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Abstract 

Austenitic 347H steel of two thicknesses (2.54 and 0.6 mm) was exposed to a simulated 

direct-fired supercritical CO2 (sCO2) power cycle environment at 650°C and 1 atm for 

1000 h then tensile stressed at room temperature to study the deformation behavior. 

The thicker 347H formed a protective chromia scale over most of the surface, which 

minimized carburization of the underlying steel and resulted in no change in mechanical 

performance. In stark contrast, the thinner 347H formed non-protective Fe-rich oxides 

over the entire surface, resulting in extensive carburization of the underlying steel. This 

led to increased strength but significantly reduced ductility, resulting in partially brittle 

failure. 
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1. Introduction 

18Cr-8Ni austenitic stainless steels (Type 304, 316, 347, etc.) are potential candidates 

for supercritical CO2 (sCO2) power cycle components due to a favorable combination of 

high temperature strength, oxidation resistance, and cost. In particular, the oxidation 

resistance is achieved by formation of a slow-growing, protective chromia scale (note 

that “chromia” is used in the general sense to refer to a Cr-rich oxide and not 

necessarily pure Cr2O3 with corundum structure) during exposure to many high 

temperature environments. If this type of scale does not form (or if it fails), much faster 

Fe-rich oxide growth ensues, leading to more rapid recession of the metallic (load-

bearing) section of the component and therefore a shorter lifetime [1]. 

Environments containing high levels of CO2 present an additional concern: the possible 

transfer of carbon into the steel substrate during the exposure, i.e., carburization, which 

can significantly affect the mechanical properties of the steel [2]. It is well known that 

Fe-rich oxide scales are considerably more permeable to carbon than chromia scales 

[3]. Hence, both faster rates of surface oxidation and steel carburization are expected in 

the absence of a protective chromia scale. 

From the above, it is clear that the oxidation resistance of Fe-Cr based steels in high 

temperature CO2 is largely a question of whether a chromia-scale is formed and 

maintained during the exposure. Steel thickness can play an important role in 

determining this. When the oxide layer grows, the steel substrate bends to 

accommodate growth stress. From Stoney’s equation, with the reduction of substrate 

thickness the curvature of the substrate may increase to a level which can cause 

fracture of oxide scale during oxide growth [4, 5]. Furthermore, thinner samples contain 
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a smaller reservoir of Cr and other elements important for oxidation in order to re-form 

this protective layer in the event of scale failure [6, 7]. 

Impurities such as H2O and O2 present in a direct-fired CO2-rich stream [8] can also 

influence the ability of the steel to form and maintain a protective chromia scale [9]. The 

effect of these impurity additions appears to be a multifaceted, complex function of gas 

composition, temperature, etc. Indeed, instances of beneficial, detrimental, or negligible 

effects of H2O, O2, or combinations thereof have been reported for various chromia-

forming alloys exposed to high-temperature CO2-rich environments [10-16]. From a 

practical perspective, this highlights the need to test candidate steels in environments 

which, as closely as possible, simulate the expected conditions of the application. 

It is anticipated that a major consequence of simultaneous surface oxidation and 

substrate carburization of a steel is the degradation of its mechanical properties such as 

reduction of ductility, which can lead to an unexpected failure of a component during 

sCO2 power cycle operation. Previously, Pint et al. performed room temperature tensile 

testing on different alloys exposed to 1-300 bar and 750oC CO2 environments but 

observed no degradation of mechanical properties after 500h exposure [17]. 

Alternatively, mechanical degradation in the form of loss in ductility has been observed 

in various austenitic stainless steels exposed to pure CO2 at temperatures of 550-750oC 

and pressures of 1-200 bar, which was attributed to the formation of metal carbides in 

the alloy matrix [18-20].  

In the present study, 347H steel of two thicknesses (2.54 mm and 0.6 mm) was 

exposed to a simulated direct-fired sCO2 power cycle environment and then tensile 

tested at room temperature to study the resulting degradation of mechanical properties. 
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The exposed samples were cross-sectioned and characterized using Vickers hardness 

tests and a variety of other techniques to analyze the internal oxidized and carburized 

zones. The correlated data enabled understanding the role of the different zones on the 

overall deformation of the exposed 347H [21]. 

2. Experimental Details 

Tensile test specimens were machined from 25.4 mm thick 347H steel plate. The plate 

was manufactured by Outokumpu Stainless Plate, LLC. The chemical composition of 

the steel plate provided by its manufacturer are listed in Table 1. The 347H plate 

underwent solution annealing at 1065oC followed by a water-quench by the 

manufacturer. Details of the design and machining of the tensile specimens can be 

found in the reference [22]. 

