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Abstract  

Sub-size dogbone tensile specimens of alloys 304H, 310HCbN and 740H were exposed to 30 

MPa supercritical CO2 (sCO2) for up to 4,000 h at 750°C.  Similar exposures in laboratory air 

were used to assess the specific role of sCO2 exposure on the alloy tensile properties. Type 

304H specimens were only embrittled by exposure in sCO2 due to the formation of a thick Fe-

rich oxide and C ingress in the bulk of the alloy.  For 310HCbN and 740H, no effect of the 

sCO2 environment was observed and decrease of the alloys ductility was associated with 

previously observed microstructure evolutions, e.g. grain boundary carbide formation.  The 
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740H was tested in the solution annealed condition and self-aging took place during 750°C 

exposures in sCO2 and air with the formation of fine gamma prime precipitates leading to 

significant tensile strength increase.  It was found that both 740H and 310HCbN have 

adequate sCO2 compatibility for high temperature commercial applications. 

Keywords: Supercritical CO2, tensile properties, structural alloys, carburization 

 

1 INTRODUCTION 

Increasing global electricity demand together with a need for a transition towards cleaner 

power generation with fewer emissions have driven the search for more efficient power 

conversion technologies such as the supercritical CO2 (sCO2) Brayton cycle. [1] The cycle is 

expected to operate above 700 °C and 20–30 MPa with efficiencies over 50%, making it 

attractive for concentrated solar, fossil, and nuclear energy power plants. Such a high 

operating temperature poses challenges for the structural materials both in terms of oxidation 

resistance and structural integrity, including resistance to creep deformation and retention of 

mechanical strength. Ferritic/martensitic steels with a chromium content of 9-12 % are known 

to oxidize and carburize in sCO2 at temperatures above 400 °C which will likely limit their 

use at a maximum temperature of ~450 ºC, which is ~150 °C lower compared to their 

operation in steam environments. [2-6]  Conventional stainless steels (SS) such as type 316 

begin to exhibit faster oxidation rates at ~600 ºC but higher Cr and Ni content SS alloys such 

as 310HCbN and Sanicro 25 are considered viable options.[4,7] One concern for the long-

term mechanical performance of these alloys is potential embrittlement due to carburization. 

Significant carburization associated with loss of ductility has been reported for alloy 304 after 

annealing in CO2 or CO2-containing He at T>700ºC and Pint et al. reported a complete loss of 

ductility at room temperature for the 304H steel after exposure in 30 MPa sCO2 for 500 h to 

4,000h at 750 °C. [8-10] For higher grade steels, Cao et al. observed the formation of 

discontinuous carburized areas on the surface of alloys 310 and 800H exposed for 3,000 h at 
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650 ºC in sCO2, while Lee et al. confirmed the presence of a carburized area for alloy 800HT 

after exposure for 1,000 h at 550-650 ºC in 20 MPa SCO2 .[11,12] Tensile testing after sCO2 

exposure led them to the conclusion that carburization could explain the increase in ultimate 

tensile strength (UTS) and decrease in ductility in comparison with thermally aged specimens 

in air. They also tested Ni-based alloys 600 and 690 for 1,000 h at 550-650 ºC in 20MPa sCO2 

but they observed only a very thin layer of amorphous C beneath the Cr-rich scale with no 

effect of exposure on the two alloys room temperature tensile properties. Work by Pint et al. 

at 750 ºC, showed that the room temperature tensile properties of 310HCbN were not affected 

after 500 h in 0.1-30 MPa sCO2,[13] but longer exposure in pure and impure sCO2 resulted in 

a decrease in ductility and slight increase in yield strength.  For temperatures >750 ºC, more 

expensive Ni-based alloys will certainly be required due to their superior strength and 

oxidation resistance. Recent studies found slow oxidation rates at ~750 ºC in sCO2 for alloys 

such as 282, 740 and 230 with no evidence of carburization after exposure for duration 

ranging from 500 to 4,000h. [13,14]  A significant increase of yield strength and decrease of 

ductility was reported by Pint et al. for precipitation-strengthened Ni-based alloy 740H after 

exposure in pure and impure sCO2.[13,15] 

