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ABSTRACT

Direct-fired supercritical CO, (sCO,) cycles are expected to result in sCO, with higher impurity
levels compared to indirect-fired cycles. Prior work at ambient pressure showed minimal effects
of O, and H,O additions, however, a new experimental rig has been built to have flowing controlled
impurity levels at supercritical pressures at <800°C. Based on industry input, the first experiment
was conducted at 750°C/300 bar in CO,+1%0,-0.25%H,0 using 500-h cycles for up to 5,000 h.
Compared to research grade sCO,, the results indicate faster reaction rates for Fe-based alloys like
310HN and smaller increases for Ni-based alloys like alloys 617B and 282. It is difficult to quantify
the 310HN rate increase because of scale spallation. Characterization of the 5,000 h specimens in-
dicated a thicker reaction product formed, which has not been observed in previous impurity studies
at ambient pressure. These results suggest that more studies of impurity effects are needed at su-
percritical pressures including steels at lower temperatures.

INTRODUCTION

While supercritical CO, (sCO,) cycles offer attractive features for a range of power generation
applications [1-3], the revolutionary aspect of sCO, is the direct-fired or open cycle [4-5], which
has the potential to achieve economical, “clean” fossil energy power generation by diverting a
portion of the CO, at the bottom of the cycle for sequestration or enhanced oil recovery. A pilot
plant using the Allam cycle [4,5] is now being tested in Texas. However, the combustion of natural
gas or coal-derived synthesis gas would incorporate high levels of impurities (e.g. H,0, O,, etc.)
into the supercritical fluid. It is now well-accepted that Ni-based alloys have reasonable
compatibility with sCO, at up to 800°C [6-12]. However, impurity effects at supercritical
pressures have not been well-studied and the effects of O, and H,O are not resolved [12-14]. A
new experimental rig was recently constructed and the first set of experiments was completed at
750°C/300bar with 1%0, and 0.25%H,0O additions [12]. This paper provides additional
characterization from the 5,000 h specimens including Fe- and Ni-based alloys. For applications
above 700°C, precipitation-strengthened (PS) Ni-based alloys, such as 740 and 282 [15,16], are
needed. These impurity levels at 300 bar increased the specimen mass change, particularly for the
Fe-based alloys.



EXPERIMENTAL PROCEDURE

Table 1 provides the measured composition of the alloys, which were machined into coupons
typically 1.5 x 12 x 20 mm and polished to a 600 grit surface finish on all sides. Prior to exposure,
the coupons were ultrasonically cleaned in acetone and methanol. All exposures used 500-h cycles
at 750°C. For the 1 bar exposures in laboratory air or research grade (RG) CO, (measured 4.1£0.7
ppm H,O, and <5 ppm total hydrocarbons specified), the specimens were held in pre-annealed
alumina boats. For the laboratory air (~50% relative humidity) exposures, the specimens were
slowly heated to temperature (~4 h) in a resistively heated box furnace, held for 500-h and then
furnace cooled to room temperature. For CO,, the specimens were slowly heated to temperature
in Ar over several hours (~2°C/min) in a horizontal alumina tube with end caps within a 3-zone
furnace. The specimens were held at temperature +2°C for 500 h in the flowing gas (100 cc/min
at 25°C) and then cooled in Ar to room temperature inside the furnace. For the 300 bar exposures,
the experiments were conducted in a vertically-oriented, alloy 282 autoclave (~266 mm x 83 mm
inner diameter) described previously [8,9]. Specimens were held on an alloy 282 sample rack and
slowly heated to temperature over several hours (~2°C/min) in sCO, flowing at ~ 2 cc/min, held
at temperature +2°C and then cooled in sCO, to room temperature using a cooling fan. One
autoclave was modified to use two pumps to deliver sCO,, CO,-O, and H,O. Based on the gas
flow rate, the O, level was calculated as 1.0+0.2% and the H,O content as 0.25+0.05% for the high
impurity experiment. For all of the experiments, mass change was measured using a Mettler
Toledo model XP205 balance (+0.04 mg accuracy or +0.01 mg/cm?). After exposure, specimens
were Cu-plated to protect the surface oxide and metallographically mounted and imaged with light
microscopy. Oxide thickness was measured using image analysis software with ~20-30
measurements taken for each specimen. Specimens were examined using a Hitachi model S4800
scanning electron microscope (SEM) with EDS detector.

