimen edge (Figure 11), suggesting
embrittlement. However, the minimum creep rate (MCR) for tests in gaseous CO, is much higher than
those tests in air, Figure 4. This is contraryto what was found for austenitic stainless steel 304 in Ref.
[18]. [It should also be noted that MARBN-type 9Cr martensitic steel has a body centeredtetragonal
(BCT) crystal structure while austenite is face centered cubic (FCC). Comparisonas such is not direct but

only qualitative in nature.] Itis, therefore, unlikely the action of the carburization was beneficial.

High magnificationimages at crack tips protruding from the oxide layer into the matrix showed a highly
dense network of carbides for the specimen creep testedin gaseous CO,. Similar carbide networks
formed in steels exposedto high C activity environments have been shown to reduce creep life by
promoting crack propagation, see, for example, Guo et al. [20]. Hence, the reduced creep may be
directly attributable to the formation of a relatively brittle zone within the outermost 200 um of the
steelas a result of C uptake in gaseous CO,. However, explicit evidence that carbides were cracked, or

cracks bridged the matrix between carbides in the gaseous CO, creep tested specimens was not found
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(e.g. Figure 10 (inset), Figure 12b). Therefore, the relationship between formation of the carburization

zone and the decreased creep life maybe more complex.

The microprobe analyses alsorevealed a clear difference in the oxidation behavior of the airand
gaseous CO, creep experiments at the advancing crack tips upon penetrating the external oxide scale
and reaching the underlying matrix. That is, upon reaching the oxide/matrix interface, the advancing
cracktip in the air exposure encountered material that was not significantly modified comparedto its
starting state, and therefore, its oxidation behavior was likewise not significantly different. Alternatively,
the advancing crack tip in the gaseous CO, exposure encountered material that had been significantly
modified. Specifically, Crand W were largely concentratedinto carbides and therefore depleted in the
steel matrix. Since Cr enrichment in the oxide scale is known to slow its growth rate, the depletion of
metallic Cr may have resultedin an increased rate of oxidation of the metallic matrix at the cracktip.
Additionally, this highly dense network of Cr-rich carbides had the effect of accelerating Oingress into
the steel by the preferential oxidation of these carbides. This in turn liberated C, which diffused further
into the steel (as evidenced by the lack of C within the oxide). This highly likely contributed to further
growth of the carbide network, and so on. Hence, it is possible the carbides indirectly contributed to the
decreasedcreepstrength, by acting as a pathway for accelerated oxide formation into the steel, where

these brittle oxides may ultimately be responsible for environmentally-assisted crack propagation.

Of further note, depletion of W from the matrixinto carbides erodes the solid solution strengthening
effect W provides to this class of steel. This action would also contribute to weakening the matrix,
limited as such to the carburized zone extending ~200 um into the specimen. However, from hardness
measurements inthis region, localized weakening by W depletion is masked by the increase in hardness

from the carbides.



471 5.0 Conclusion

472 A MARBN-type 9Cr martensitic steel was manufacturedat NETLand creep testedin airand gaseous CO,
473  at650°Cand 207 MPa. Results show a reduction in time tofailure from 527 h and 545 h in air to 140 h

474  and 169 h in gaseous CO,. Bothair and gaseous CO, creep tested specimens formed Fe-rich oxide scales,
475  where therate of oxidation was somewhat higher in gaseous CO, comparedto air. During creep testing,

476  there was relatively deeper cracks in the oxide scale on the specimen creep testedin gaseous CO,. The
477  specimens testedin gaseous CO, were alsofound to carburize to a depth of ~200 um. The carburization
478  was found to both locally increase the hardness of matrixand concentrate Crand W into carbides, of
479  which provide oxidation resistance and solid solution strengthening respectively. As such,

480  environmentally-assisted cracking mechanism may have been responsible for the detriment in creep life
481  inthe gaseous CO, environment, where the carburized sub-surface zone facilitated, and perpetuated,
482  the propagation of cracks initiatedin the oxide scale. This research shows creep-oxidation interactions
483 represent an important materials consideration for sCO, power cycles and confirms that limiting steel

484  carburizationis critical for reducing long-term degradationin these environments.
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Appendix: Data and Methods: Tensile and Creep Data for NETL MARBN-type Martensitic Steel

Table Al. Tensile Mechanical Data

Allov Designation Test Temperature 0.2% Yield Stress Ultimate Tensile Elongation to Reduction in Area
y Dese (°C) (MPa) Strength (MPa) Failure (%) (%)
IJMP-2 23.9 825.0 984.0 24.0 60.0
IMP-2 100 793.0 936.0 19.3 61.0
IJMP-2 150 774.0 907.0 22.0 65.0
JMP-2 200 759.0 884.0 17.7 58.0
IMP-2 250 738.0 855.0 20.0 60.0
IMP-2 300 733.0 843.0 16.9 58.0
IJMP-2 350 723.0 825.0 16.6 59.0
IJMP-2 400 697.0 797.0 19.0 58.0
IJMP-2 450 673.0 764.0 18.8 64.0
JMP-2 500 620.0 703.0 22.1 68.0
JMP-2 550 546.0 624.0 28.0 73.0
IMP-2 600 465.0 538.0 34.0 74.0
IJMP-2 650 380.0 445.0 38.0 79.0
Table A2. Creep Testing Data
Alloy Test Stress Tlme to EIong:‘atlon Reduction in Minimum Larson Miller
Designation Temperat Level Failure to Failure Area (%) Creep Rate Parameter. C=25
& ure (°C) (MPa) (h) (%) ’ (%/h) s
JMP-2-Air 650 206.84 551 14.2 62.7 1.74x103 25609.24
IMP-2-Air 650 189.61 825 16.6 68.0 1.11x103 25771.07
JMP-2-Air 650 172.37 1,030 27.6 68.0 25860.05
JMP-2-Air 650 155.13 1,387 33.0 68.8 6.22x104 25979.36
JMP-2-Air 650 137.90 2,458 24.0 59.2 1.39x104 26208.77
JMP-2-RAir 650 206.84 527 13.2 64.4 2.21x103 25586.18
JMP-2-RAir 650 206.84 545 12.6 69.9 1.74x103 25605.15
JMP-2-RCO2 650 206.84 169 16.1 67.3 8.20x1073 25129.21
JMP-2-RCO2 650 206.84 140 14.7 58.3 1.00x1072 25054.18




