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ABSTRACT

Direct-fired supercritical CO, (sCO,) power cycles are a potential strategy to revolutionize fossil
energy as a low-emission power source. To assist in the commercialization of this technology,
lower cost steels are needed at <650°C in the cycle. However, there is a concern about internal
carburization of Fe-based alloys in this environment and the associated embrittlement. Two strate-
gies can be considered: higher alloying additions of Ni and Cr, and coatings that enrich the steel
surface with Cr or Al. Generally, thin protective Cr-rich oxide scales appear to prevent C ingress
but higher Cr and Ni contents are needed to prevent the formation of Fe-rich oxides. For example,
alloy 709 (20Cr-25Ni) showed significantly less C ingress compared to type 316H stainless steel
(16Cr-10Ni) at 550°-650°C. Pack aluminized and chromized Gr.91 (9Cr-1Mo) and 316H show
some promise. For Cr-rich coatings, carbide formation in the coatings on both alloys in 300 bar
sCO, at 650°C suggests that their potential is limited to lower temperatures. For Al-rich coatings
on Gr.91, it is difficult to form a thin Al-rich oxide with ~20 wt.% Al in the coating at 650°C in 300
bar sCO..

INTRODUCTION

As the world searches for clean, dispatchable power generation solutions, the open, direct-fired
supercritical CO, (sCO,) Allam cycle could provide the first economical, zero-emission source of
electricity from fossil energy [Allam 2013, 2017]. The unique properties of sCO, also make it
attractive for high-efficiency indirect or closed cycles in nuclear, concentrating solar power (CSP),
geothermal, and waste heat recovery [Dostal 2006, Chen 2010, Iverson 2013, Wright 2013,
Cheang 2015]. Ten years ago, there was a significant concern if structural materials were
sufficiently compatible to enable sCO,, cycles at >50% efficiency above 700°C, especially with the
high impurities expected in the Allam cycle. However, most subsequent studies found that Ni-
based alloys were compatible with sCO, at up to 800°C [Olivares 2015, 2018; Pint 2015, 20173,
2017b, 2019, 2020; Mahaffey 2016, Oleksak 2018, 2023]. Nevertheless, because of the low sCO,
critical point (31°C/7.4 MPa), a considerable portion of the cycle operates at <650°C. For sCO»,-
based power cycles to be commercially competitive, lower cost Fe-based materials are needed in
the lower temperature components in the cycle. Yet, there is a significant concern about the use
of steels in sCO, because of prior experience with Grade 9 (Fe-9Cr-1Mo) steel in the UK advanced
gas cooled reactors (AGRs) operated with sub-critical 43 bar CO, at <650°C where severe internal
carburization can occur [Gong 2017]. Studies in the sCO, literature have concluded that 9-12%Cr
ferritic-martensitic (FM), or sometimes called creep-strength enhanced ferritic (CSEF) steels are
limited to 450°C in sCO,, [Sarrade 2017] and austenitic stainless steels begin to show accelerated
reaction kinetics in sCO, at 600°C [Furukawa 2011, Tan 2011, Cao 2012, Olivares 2015, Sarrade
2017]. These are lower temperatures than applications in supercritical steam [Shingledecker 2013,
Pint 2013] and potentially increases the need for more expensive, Ni-based structural materials
to bridge this temperature range.

A multi-year evaluation of sCO, performance of steels was undertaken to address this issue and
determine the maximum use temperature of representative CSEF and austenitic steels in sCO,
with and without impurities at 450°-650°C [Pint 2021a, 2022a, 2023a, 2023b, 2023c]. Impurities
such as O, and H,0 in sCO, tend to increase the reaction rate [Mahaffey 2016, Pint 2019, 2022;
Oleksak 2023]. The work presented here focuses on the advantages of advanced austenitic steels
like alloy 709 and initial results on Cr- and Al-rich coatings on lower alloyed steels. Oxidation-
resistant coatings are an obvious potential solution for sCO, environments and similar Cr- and Al-



rich coatings have been investigated in CO, that were beneficial in steam [Lopez 2014, Aguero
2016, Nguyen 2017, Kim 2019, Brittan 2020, Kim 2020, Meissner 2020]. Initial exposures at 650°C
reveal the limitations of coatings, especially in impure sCO, [Pint 2023a].

