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ABSTRACT

To analyze the compatibility of structural alloys in supercritical CO2 (sCO3), techniques are needed to
quantify any potential alloy degradation. A specific concern for sCO2 environments is the ingress of C into
the alloy, which has been observed for more than 50 years in both Fe- and Ni-based alloys. Recently,
Glow Discharge Optical Emission Spectroscopy (GDOES) has been increasingly used to measure the
concentration of light elements, like C, as a function of depth. As part of a current effort to model the
lifetime of structural alloys in sCO2 at 700-800 °C, several Fe- and Ni-base alloy specimens were



analyzed after 1,000-5,000 h exposure in 1 and 300 bar CO:. In general, the specimens exposed at
750°C showed little or no C ingress. This may be due to the dense external Cr203 scale formed on these
alloys, which inhibited C transport. At lower temperatures, 550-700 °C, C ingress was detected in both
Fe- and Ni-base alloys.

INTRODUCTION

Supercritical CO2 (sCOz) is being considered as a working fluid for a range of power generation
applications [1-4]. The key issue for oxidation in COz2 is the potential for C ingress through the oxide scale
that forms on the surface of structural alloys, which was identified more than 50 years ago [5-9]. As the
activity of oxygen drops across the scale from the gas interface to equilibrium (e.g. Cr/Cr203) at the metal
interface, there is a corresponding increase in the carbon activity. Thus, for a lifetime modeling effort [10-
12], a key focus was to measure the amount of C ingress as a function of time and temperature in order
to predict long-term behavior (e.g. a 30-year lifetime for a concentrated solar power application
corresponds to ~100,000 h of operating time).

One experimental tool able to measure carbon alongside other elements as a function of depth is radio
frequency glow discharge optical emission spectroscopy (GDOES) [13]. The technique is based upon the
sputtering of the surface with an electric field induced radio frequency (r.f.) plasma (or glow discharge)
using low pressure Ar gas. The argon collides with the surface thereby sputtering atoms off the sample
surface that then enter the plasma where they are excited by colliding with high-energy electrons and gas
atoms. These excited atoms de-excite by optical emission releasing photons with energies that are
characteristic of the atom. The optical emission is dispersed with a grating and measured with photo-
multiplier tubes (PMTs). The measured intensities are directly proportional to the number of sputtered
atoms for each element. With high dynamic range PMTs, elemental concentrations can be measured from
parts-per-million (ppm) levels up to 100%. Over 40 elements can be measured in parallel with
commercially-available instruments. Also, GDOES can acquire depth profiles up to ~200 um deep in less
than one hour making it ideally suited for analyzing corroded surfaces and depletion zones. It must be
stressed, however, that the depth profile is averaged across a circular area 2 — 7 mm in diameter and
GDOES cannot generate two-dimensions maps of elemental composition from a cross-section or surface
as is routinely done with electron probe microanalysis (EPMA) and energy dispersive x-ray spectroscopy
(EDS).

GDOES has been used to measure concentration depth profiles on corrosion samples for many years
with focus on tracking the presence of light elements which GDOES is able to detect with higher sensitivity
than x-ray techniques (i.e., EPMA and EDS). For instance, Jalowicka, et al., used GDOES to measure B
and N depletion in a Ni-base alloy down to ~0.01 at% [14]. GDOES has also been used to measure Li in
graphite anodes [15], S distributions in commercial Ni-base alloys following exposure to SOz [16] and in a
Fe-base alloy [17], and O uptake in air plasma sprayed MCrAlY coatings [18]. GDOES is particularly useful
in the detection of H, D (deuterium) and He since these atoms have no inner shell electrons and therefore
cannot be directly detected with x-ray techniques. Dumerval et al. used this feature of GDOES to detect
hydrogen adsorption in stainless steel 316L following exposure to environments present in pressurized
water reactors [19]. Of great interest to the fusion energy community is the unique ability of GDOES to
differentiate D2 from He, which have nearly identical atomic masses and so cannot be easily separated
with mass spectrometry [20]. More recently researchers have begun to use GDOES to measure C
concentration profiles in alloys exposed to CO2 and sCO2 environments [21-30] where the detection limit
approaches 10 ppm C. This paper presents preliminary results on Ni and Fe-base alloys exposed to sCO2
collected using a new GDOES system at Oak Ridge National Laboratory.