The goal of this paper is to further analyze the impact of exposure in pure and impure sCO2 at 

750 ºC on the room temperature tensile properties of stainless steels 304H and 310HCbN, and 

Ni-based alloy 740H. [10]  The tensile data results were reported previously, and this paper 

focuses on characterization of the specimens exposed in research-grade (RG) sCO2 as similar 

tensile properties were measured after exposure in RG sCO2 or impure  (1%O2 and 

0.25%H2O) impurities sCO2.  Type 304H SS is not a realistic option for 750ºC operation but 

the steel was chosen as an example of sCO2 embrittlement. [8,9]  Tensile data also were 

generated after annealing in air to dissociate the sCO2 exposure effect from microstructural 

aging effects. [10] For type 310 SS, the formation and growth of  phase [16-18] and M23C6 
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carbides at grain boundaries have been associated with significant steel embrittlement. [19-

27] For alloy 740H, the coarsening of the ´ and formation of the  and G phases can result in 

a decrease of the alloy ductility and toughness after exposure at 700-850 ºC. [15,28] 

Optimization of the alloy chemistry led to the 740H alloy modification (compared to alloy 

740) and the suppression of the brittle  and G phases, [29, 30] but reduction of the alloy 

toughness after long-term exposure at 700-800 ºC was still observed due to the precipitation 

of intergranular carbides. [31] 

2 MATERIALS AND METHODS / EXPERIMENTAL  

Commercial alloys (compositions are listed in Table 1) were machined into tensile specimens 

with a 25 mm long body, a gage length of 0.8 × 5 mm, a surface area of ~1.9 cm2, and a 600‐

grit machined finish. The samples were weighed prior to the experiments using a Mettler 

Toledo XP205 balance with an accuracy of ~±0.04 mg or 0.01 mg/cm2.  The 500-h 

environmental exposure cycles were carried out in a vertical autoclave in RG (purity 

99.999%) sCO2 or impure sCO2 with 1%O2 and 0.25%H2O (sCO2+O2+H2O). [10,13,32] The 

experiments were performed under a pressure of 30 MPa at 750 °C for 1,000-4,000 h. For 

comparison, tensile specimens for each alloy were placed in an alumina boat and exposed to 

ambient laboratory air in a box furnace at 750 °C also using 500-h cycles for 1,000-2,000 h.  

Tensile tests were performed in accordance with ASTM E8 on an Instron 1125 electro-

mechanical test system. Instron Blue Hill 3 software was utilized for test control and data 

acquisition. The load was measured with an Instron 1,000-lb (454 kg) load cell. The strain 

rate was maintained approximately constant through crosshead control and calculated based 

on specimen uniform reduced length and displacement of the crosshead. Tests were carried at 

a rate of 0.457 mm/min leading to a deformation rate of ~ 10-3s-1. Small scale tensile testing 

typically results in accurate measurement of the yield and ultimate tensile strength in 

comparison with standard size specimens. However, a significant overestimation of the 
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deformation at yield is observed due to the machine compliance and only plastic deformation 

is considered for ductility measurement, with elongation at rupture ~20% higher in 

comparison with standard size specimens. [33] 

After the abovementioned measurements, one half of each sample was copper plated, 

sectioned, embedded in epoxy, and polished to be studied with a light optical microscope 

(LOM) and scanning electron microscope (SEM), Hitachi model S4800 or Tescan Mira 3 

with an energy dispersive X-ray (EDX) analysis system. Nital etchant was employed to reveal 

the microstructure of selected 310HCbN and 740H specimens. SEM/EDAX was used to 

analyze the fracture surfaces, the chemical composition, and the structure of the formed 

oxides. It was operated at an accelerating voltage of 20 kV in backscatter electron mode for 

imaging and EDX analyses.  