EXPERIMENTAL PROCEDURE

Table 1 shows the measured chemical compositions of the structural alloys evaluated in this study.
Coupons (~10 x 20 x 1.5mm) and dogbone tensile specimens (SS-3 type: 25.4 mm long, 0.76 x
5 mm gauge) were prepared to a 600 grit SiC finish and ultrasonically cleaned in acetone and
methanol prior to exposure. The Cr coatings were made using a proprietary pack cementation
commercial process on T91 and 316H substrates. The pack aluminide coatings were fabricated
at Tennessee Technological University for 30 min at 1050°C in a pack containing 20wt.% of metal
Cr-10wt. %Al powder, 2% NH,4CI activator and 78% Al,Og filler [Pint 2011]. Exposures in sCO,
were performed using 500-h cycles. Specimens were exposed in research grade (RG) sCO, (<5
ppm O,, 4.1£0.7 ppm H,0) in a vertically-oriented autoclave (~266 mm deep x 83 mm inner
diameter) machined from alloy 282 with an alloy 282 specimen rack. The autoclave was heated
to temperature over several hours (~2°C/min) inside a three-zone furnace at 300 bar with a fluid
flow rate of ~2 ml/min. The specimens were held at temperature +2°C and then cooled in sCO,
to room temperature. For the controlled impurity experiments, two pumps for sCO, and H,O were
used, and O, was added as a CO,—O, gaseous mixture from a high pressure cylinder. The O,
was calculated as 1.0 £ 0.2% and the H,O content as 0.1 + 0.05% based on the gas flow rates
with the largest variations associated with issues with filters, valves and changing sCO, cylinders
twice during each 500-h cycle. The low H,0 content is for the reheat cycle after H,O is removed.
Another study investigated higher H,O contents [Oleksak 2023].

For all of the experiments, the specimens were weighed using a Mettler Toledo model XP205
balance with an accuracy of ~+0.04mg. After exposure, samples were copper plated before being
sectioned and mounted for light microscopy and scanning electron microscopy (SEM), TESCAN
model MIRA3, equipped with energy dispersive x-ray spectroscopy (EDS). Room temperature
tensile tests used a strain rate of 0.015/min per ASTM E8-13. Bulk C was measured using
combustion analysis and C profiles (~200-250 um deep) were measured using GDOES to quantify
the C uptake using the initial measured composition in Table 1 as a reference [Lance 2018].

RESULTS AND DISCUSSION

The mass change data for the 300 bar sCO,, 450°-650°C test matrix for the four steels in Table 1
has been presented previously [Pint 2021, 2022a, 2022b]. Figure 1 summarizes the rate constants

Table 1. Chemical composition of the alloys measured by inductively coupled plasma
and combustion analyses in mass%.

Alloy Fe Cr Ni Mo Mn Si C Other

TN 888 86 03 09 046 035 0.099 0.2V,0.1Nb,0.045N
VM12 83.3 115 04 04 038 042 0.120 1.5Co,1.6W,0.2V,0.036N
316H 695 163 100 20 0.84 0.46 0.040 0.08V,0.039N,0.02Nb
709 51.3 201 252 15 089 041 0.064 0.2Nb,0.15N
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Figure 1. Arrhenius plot of literature values (small circles) and rate constants from this
study in 300 bar RG sCO, (open symbols) and RG sCO,+1%0,+0.1%H,0 (solid symbols)
[Pint 2023c].