EXPERIMENTAL PROCEDURE

The chemical compositions of the structural alloys measured by an outside lab using inductively coupled
plasma optical emission (ICP-OE) and combustion analysis for C and O are listed in Table 1. Coupons
with dimensions of ~10 x 20 x 1.5 mm were polished to a 600-grit finish using SiC paper and ultrasonically
cleaned in acetone and methanol prior to exposure. For the 500-h cycles in 200 or 300 bar CO., the
exposures were conducted in an autoclave fabricated from alloy 282. The vertically-oriented autoclave



(~266 mm x 83 mm inner diameter) was operated inside a three-zone furnace with an alloy 282 sample
rack that sat on the bottom of the autoclave. The fluid flow rate was ~2 ml/min. The specimens were slowly
heated to temperature over several hours (~2 °C/min) in sCOz2, held at temperature +2 °C and then cooled
in sCO:2 to room temperature by lowering the furnace and using a cooling fan on the autoclave. Additional
details of the system have been provided elsewhere [31, 32]. For the 500-h cycles at 1 atm COz2, the
coupons were placed in an alumina boat in an alumina reaction tube with end caps. The specimens were
heated in argon to 750 °C over 4 h to minimize oxidation of the sample prior to exposure to CO2, held for
500 h in CO2 and cooled in argon to room temperature. Gas flow rates were ~300 cc/min. For 10-h cycles,
samples were hung from alumina rods with platinum wire and exposed in automated cyclic rigs [33] for 10
h in the hot zone followed by 10 min cooling in laboratory air to <30 °C after being automatically pulled
from the furnace. Exposures at 700, 750 and 800 °C were conducted in industrial grade (1G) CO:z at 1 bar,
with <60 ppm Oz and <32 ppm H20. Gas flow rates were ~100 cc/min or ~0.1 cm/s flow rate.

For all the experiments, the specimens were weighed using a Mettler Toledo XP205 balance with an
accuracy of ~+0.04 mg or 0.01 mg/cm?. Mass change was measured every 500-h cycle or every 160 h in
the 10-h cyclic tests. After exposure, samples were copper plated before being sectioned and mounted
metallographically for light microscopy.

Table 1. Alloy compositions in atomic percentage. “A” refers to the emission line used for GDOES.

Alloy Fe Ni Cr Co Mo Al Ti Si
740 0.11 47.54 24.47 19.64 0.18 2.89 1.62 0.30
282 0.17 56.04 21.74 10.36 5.16 3.49 2.63 0.07

SN25 43.30 24.55 24.39 1.43 0.12 0.053 0.028 0.31
625 4.22 61.67 24.85 0.13 5.50 0.27 0.28 0.33

A(nm) | 37349 | 35245 |42543 | 34535 |386.41 |396.15 | 334.94 | 288.16

Alloy Mn Nb w Cu V Zr C @)

740 0.26 0.89 0 0 0.009 0.014 0.126 0.002
282 0.021 0 0 0 0.011 0 0.283 0.003
SN25 0.54 0.29 1.07 2.68 0.059 0 0.322 0.009
625 0.17 2.19 0.02 0.084 0.022 0 0.079 0.004