3 RESULTS  

3.1  Mass change data 

Figure 1 shows the mass change data for the tensile specimens compared to the coupons of 

740H and 310HCbN. [10]  No 304H coupons were exposed and the 304H tensile specimens 

(dashed lines for each specimen) experienced large mass gains (8-18 mg/cm2) followed by 

spallation.  For the 740H and 310HCbN tensile specimens, the mass gains were slightly 

higher than coupons with more variability but aside from a higher mass gain during the first 

cycle, the rates were similar for 740H and 310HCbN coupons and tensiles.  The higher 

proportion of edges in tensile specimens is the likely explanation for the difference in mass 

changes between the coupons and the tensile specimens. For 500-2,000 h exposures in 

laboratory air (not shown for clarity), the mass gains for the 304H specimens were much 

lower, similar to the other alloys with mass gains of 0.2-0.6 mg/cm2. 

 

3.2 304H Steel 
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Figure 2 shows that the sCO2 exposures at 750 ºC had a drastic impact on the tensile 

properties of 304H steel but similar exposures in air had very little effect.  A decrease of 

ductility from ~100% plastic deformation for the as machined specimens down to ~0% plastic 

deformation was observed for all the sCO2 exposed specimens. A slight increase of the yield 

strength and a significant decrease in the ultimate tensile strength (UTS) were also measured. 

Figure 2d highlights the clear difference in stress-strain curves between the as-machined or air 

annealed specimens and the specimens exposed to sCO2. After 1,000 h in sCO2, very limited 

yielding took place and after 2,000h, pure brittle fracture occurred rendering meaningless the 

determination of a yield strength. For the specimen exposed for 3,000 h, several stress drops 

were observed before brittle fracture at 400 MPa, with the main stress drop occurring at ~200 

MPa.  

Optical micrographs of the fracture surface and polished cross section of the 304H tensile 

specimens exposed for 2,000 h in RG sCO2 and air are shown in Figure 3. For the specimens 

exposed to sCO2, a ~200 µm thick dual oxide layer can be seen in both the fracture surface 

and cross-section micrographs in contrast to the thin ~ 10 µm layer formed after exposure in 

air. The sCO2 and air exposures led to brittle and ductile fracture surfaces, respectively, 

consistent with the tensile data presented in Figure 2. After the sCO2 exposure, a composite 

304H/oxide scale material was tested, with the stress drops observed in Figure 2d likely being 

related to oxide scale cracking. [34] 

3.3 310HCbN Steel 

The room temperature tensile properties after exposure in sCO2 and air for the 310HCbN steel 

are compared in Figure 4. Literature data, that had been generated from the evaluation of 

standard cylindrical test specimens machined from 310HCbN plates annealed at 700ºC for 

1,000h to 10,000h were added. [24] No significant difference was observed between the 

specimens oxidized in air and those exposed to sCO2. In both cases, a slight increase of both 
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the yield strength and the UTS was observed for exposures >1,000 h. On average, the increase 

in UTS was moderately higher for the specimens exposed to RG sCO2 compared to those 

exposed in air, but some data scatter was observed for the RG sCO2 specimens.  All the 

specimens exhibited a decrease in ductility with increasing exposure time, with the main 

decrease taking place in the first 1,000h of exposure. All these results are very consistent with 

the tensile data generated by Bai et al. at 700ºC. [24] Figure 5a-5c compare etched optical 

micrographs of 310HCbN specimens in the as machined condition and after exposure for 

2,000h in air or RG sCO2. Voids formation/cracking at grain boundaries was clearly observed 

for the specimens annealed for 2,000h in air or RG sCO2 but not for the as machined 

specimen. The higher magnification SEM image shown in Figure 5d of the specimen exposed 

for 2,000h in RG sCO2 highlights grain boundaries decorated with small precipitates cracked 

in many locations.  

As can be seen in the SEM and EDX maps of Figure 6, these precipitates at grain boundaries 

were Cr-rich, with two distinct populations of precipitates. They were observed in all the 

specimens annealed in air or RG SCO2, but not in the as machined specimen. While the small 

precipitates along grain boundaries were likely M23C6 carbides, [27] EDX point analysis 

measurements indicated that the larger precipitates might be  phase. [22,23] Again, 

cracks/voids observed in the annealed specimens were linked to the Cr-rich precipitates, with 

no voids observed in the specimen head and a higher number of voids close to the fracture 

surface. Some Cr-rich precipitates were also present inside the grains, and the only 

precipitates noticed in all the specimens, including the as machined specimen, were Mo-rich 

carbides.   