which were calculated using the median mass change data from 5-6 specimens exposed for 1000-
2000 h in each condition using a standard method [Pieraggi 1987]. The open symbols show results
for RG sCO, and the filled symbols for RG sCO, with 1%0, and 0.1%H,0. The horizontal dashed
line is a metric developed for 100,000 h CSP applications, with rates below this line not expected
to experience significant scale spallation [Pint 2020]. Several values from the literature (open
circles) confirm that the rates without impurities are similar to prior work [Furukawa 2011,
Dheeradhada 2016]. Rates for Ni-based alloy 740H are well below the metric even at 800°C in
RG sCO,. In some cases the rates are based on only 2 data points (2 cycles, 1000 h total
exposure). Prior work showed that rates calculated after 1000 h were similar to those after 10,000
h exposures [Pint 2020].

For the FM/CSEF steels, the rates under these conditions were above the metric for temperatures
above ~500°C due to the formation of thick Fe-rich oxides. Figures 2a-2d show example cross-
section microstructures after 1,000 h at 650°C with and without impurities. The increased Cr
content in VM12 did not significantly affect the rates or oxide morphology under these conditions.
As is commonly reported [Furukawa 2011, Tan 2011], these alloys formed duplex Fe-rich oxides
in sCO,. Figure 1 also notes that the rates for T91 and VM12 are similar to those measured after
1000 h in 276 bar H,O [Pint 2019b]. The key difference in sCO, is that C ingress can occur and
Figure 3 confirms a significant Increase in bulk C content for both VM12 and T91 at 650°C in RG
sCO,. At 550°C, the C increase is much less but still evident after a 2,000 h exposure (only T91
shown for clarity).

The addition of impurities did slightly increase the rate constant for T91 at 450°C. However, at
higher temperatures, minimal changes were observed in the calculated rates. Figures 2a-2d
show similar oxides forming with and without impurities on T91 and VM12 at 650°C. The contrast
in the light microscopy images does show the formation of Fe,O3 with the addition of 1%0, which
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Figure 2. Light microscopy of polished cross-sections after 1,000 h exposures at 650°C
in RG sCO, (a,c,e,g) without impurities and (b,d,f,h) with 1%0, and 0.1%H,0 for (a,b) T91,
(c,d) VM12, (e,f) 316H and (g,h) 709.

is consistent with the higher O, partial pressure in these experiments. In RG sCO,, only Fe50y4
was observed in the outer layer. In Figure 3, the addition of impurities only slightly increased the
C uptake for T91 at 650°C and no increase was noted for VM12.

For 316H and 709, when Cr-rich oxides formed at 450°-550°C in RG sCO,, the rates were very
low, Figure 1. However, impurities did increase the rates due to the formation of Fe-rich oxide
nodules [Pint 2022a]. Even without impurities, conventional stainless steels like 316H have been
observed to not maintain a protective Cr-rich scale at 2550°C [Furukawa 2011, Tan 2011]. The
increase in rates in Figure 1 is consistent with the formation of Fe-rich oxides and Figures 2e and
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Figure 3. Bulk C content measured as a function of exposure time in sCO,, closed
symbols at 650°C and open symbols at 550°C; solid lines in RG sCO, and dashed lines
with impurities.
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Figure 4: Mass change of 316H and 709 specimens plotted versus post-exposure room
temperature total elongation for 500-2000 h exposures in 300 bar RG sCO, (open
symbols) and RG sCO,+1%0,+0.1%H,0 (closed symbols). Compiled data [Pint
2021b,2023c]

2f show mainly the inner layer of Fe-rich oxide formed at 650°C because of the spallation of the
outer layer. No rate constant was reported for 316H with impurities at 650°C because of mass
loss due to scale spallation. Figure 2f does show an Fe,;O4 outer layer, similar to the FM steels.