A(nm) | 403.45 | 316.34 | 42946 |324.75 |411.18 | 360.12 | 156.14 | 130.22

GDOES was performed using a Horiba GD Profiler 2 equipped with a differential interferometry profiling
(DiP) system. The argon gas pressure was 850 Pa and the power was 50 W for all measurements. Prior
to measurement, any air between the anode and the sample was removed by flushing with three high/low
Ar pressure cycles followed by one very high Ar pressure flush. The background for each element was
measured for 5 seconds prior to sputtering and the wavelength used for each element was chosen to not
have any overlap with other elements. The wavelength of the emission lines used for GDOES for each
element are listed in Table 1. Measurements were made every 0.1 s and collection proceeded for at least
480 s which resulted in a sputtered dimple at least 50 um deep. The anode diameter was 4 mm which
defines the size of the region measured across the sample surface. Figure 1a shows the raw intensity
data in log scale measured in PMT voltage collected from alloy 282 that had been exposed to 300 bar of
CO2 at 700 °C for four 500-h cycles. Collecting for 480 s was long enough so that the intensities reached
a plateau which shows that the alloy bulk was reached by the end of the acquisition. The C intensity took
longer to stabilize which is due to infiltration of C during the exposure to CO2 and will be discussed below.
The O intensity is still declining at the end of the test which is likely caused by some oxide scale around
the edge of the crater being sputtered throughout the entire test and does not indicate the presence of O
deep in the alloy. This low O intensity will not significantly alter the determination of composition below the
oxide scale.

Figure 1b shows the depth profile determined using the differential interferometry profiling (DiP) system
which is measured by directing one laser beam (A = 633 nm) on to the intact surface and a second on to
the center of the sputtered crater. Interference from the two reflected beams are compared and used to
measure the sputtered depth during the acquisition. Unfortunately, since the oxide scale is translucent,



the DiP did not function properly to enable depth to be measured through the oxide scale. This can be
seen in Figure 1b which also shows the intensity of O which is high during the first 30 s during sputtering
of the scale. The DiP signal only starts to register a change in depth after the oxide scale has been
removed. Below the oxide scale, the measured sputter rate was very constant at 8.0 ym/min. The sputter
rate through the oxide was ~2 times slower than through the alloy.
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Figure 1. (a) GDOES intensity profile in log scale versus sputtering time for 282 exposed to 300 bar of
CO2 at 700 °C for four 500-h cycles, and (b) the depth profile collected with DiP alongside the oxygen
intensity profile.

Figure 2a shows the final dimple height map after sputtering the 282 sample from Figure 1 measured



using a Keyence VR-3000 optical profilometer. Also shown in Figure 2b is a line profile across the dimple.
The final dimple depth was 64 um compared to 58 um estimated by the DiP system (Figure 1b). The upper
left corner of Figure 3 shows a secondary electron image of the scale cross section collected using a
Hitachi 3400 scanning electron microscope (SEM). The 6 um difference between the actual dimple depth
and that estimated by the DiP system is about equal to the oxide scale thickness including the internal
oxidation (Figure 3) which shows again that the DiP system excludes the translucent oxide scale from its
depth measurement. Also measured in Figure 2b is the average roughness (Ra) of the sputtered surface
which was 2.9 ym. This is the effective depth resolution of the technique under these operating conditions.
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Figure 2. (a) Sputtered dimple after GDOES measurement and (b) a line profile across the dimple from
the sample measured in Figure 1.

Determination of the concentration profiles from the intensity data in Figure 1a was performed following
the procedure described by Nowak [34] which follows on the earlier work of Quadakkers et al. [35] and
Pfeiffer, et al. [36] for calibrating secondary neutrals mass spectrometry (SNMS). This procedure
calibrates the intensities using either an unexposed alloy of known composition or by sputtering deep
enough so that the base alloy below the depletion zone is reached which is the approach taken here. The
first step is to calculate sensitivity factors for each element by dividing the known concentration of the
element (cx) in the base alloy (Table 1) by the average light intensity (Ix) during the final minute of sputtering
(after the intensity has plateaued) for that element. Each sensitivity factor is then normalized to the



sensitivity factor for the base element which is Ni for alloy 282, resulting in a relative sensitivity factor
(RSFx) using the following equation:

RSFy = (/D). (1)

The RSF for oxygen was estimated by averaging light intensity for O and Cr in a region of the scale that
is composed almost entirely of Cr203 using the equation:

ICr*RSFCr

RSFo = (52 (). (2)

Concentration for each element (cx) is then calculated in atomic percentage using the following equation:

Iy *RSFy

Cx = (X, I;*RSF;)

()

v
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Figure 3. Secondary electron image of the oxide scale and depletion zone of 282 after exposure to 300
bar of CO2 at 700 °C for four 500-h cycles (upper left). EDS elemental maps of Ni, Cr, Co, Mo, Al, Ti,
and O and Si are also shown.