BSE-SEM images and EDX maps of the 310HCbN specimens exposed for 2,000 h in air and 

2,000 and 4,000 h in RG sCO2 at the oxidized surfaces are shown in Figure 7 to Figure 9, 

respectively. After 2,000 h in air or sCO2, the oxide scale thickness was ~ 5 µm and was only 
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slightly thicker after 4,000 h in sCO2. Oxide cracking and spallation took place during the 

room temperature tensile testing which could affect the observed scale thickness. In air, the 

scale was mainly rich in Cr and Mn but Fe and Ti-rich oxides were observed for the 

specimens tested in sCO2.  A few SiO2 precipitates were also present at the oxide/metal 

interface in all specimens, as well as small voids (arrows in Figure 7a and 8a). The formation 

of Cr-rich oxides led to a Cr depletion beneath the scales and subsequent enrichments in Ni, 

Fe and Nb (Figure 8).  The lower magnification maps in Figure 7 and Figure 9 also highlight 

significant Cr depletion along grain boundaries, ~50µm deep into the steel both in air and 

sCO2. All of these results are consistent with Cr2O3-forming steels in this temperature range. 

 

3.3 740H Ni-base alloy 

The tensile properties of alloy 740H after sCO2 or air exposure are shown in Figure 10. The 

alloy was tested in the solution annealed condition since self-aging to precipitate ´ 

strengthening phase during operation at ~750 °C is considered a viable strategy in terms of 

alloy performance. [35]  It would lead to cost reduction by eliminating a heat treatment step.  

Data from Special Metals for a 740H hot-rolled plate solution annealed at 1120°C and then 

aged at 760ºC for 4, 8 or 16 h were added for comparison. Increasing the aging duration from 

4h to 16 h resulted in a slight increase of the yield strength and UTS and a decrease in 

ductility. Since the 740H tested specimens were solution annealed but not aged, initial 

exposure at 750 ºC in air led, as expected, to a significant increase in yield and ultimate 

tensile strength and decrease in ductility, with tensile properties after 500 h in air very similar 

to the tensile properties reported by Special Metals. A slight decrease in yield strength and 

UTS and a more significant decrease of ductility was observed with increasing exposure time 

in air. Higher yield and UTS were observed after exposure for 1,000-2,000 h in sCO2 

compared to air exposure, but after exposure for 4,000 h, the tensile strength data were close 
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to values measured after the air exposure. It is worth noting that significant variations in 

tensile strength values were observed for the specimens exposed in RG sCO2 or impure sCO2 

after 1,000 and 2,000h so the difference observed between sCO2 and air might be related to 

specimen to specimen variation. The decrease in ductility with exposure time was also 

slightly higher for the specimens oxidized in sCO2 in comparison to the air exposure. For all 

the specimens tested, the uniform and total elongation values were very similar indicating 

very limited necking before rupture.  Figure 11 shows very similar intergranular fracture 

surfaces for the samples exposed for 2,000h in air and 2,000h in RG sCO2, but the as-

machined specimen exhibited a more ductile transgranular fracture surface.   

The precipitate evolution at grain boundaries during annealing of the 740H alloy at 750 °C is 

illustrated by the BSE-SEM images and EDX Cr maps in Figure 12. In the as machined 

specimen, only coarse (Mo,Nb,Ti)-rich carbides were observed but after annealing in air or 

RG sCO2, most grains were decorated with Cr-precipitates, identified by Zhao et al. as 

carbides. [15]  The higher magnification SEM micrographs in Figure 13 highlight a fine 

distribution of gamma prime precipitates with a significant coarsening of the precipitates 

between 500h in air and 2000h in air or RG sCO2.  Precise quantification of the gamma prime 

precipitate size is beyond the scope of this paper, but limited precipitates coarsening took 

place between 2,000h and 4,000h of exposure. As expected, no gamma prime precipitates 

were observed in the as machined specimens. 