RESULTS & DISCUSSION

Figure 1 shows the median mass change data at 750°C/300 bar for 3-5 specimens exposed to RG
sCO, (dashed lines) and RG sCO, with 1%0, and 0.25%H,0 (solid lines and boxes) [12]. The
mass gains were much higher for some materials such as 247 and 310HN, which also exhibited
scale spallation. Specimens were inserted in the 2nd and 3rd cycles that were removed after 2,500
and 1,000 h exposures, respectively. In some cases, such as the 617B and 247 specimens, these
specimens gained more mass than the three specimens exposed for 5,000 h.

Table 1. Chemical compositions (mass%) determined by inductively coupled plasma analysis and
combustion analysis

Material Fe Ni Cr Al S Other

25 42.6 254 223 0.03 0.0008 3.4W,3.0Cu,1.5C0,0.5Mn,0.5Nb,0.2Si,0.2N
310HN 513 203 255 < 0.0006 0.3C0,0.4Nb,1.2Mn,0.3S1,0.3N,0.05C
625 40 60.6 21.7 0.09 0.0010 9.4Mo0,3.6Nb,0.2Ti,0.2S1,0.1Mn

617B 1.2 546 223 1.0 <0.001 11.9Co0,8.2M0,0.4T1,0.05S1,0.04Mn,0.005B
230 1.5 60.5 226 0.3 0.0009 12.3W,1.4Mo0,0.5Mn,0.4Si

740 1.9 482 234 0.8 0.0006 20.2C0,2.1Nb,2.0Ti,0.3Mn,0.5Si

282 0.2 580 193 1.5 <0.0001 10.3C0,8.3M0,0.06S1,2.2Ti,0.1Mn
247 0.07 59.5 85 57 <0.0003 9.8C0,9.9W,0.7Mo0,3.1Ta,1.0Ti,1.4Hf

< indicates less than 0.01%
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Figure 1: Median specimen mass gain data for 500-h cycles at 750°C in 300 bar RG sCO,
(dashed lines) and RG sCO, with 1% O, and 0.25% H,0 (solid lines). Box and whisker plots

show data for 3-5 specimens exposed in the high impurity environment [12].
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To summarize the results for all of the alloys studied, Fig. 2 shows median mass change results for
each of the alloys exposed at 750°C for 5,000 h. For comparison, median mass change results are
shown for laboratory air and 1 bar RG CO,. The 1 bar results put the 300 bar results into better
context. Many of the Ni-based alloys showed no effect of the exposure in impure sCO,. The mass
gains are consistently higher for the PS alloys 740 and 282 because of the higher Ti contents (Table
1) accelerating growth of the Cr-rich oxide [17,18]. The materials most strongly affected by the
impurity additions were the alumina-forming superalloy 247 and the Fe-based alloys 25 and
310HN. The latter did not show a high mass gain because of scale spallation, Fig. 1.

Figure 3 compares the reaction products formed on four alloys after 5,000 h in the four
environments shown in Fig. 2: laboratory air, 1 bar RG CO,, 300 bar RG sCO, and 300 bar RG
sCO, with 1%0, and 0.25%H,0. In most cases, the reaction products were thin, even for the
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Figure 2: Median specimen mass gain values after 5,000 h exposures at 750°C in three different
environments compared to laboratory air exposures.
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Figure 3: Light microscopy of polished cross-sections of specimens exposed for 5,000 h at
750°C in four different environments.

stainless steel, 310HN. The exceptions were in the high impurity sCO, environment where much
thicker oxides were observed on several alloys, consistent with the mass gains in Figs. 1 and 2.
The major increase for the 310HN specimen required a different magnification in Fig. 3. The Ni-
based alloys all showed significant internal oxidation that increased in volume with Al and Ti
contents, Table 1. While 247 can form alumina in some conditions, this temperature is too low to
form alumina even in air. With the addition of impurities, there was a significant increase in the
oxide formed on the 247 specimen. The other alloys also formed thicker oxides, except for the
617B specimen. Figure 1 also shows a lower mass gain with the addition of impurities for the
617B specimens.