RESULTS AND DISCUSSION

Figure 4 shows the concentration profiles calculated from the intensities in Figure 1a using the procedure
described above. The sputtering time was converted to depth from the oxide/metal interface using the DiP
data from Figure 1b. The concentration within the oxide scale is shown versus sputtering time since the
DiP technique could not measure depth in the oxide as explained above.

The oxide scale in Figure 4 is primarily Cr20s. This corresponds well to the elemental maps of the cross-
section of this scale shown in Figure 3. Ti enriches the scale on the outer surface and at the oxide/metal
interface as has been previously observed on alloy 282 and can be seen in both Figures 3 & 4. As the
oxygen level drops near the metal, the Al concentration increases in Figure 4 which indicates the internal
oxidation region seen in Figure 3. The carbon content is highest near the outer surface of the scale which
is likely due to surface contamination and not from CO:z infiltration into the scale since it occurred even on
unexposed samples. The C and Cr concentration both dip below the bulk concentration right below the
oxide scale which shows the consumption of chromium carbides during exposure. The decrease in Cr
content beneath the Cr203 scale can also be seen in the Cr map from Figure 3. From Figure 4, about 2
pum below the metal/oxide interface, the carbon concentration increases to 1.5 at% and then starts to fall
deeper into the alloy. This is clear evidence of carburization of the alloy from exposure to sCOx.
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Figure 4. Concentration depth profiles calculated from intensities in Figure 1a and DiP measurements in
Fig. 1b. The sample was 282 exposed to 300 bar of CO2 at 700 °C for four 500-h cycles.

Electron probe microanalysis (EPMA) maps of C, Cr and O collected from the same 282 sample measured
by GDOES in Figure 4 are shown in Figure 5. EPMA utilizes wavelength dispersive spectroscopy (WDS)
which is at least an order of magnitude more sensitive to carbon than EDS and so provides a better test
of the sensitivity of GDOES. Spectra were collected using a JEOL Model 8200. The O map and the
secondary electron image in Figure 5 both show that the oxide scale is at the top of all the maps. Just as
in Figure 4 as measured with GDOES, a decline in both Cr and C directly below the oxide scale is observed



with EPMA. Further below this depleted zone, the carbon intensity rises slightly which compares well to
the increase observed with GDOES in Figure 4.

Additionally, the elemental concentration was measured using EPMA on the cross-sectioned sample in
Figure 5 along a line extending perpendicular to the oxide scale surface using 0.5 pym steps. The C profile
from this measurement is shown in Figure 6 along with the C concentration measured on the exposed
282 sample using GDOES. The x-axis for the EPMA measurement was converted from distance to
GDOES sputtering time using the sputtering rate mentioned above. The two measured C concentration
profiles are similarly shaped with the C concentration measured with EPMA about 30% higher than the
GDOES measurement. Since GDOES collects data across a 4-mm diameter spot, the analytical volume
is orders of magnitude larger than that of EPMA and so the GDOES measurement will be more accurate
with less noise. Also, despite this sample exhibiting one of the largest C concentration peaks, it was barely
detected by EPMA but easily detected by GDOES. It is unlikely that EPMA could detect C concentration
changes less than this whereas GDOES is sensitive to <0.1 at% changes in C concentration, as can be
seen for in Figure 6 for alloy 625. Therefore, under these experimental conditions, GDOES is more
sensitive to C concentration than EPMA with the caveat that data is only collected along a depth profile
with GDOES as opposed to a 2-D map as with EPMA.
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Figure 5. EPMA maps of the normalized x-ray intensities of C, Cr, and O measured adjacent to the oxide
scale on sample 282 exposed to 300 bar of CO2 at 700 °C for four 500-h cycles. The secondary electron
image is also shown.