With the formation of a less protective Fe-rich oxide, C ingress was noted for 316H at 650°C,
Figure 3. Figure 4 also shows that as the mass gain increases for 316H, the room temperature
ductility decreased due to embrittlement. Even with the addition of impurities, the impact on
ductility was mainly observed at 650°C. Longer times at lower temperatures could begin to show
an effect. Figure 5a shows GDOES results of the C enrichment after sCO, exposures at 550°
and 650°C. At 650°C, a higher C signal was measured with impurities in the sCO,, which is
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Figure 5. GDOES sputter depth profiles for 1000 h exposures in sCO, with and without impurities
(a) 316H and (b) 709.



consistent with the bulk measurements in Figure 3. However, a similar increase was not observed
at 550°C, Figure 5a.

Now comparing alloy 709 to 316H shows a significant benefit of the higher Cr and Ni contents in
alloy 709, Table 1. In RG sCO,, the rates are lower even at 650°C, where a thin, Cr-rich oxide
forms, Figure 2g, even after 2,000 h of exposure. Figure 3 shows no bulk C ingress and Figure 4
shows no decrease in ductility. However, alloy 709 is not immune to the effects of impurities.
Figure 2h shows that a duplex scale formed when impurities were added at 650°C. Note that the
micron marker for Figures 2g and 2h is different than the other images. However, the higher rates
shown in Figure 1 may be capturing a transient effect of Fe-rich oxide formation and not the steady
state rate. Nevertheless, impurities disrupted the formation of the thin Cr-rich oxide. Figure 3
shows that after 1,000 h, the bulk C content increased to 0.074% with impurities while no increase
in C was observed in RG sCO, after 2,000 h. Figure 4 shows that the ductility of alloy 709
specimens decreased from ~50% after exposure in RG sCO, at 650°C to <30% after exposure
for 500-1000h in RG sCO,, with impurities. Also, Figure 5b shows a significantly higher C ingress
with the addition of impurities. The combination of these results suggests that more work is needed
to understand the long-term effects of advanced austenitic steels in impure sCO, both in low and
high H,O [Oleksak 2023]. Previously, other highly alloyed austenitic steels, like type 310 stainless
steel, showed low C ingress after <10,000 h at 750°C [Dryepondt 2022]. The driving force for C
ingress is the high C activity at the metal-oxide interface due to the low O, partial pressure at the
interface [Gheno 2011]. The results for 709 suggest that a thin Cr-rich scale can be an effective
C barrier.

Another potential solution for steel sCO, compatibility is coatings. Figure 6 summarizes average
mass change results after one 500-h cycle at 650°C in RG sCO, with and without impurities
comparing results for uncoated and coated T91 and 316H. As noted above, very thick Fe-rich
oxides form under these conditions on both of these alloys resulting in large mass gains or a mass
loss for 316H due to spallation of the outer Fe-rich oxide layer. Starting with chromized T91, the
results in RG sCO, showed a significant reduction in mass gain, Figure 6. Figures 7a and 7b

“[@ RGsCO, ‘::::::::::::%:::::::::::::
| 8 RG+1%02+0.1%H,0 | 1
: ' 650°C, 500 h -
300 bar 5002

Specimen Mass Change (mg/cm?)

T91 T91 +Cr T91 +AI 316H 31 6H+Cr 709

Figure 6. Specimen mass gains during 500-h cycles in 300 bar RG sCO2 after 500 h at 650°C with
and without impurities. The whiskers show one standard deviation when multiple specimens
were exposed.
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Figure 7. Light microscopy of polished cross-sections of T91 after exposure for 1000 h at 650°C
in RG sCO2 (a) uncoated with impurities, (b) chromized without impurities and (c) chromized with
impurities.

compares the reaction products on uncoated T91 to the coated specimen. A thin Cr-rich oxide
formed after 1,000 h. Small mass gains have been measured for up to 2,000 h in RG sCO, at
650°C. Figure 3 also shows no bulk C increase on the coated specimens. However, as
documented previously [Pint 2023a], Cr-rich carbides form in the ~100 um thick coating which ties
up the Cr making it less available to form a protective oxide. In the sCO, exposures with impurities,
the mass gains were higher, Figure 6. Figure 7c shows the formation of Fe-rich oxide nodules,
which considerably increases the consumption of Cr from the coating reservoir and suggests that
the coating will not remain protective for longer durations.