To quantify results from multiple images of each specimen, Figure 4 shows oxide thickness
measurements for several alloys as a function of exposure time at 750°C in three different
environments. For 310HN, thin oxides were measured for 1 and 300 bar RG sCO, that were
slightly increasing with exposure time. In contrast, a dramatic increase in oxide thickness was
observed with the addition of impurities at 300 bar. The effect of impurities was less dramatic for
the other Ni-based alloys shown in Fig. 4. The one exception was that the oxide was thinner for
the high impurity case for the 617B and 282 specimens exposed for 5,000 h. Further studies are
needed to explain this somewhat unusual result. It may be due to a variability in the experimental
conditions.
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Figure 4: Box and whisker plots of oxide thickness for alloy 310HN, 617B, 282 and 247
specimens exposed at 750°C in I and 300 bar RG sCO, and 300 bar CO,+1%0,+0.25%H,0.

Previously, SEM characterization of specimens of alloys 25 and 247 exposed for 1,000 h were
presented [12]. Figures 5-8 show comparisons of 310HN and 282 after 5,000 h exposures in RG
sCO, with and without impurity additions. Figure 5 shows the relatively thin and compact Cr-rich
oxide formed on the 310HN specimen in RG sCO,. The outer part of the scale contains Mn and
an inner Si-rich layer is typical for steels at this temperature, Figs. 5b and 5d. The Nb-rich
strengthening precipitates are shown in Fig. 5f. A relatively thin area of oxide was found for
imaging after exposure to the high impurity environment, Figure 6. In this case, some Fe was
found in the outer scale above the Cr-rich inner layer, Fig. 6f. Otherwise the oxide was similar to
that formed in RG sCO,. It is possible that this region spalled during the 10 thermal cycles.

Figure 7 shows the more complex scale formed on 282 after 5,000 h in RG sCO,. While
primarily a Cr-rich oxide, Figs. 7c and 7e, Ti-rich precipitates were observed at the gas and
metal-scale interfaces, Fig. 7d. Also, Al was observed to internally oxidize, Fig. 7f, and Mo was
enriched in areas where Cr was depleted, Fig. 7b. These are similar observations to prior TEM
characterization after 1,000 h at 750°C in industrial grade sCO, [19]. Figure 8 shows a region
that was slightly thicker than average for characterization after exposure to the high impurity
environment. Similar to Fig. 7, a Cr-rich oxide with Ti-rich precipitates and Al-rich internal
oxidation was observed, Fig. 8. But in this region an outer Co-containing oxide nodule formed,



Figure 5. (a) SEM secondary electron image of the scale formed on alloy 310HN after 5,000 h at
750°C in 30 MPa RG sCO, and associated EDS maps (b) Mn, (c) O, (d) Si, (e) Cr and (f) Nb.
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Figure 6. (a) SEM secondary electron image of the scale formed on alloy 310HN after 5,000 h at
750°C in 30 MPa sCO,+1%0,+0.25%H,0 and associated EDS maps (b) Mn, (c) O, (d) Si, (e)
Cr and (f) Fe.




Figure 7. (a) SEM secondary electron image of the scale formed on alloy 282 after 5,000 h at
750°C in 30 MPa RG sCO; and associated EDS maps (b) Mo, (c) O, (d) Ti, (e) Cr and (f) AL

Figure 8. (a) SEM image of the scale formed on alloy 310HN after 5,000 h at 750°C in 30 MPa
sCO,+1%0,+0.25%H,0 and associated EDS maps (b) Co, (c) O, (d) Ti, (e) Cr and (f) Al



SUMMARY AND FUTURE PLANS

Impurities in direct-fired supercritical CO, (sCO,) cycles are a significant concern for long-term
compatibility. For the first exposure in a new experimental rig, a 5,000 h exposure was performed
at 750°C in CO,+1%0,-0.25%H,0 using 500-h cycles. For comparison, similar exposures were
conducted in laboratory air, 1 bar RG CO, and 300 bar RG sCO,. Commercial Fe- and Ni-base
structural alloys were exposed in each environment and reaction products were characterized.
With the addition of controlled levels of impurities, the Fe-based alloys appeared to be more
strongly affected. Most Ni-based alloys were not affected by the addition of impurities. For lower
temperatures, where steels are more likely structural alloy candidates, additional work is needed to
further understand the role of impurities on sCO, compatibility. In order to determine a better
mechanistic understanding, additional experiments are needed where only O, or H,O is added.
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