Figure 14 and 15 compare the oxide scale formed at the surface of specimens exposed for 

4,000 h in RG sCO2 and 2,000 h in air, respectively. In sCO2, the scale consisted mainly of a 

thin (Fe,Ti,Co) outer layer atop a protective Cr-rich scale. As expected, [10,13,32] Al and Ti 

internal oxidation was also observed with an average depth of penetration of ~15m and a 

maximum depth of penetration along grain boundaries reaching ~30m.  Cr and Ti depletions 

also were observed in the alloy beneath the scale. The oxide scale and internal oxidation zone 
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formed at the surface of the specimen exposed in air for 2,000 h were similar, except for the 

absence of Fe in the outer layer and a thinner internal oxidation zone.  

 

4 DISCUSSION  

The tensile properties of 304H stainless steel were greatly affected by exposure to sCO2 at 

750 ºC resulting in very brittle behavior after annealing. The mechanisms responsible for the 

loss of ductility include the formation of a thick Fe-rich oxide scale leading to the testing of a 

cladded structure consisting of a 304H core and an oxide scale cladding.  The oxide scale 

contribution to the load-carrying capability of the material has not always been taken into 

consideration, but it has been shown to play an important role in both the creep and tensile 

properties in some cases. [34]  Figure 1d shows that after 3,000h in RG sCO2, a sudden load 

decrease was observed during tensile testing likely because of cracking of the load bearing 

scale. In addition to the oxide scale effect, Figure 16 shows bulk combustion analysis 

measurements of the C concentration for different austenitic steel coupons exposed at 750 °C 

in 30 MPa in RG and industrial grade (IG) sCO2 for duration up to 10,000 h. [36] The tensile 

specimen examined here does not have sufficient volume for accurate combustion analysis.  

Significant C ingress was observed for the 304H coupon after 1,000-1,500 h of exposure, so 

the brittle behavior of the 304H specimens exposed to RG sCO2 at 750 °C is due to the 

combination of the thick oxide scale and alloy carburization. 

Figure 16 can also explain the similar tensile results for the 310HCbN specimens exposed in 

air or sCO2, since no change in C concentration was measured for the 310HCbN after 

10,000h. Carburization did not take place and the oxide scale as well as oxidation affected 

zone beneath the scale were too thin to impact the alloy tensile properties. As observed by 

others, [22-27] the reason for the decrease of ductility for the 310HCbN steel exposed in RG 

sCO2 or air at 750 °C (Figure 4b) is related to microstructure evolution in the bulk steel, with 
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the formation of brittle phases such as M23C6 and  phase, in particular at grain boundaries. 

Cracks and voids related to these precipitates were clearly observed for all the specimens 

annealed in air or RG sCO2 (Figure 5 and Figure 6). 

A key finding here is the absence of significant carburization and environmental 

embrittlement after sCO2 exposure at 750 °C as long as a protective stable Cr2O3 scale was 

formed.  As can be seen in Figure 16, similar results were observed for a Sanicro 25 coupon 

(Fe-25Ni-22Cr-3.5W-3Cu), with no C ingress and the formation of a protective Cr2O3 scale 

[36].  On the contrary, C concentration in 347H (Fe-18.5Cr-12Cr-1.5Mn) coupons increased 

significantly after exposure in RG SCO2, but thick Fe-rich oxides were observed at the 

coupon surfaces. Several studies on model steels have demonstrated that carbide formation is 

possible in alloys that form a chromia scale in sCO2 environment [37] but it does not appear 

to be the case for commercial alloys. These alloys contain small amount of Mn and Si leading 

to the formation of a Mn- and Si-rich scale that can affect C diffusion and prevent 

carburization [37]. It is also worth noting that oxidation experiments have demonstrated that 

the 310HCbN steel can form a protective scale for up to 10,000 h at 750 °C with no C ingress 

but the Cr-depletion observed in Figures 6-8 suggests that longer exposures will eventually 

lead to Cr depletion that will inhibit the formation of a protective scale.   