Figure 6 also compares the carbon concentration depth profiles for Ni-base alloys 282, 740 and 625
exposed to 300 bar of sCO:2 for four 500-h cycles at 700 °C. No attempt was made to convert the sputtering
time to depth due to the difficulties of measuring depth through the oxide as described above. All three
alloys exhibited the same change in C concentration with a decrease below the oxide due to the
consumption of chromium carbides followed by an increase due to carburization deeper into the alloy. The
degree of carburization was highest for 282 followed by 740 and then 625.



Figure 7 shows carbon concentration profiles for the 282 alloy measured on an as received specimen,
and specimens exposed at 700 °C and 750 °C both to 300 bar sCO2 for 2000 h and 2500 h, respectively.
Both specimens showed a decline in the C concentration due to loss of chromium carbides below the
oxide scale but only the specimen exposed to the lower temperature showed an increase of C deeper into
the alloy. One possible explanation for this is that the thicker oxide formed at the higher temperature is a
better barrier to C ingress.
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Figure 6. GDOES C concentration profiles for alloys 282, 740 and 625 exposed to 300 bar of sCO2 for
four 500-h cycles at 700 °C. The carbon concentration measured with EPMA on the 282 alloy is also
shown.

In only one case did the CO2 environment lead to accelerated oxidation. Figure 8 shows the mass gain
for alloy 282 specimens at 700° and 750°C using 10-h cycles in industrial grade (IG) CO2. All the
specimens showed nearly parabolic behavior. In contrast, the Fe-based alloy 25 specimens all showed
accelerated (i.e. non-parabolic) behavior. One hypothesis is that Fe-based alloys are more susceptible to
C ingress because of the higher affinity of C for Fe than Ni [37]. The carbon concentration for one of the
alloy 25 specimens exposed to 1 bar CO2 at 700 °C for 4000 h (i.e. 400, 10-h cycles) is shown in Figure
9. The depletion of C is again observed below the oxide scale, consistent with the Cr depletion in this
area. This result is like those shown previously for Ni-base alloys. There is a slight increase of the C
concentration below the depleted zone. However, there is no indication of any large C ingress in this
specimen. While the specimen was not able to maintain the formation of a thin continuous Cr203 scale,
there is no strong evidence that the accelerated attack was caused by C ingress.
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Figure 7. GDOES C concentration profiles for 282 exposed to 300 bar sCOz at 700 °C and 750 °C. Also
shown is the as received 282 sample.
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Figure 8. Specimen mass change of 282 and 25 at 700 °C and 750 °C exposed to 10-h cycles in IG
CO:a2. Three or four samples are shown for each exposure condition/alloy.

One unusual result was observed for a set of specimens that were exposed in 200 bar research grade
(RG) CO2 at 700 °C for a round robin experiment. The mass gains for these specimens were higher than
expected, which may have been caused by a dead leg (a section of piping that no longer maintains gas
flow) that was not flushed between runs and may have added impurities to the system. Figure 10 shows
C concentration profiles for specimens of 625 and 740 exposed for 1000 and 1500 h in this experiment.
On both alloys and after both exposure times, two regions of C are observed; the first occurs within the
oxide scale at ~30 s of sputtering time and the second below the oxide scale. Further characterization is
needed to understand why these specimens showed a higher mass gain and how C ingress may have



affected the scale and alloy microstructure near the surface.
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Figure 9. GDOES carbon concentration profile for alloy 25 exposed to 1 bar CO2z at 700 °C. Also shown
is C profile collected from the as-received 25 specimen.
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Figure 10. GDOES carbon concentration profiles for specimens of 625 and 740 exposed to 200 bar of
RG CO2 at 700 °C for 1000 and 1500 h.

CONCLUSIONS

GDOES was used to measure carbon profiles in four different alloys exposed to sCO2 under varying
conditions. The sensitivity of GDOES to carbon was found to be superior to EPMA. Profiles showed a C
depletion zone under the oxide scale due to consumption of chromium carbides. Deeper into the alloy
showed an increase in C due to carburization of the alloy. The extent of this carburization varied depending
on the alloy and the exposure condition with the alloy 282 exposed at 700 °C and 300 bar of sCO:2 having
the highest degree of carburization.
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