More recently, Figure 6 also shows results for aluminized T91. However, these results are less
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Figure 8. (a) SEM backscattered electron image of aluminized T91 after 500 h at 650°C in
RG sCO, and (b-f) EDS maps of the same region.
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Figure 9. EDS line profiles of the coatings exposed in RG sCO, at 650°C (a) aluminized
T91 after 500 h (Figure 8) and (b) chromized 316H after 1,000 h (Figure 9).

promising with higher mass gains than chromized T91 in RG sCO,. The EDS maps in Figure 8
show that a mixed Fe-Al oxide forms rather than Al,O3 and the oxide is fairly thick. Figure 9a
shows a line profile of the ~25 pm thick oxide and also shows the Al profile in the coating after
exposure. The coating had a relatively low Al content in order to minimize the formation of
intermetallic aluminide phases which have a higher thermal expansion coefficient than T91 [Pint
2011]. Coatings with a higher Al content may be more effective in sCO, at these temperatures.

Finally, chromized 316H also was evaluated and showed similar results as chromized T91 with
small mass gains in RG sCO,. Figure 10 shows the thin Cr-rich oxide scale that formed after
1,000 h. With the slower Cr diffusion in the austenitic 316H substrate compared to T91, the coating
in this case was <15 ym thick, Figure 9b. The Cr map in Figure 10c suggests that Cr-rich
precipitates also formed in this coating. In Figure 6, this same coating showed mixed results when
impurities were added. One specimen of three tested showed a mass loss due to spallation of
the reaction product similar to the uncoated alloy. This suggests Fe-rich oxide formation and a
less-protective coating in this environment. Coating performance at lower temperatures needs to
be evaluated.

CONCLUSIONS

In order to increase the use of less expensive Fe-based alloys in sCO, cycles, baseline data has
been collected on steels at 450°-650°C in RG sCO,, to simulate a closed cycle and RG sCO, with
O, and H,0 impurities to simulated the open Allam cycle. The results suggest that conventional
FM and austenitic steels may be limited to lower temperatures than used in supercritical steam.
However, an advanced austenitic steel, 709, with higher Cr and Ni contents, has performed better
in RG sCO, and should be further evaluated. When tested in the presence of impurities, 709
specimens formed less protective scales and there was evidence of C ingress which was not
apparent without impurities. Several pack cementation coatings were evaluated at 650°C. The
Cr-rich coatings on T91 and 316H were able to form a thin Cr-rich oxide after 1,000 h in RG sCO,,
which is a signficant improvement compared to uncoated substrates. However, the formation of
Cr-rich precipitates, likely carbides, in the coatings suggests that the long-term durability may be
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Figure 10. (a) SEM backscattered electron image of chromized 316H after 1,000 h at
650°C in RG sCO, and (b-f) EDS maps of the same region

limited. With the addition of impurities in the sCO, environment, the coatings did not perform as
well including the formation of Fe-rich oxide nodules and faster Cr consumption in the coating.
For the pack Al coating, the relatively low, >20wt.%, Al content in the coating was not able to form
Al,O3 and the mixed Fe-Al oxide was relatively thick.

NOMENCLATURE

CSP = Concentrated Solar Power

CSEF = Creep strength enhanced ferritic

EDS = Energy Dispersive X-ray Spectroscopy
GDOES = Glow Discharge Optical Emission Spectroscopy
ORNL = Oak Ridge National Laboratory

RG = Research Grade

sCO, = Supercritical Carbon Dioxide

SEM = Scanning Electron Microscopy

UK = United Kingdom
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