For alloy 740H, exposure in sCO2 had a similar impact as exposure in air. The slightly lower 

ductility and higher yield strength measured after 2,000 h of exposure in sCO2 in comparison 

with air are likely related to a specimen to specimen variation since the oxide scale and 

internal oxide penetration were quite similar. As for the 310HCBN steel, microstructure 

evolution in the bulk during annealing in sCO2 and air impacted the tensile properties much 

more than the microstructure evolution at the surface due to oxidation. This is because the 

alloy was solution annealed but not aged before as machined testing, which may be realistic 

for an actual component where self-aging during service could remove the cost of annealing 
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large components prior to service.  The yield and ultimate tensile strengths measured after 

exposure for 500- 4,000 h in air or sCO2 are consistent with values provided by Special 

Metals after full heat treatment, and microstructure characterization confirmed the presence of 

fine gamma prime precipitates after exposure as expected in fully heat treated 740H.  This 

result is consistent with creep data generated at 700 °C on solution annealed 740H pipe 

showing similar creep lifetime in comparison with fully annealed 740H pipe. [35] Finally, 

microstructure characterization confirmed that carbides will form over time at 750 ºC (Figure 

12) and will decrease the alloy ductility by promoting intergranular fracture (Figure 11). 

Needle-like  phases were not observed which is in stark contrast with observations after 

creep testing in air of 740 at 750ºC, [15,38] which demonstrates that chemistry modification 

from 740 to 740H was successful in reducing the volume fraction of  phase. [31] 

 

5 CONCLUSIONS  

Exposure in sCO2 at 750 °C for 1,000–4,000h had a drastic effect on the room temperature 

tensile properties of type 304H stainless steel but limited impact on the tensile properties of 

310HCbN stainless steel and Ni-based alloy 740H. For the 304H, massive oxidation in sCO2 

with the formation of Fe-rich scales and significant ingress of carbon in the steel led to a very 

brittle behavior with no ductility at rupture. The decreases of ductility observed for the 

310HCbN steel were similar after exposure in sCO2 or air and are related to the formation of 

brittle Cr-rich phases at grain boundaries such as carbides and s phase. The protective scale 

formed at the specimen surface in RG sCO2 prevented C ingress in the steel. Finally, a 

significant increase of yield strength and decrease in ductility was observed for the 740H 

alloys exposed in air or sCO2. The changes were attributed to the as-machined specimen not 

being fully heat treated and the 750 °C exposures in sCO2 or air precipitating strengthening 

gamma prime phases.  A further decrease in ductility was related to the formation of brittle 
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carbides at grain boundaries. Both 310HCbN and 740H exhibited appropriate oxidation 

resistance and retained mechanical properties for operation in sCO2 environments. 
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Figure 1. (Specimen mass change for tensile (dashed lines) and coupon (solid lines) 

specimens exposed to 30 MPa RG sCO2 at 750 °C, a) Significant mass changes for the four 

304H tensile specimens are shown as dashed lines. b) The boxes summarize results from two 

to six 310HCbN or 740H specimens with the median values connected by lines.   
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Figure 2: 304H steel exposed in air and RG and impure sCO2 at 750 ºC for up to 4,000h, a) 

Yield strength, b) UTS, c) Total plastic deformation, d) Tensile stress-strain curves. Strain 

measurement is overestimated in the elastic region due to machine compliance. 

 

Figure 3. Light optical microscopy of 304H specimens exposed for 2,000h at 750 °C, a) 

fracture surface RG sCO2, b) fracture surface, air exposure, c) polished cross-section, RG 

sCO2 exposure, d) polished cross-section, air exposure. 

 

a) b)
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Figure 4. Comparison of the room temperature tensile properties of 310HCbN steel after 

exposure in air, RG sCO2 and sCO2+O2+H2O for up to 4,000h at 750 ºC, a) Yield and 

ultimate tensile strength, b) Elongation at rupture. Data for 310HCbN annealed at 700ºC for 

1,000h to 10,000h was added. [24] 

 

Figure 5. a) to c) Etched optical cross-section micrographs of the 310HCbN tensile fracture 

surface, a) As machined specimen, b) Specimen exposed to dry air for 2,000 h, c) Specimen 

exposed to RG sCO2 for 2,000 h, d) Higher magnification SEM images of c). 
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Figure 6. Cross section BSE-SEM micrographs and Cr and Mo EDX maps in the bulk of 

fractured tensile specimens, a)-c) As machined, d)-f) exposed for 2,000 h in air, g)-i) exposed 

for 2,000h in RG sCO2 and j)-l) exposed for 4,000h in RG sCO2. 
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Figure 7. Cross section surface characterization of the 310HCbN tensile specimen exposed for 

2,000h in air, a) and b) BSE-SEM micrographs, c)-g) associated EDX map, c) O, d) Cr, e) Mn, 

f) Fe and g) Ni. 
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Figure 8. Cross section surface characterization of the 310HCbN tensile specimen exposed for 

2,000h in RG sCO2, a) and b) BSE-SEM micrographs and c)-j) associated EDX maps, c) O, d) 

Cr, e) Mn, f) Fe, g) Ni, h) Ti, i) Si, j) Nb. 
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Figure 9. Cross section surface characterization of the 310HCbN tensile specimens exposed 

for 4,000h in RG sCO2, a) BSE-SEM micrograph, b)-j) EDX maps, b) O, c) Cr, d) Mn, e) Fe, 

f) Ni, g) Mo, h) Nb, i) Si and j) Ti. 
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Figure 10. Tensile properties of alloy 740H after exposure at 750 ºC in sCO2 and air, a) yield 

strength, b) UTS, c) uniform and total elongation. 

 

 

 

a)

b)

a) b)

c)
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Figure 11: SEM fracture surfaces for 740H, a) as machined specimen, b) specimen exposed 

to air for 2,000 h, c) specimen exposed to RG sCO2 for 2,000 h. 

 

 

Figure 12: BSE-SEM micrographs and corresponding Cr EDX maps for 740H tensile 

specimens, a) and e) as machined, b) and f) exposed in air for 2,000h, c) and g) exposed in 

RG sCO2 for 2,000h, d) and h) exposed in RG sCO2 for 4,000 h.  
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Figure 13: Etched BSE-SEM cross-section micrographs highlighting gamma prime 

precipitates in alloy 740H exposed for, a) 500h in air, b) 2,000h in air, c) 2,000h in RG sCO2 

and d) 4,000h in RG sCO2. 

 



  

27 

Figure 14: 740H sample exposed in RG sCO2 for 4,000h, a) and b) BSE-SEM Micrographs, 

c)-i) EDX maps, c) O, d) Cr, e) Ni, f) Fe, g) Co, h) Ti and i) Al. 
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Figure 15: 740H sample exposed in air for 2,000h, a) and b) BSE-SEM Micrographs, c)-i) 

EDX maps, c) O, d) Cr, e) Ni, f) Fe, g) Co, h) Ti and i) Al. 
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Figure 16: Bulk C content in steel coupons exposed to RG or impure sCO2 at 750 °C 

measured by combustion analysis. 

 

 

Table 1. Chemical compositions of the alloys determined by inductively coupled plasma and 

combustion analyses.  Values are in weight %. 

Alloy Fe Ni Cr Al Other 

304H 70.4 8.4 18.4 -- 1.6Mn, 0.4Cu, 0.3Mo, 0.3Si, 0.1Co 

310HCbN 51.3 20.9 25.0 -- 1.7Mn, 0.5Si, 0.4Ti 

740H 1.9 48.2 23.4 0.8 20.2Co, 2.1Nb, 2.0Ti, 0.5Mo, 0.5 Si, 0.3 Mn 

  



  

30 

Graphical Abstract 

The high efficiency of the supercritical CO2 Brayton cycle is of great interest for many power 

generation systems, but material degradation at high temperatures is a concern. In addition to 

alloy oxidation, carburization can lead to significant material embrittlement. Low grade 

stainless steels will be limited to temperatures lower than ~650°C, but high grade austenitic 

steels and Ni-based alloys will be able to operature at temperatures up to 750 °C.  

 

 