The detailed exposure process was described previously [22]. In short, the tensile 

specimens were inserted into a ceramic tube furnace and then exposed at 650oC and 1 

atm for 1000h to a gas that simulated the composition of a direct-fired sCO2 power cycle 

environment. The gas consisted of a mixture of 95 vol% CO2, 1 vol% O2 and 4 vol% H2O 

(henceforth referred to as “DF4”). An additional set of tensile specimens were exposed to 

vacuum (10-6 torr) at 650oC for 1000h.  

To obtain the mass change due to the formation of internal zones, each tensile 

specimen was weighed before and after the exposure using a microbalance with 0.01 

mg resolution. After the exposure, each exposed specimen was tensile tested at room 

temperature. From the test results, mechanical properties such as 0.2% yield stress, 

ultimate tensile strength (UTS), % area reduction (ductility) and toughness which is 
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defined as the area under stress-strain curve were determined for each specimen. The 

details of the tensile testing were described previously [22]. 

To perform microstructural analyses, cross-sections were cut out from the grip sections 

of the exposed tensile specimens and then polished to a 0.05 µm colloidal silica finish. 

The cross-sections were imaged by scanning electron microscopy (SEM) using an FEI 

Inspect F50 operating at 5 kV or 20 kV. Vickers micro-hardness tests were performed 

along the cross-sections at room temperature by applying 500 g load using a Buehler 

MicroMet II hardness tester.  

The amount of carbon uptake by the specimens during the exposure was obtained by 

combustion analysis of the specimens in LECO system (CSLLL4S) using NIST certified 

standards. Phase analysis was performed by X-ray diffraction (XRD) using a Rigaku 

D/Max 2200PC Ultima III using Cu Kα. 

3. Results  

3.1 Degradation of Mechanical Properties of 2.54 mm and 0.6 mm Thick 347H 
 

Figure 1 presents the average mass change of three specimens each of 2.54 mm and 

0.6 mm thick 347H after exposure to the vacuum and DF4 environments. The negligible 

mass change in each specimen after isothermal vacuum exposure confirms that the 

specimens were not significantly oxidized. Hence, only heating at 650oC without 

oxidation affected the mechanical properties during the vacuum exposure. 

In the case of DF4 exposure, the thicker specimen exhibited a notable mass gain, while 

the thinner specimen showed a considerable mass loss. Figure 2 shows photographs of 

a typical 0.6 mm and 2.54 mm thick specimen after the DF4 exposure. The dark 

appearance of the 0.6 mm specimen indicates that the entire surface had oxidized 
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extensively. In addition, significant spallation was evident, consistent with the mass loss 

described above. Alternatively, the 2.54 mm specimen appeared only slightly discolored 

across most of the surface, implying a thin oxide scale, whereas regions of thicker oxide 

also formed on portions of the specimen. Importantly, the thick oxide only formed on the 

grip section of the specimen, whereas the gage section appeared to be covered 

exclusively by a thin oxide. 

Figure 3 presents representative engineering stress-strain curves of the 0.6 mm and 

2.54 mm thick 347H tensile specimens before and after the exposures. All the 

specimens failed in ductile mode. The mechanical properties obtained from all of the 

tests are summarized in Table 2. Fig. 4(a) compares the as-received (AR) and the 

vacuum exposed results to assess the effect of 650oC isothermal exposure on the 

mechanical properties. For the 2.54 mm thick 347H, the mechanical properties were not 

significantly affected. However, for the 0.6 mm thick 347H, the toughness was found to 

decrease by ~20%. 

Figure 4(b) compares the DF4 and vacuum exposed results. It is clear that the 2.54 mm 

thick 347H was essentially unaffected by the DF4 exposure. Alternatively, the 0.6 mm 

thick 347H specimen was severely affected. The specimen exhibited a sizable increase 

in strength, both in terms of UTS (~20%) and yield stress (~100%). However, this was 

accompanied by a significant reduction in ductility (~80% drop in area reduction), such 

that the toughness of the specimen was also severely reduced (~80%). 

3.2 Microstructure of DF4-exposed 2.54 mm Thick 347H 

Figure 5 shows a cross-sectional SEM image and corresponding EDS maps of the 2.54 

mm thick DF4-exposed specimen. The majority of the surface was characterized by a 
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thin (< 1 µm) chromia scale, as shown in Fig. 5a-b. However, a smaller portion of the 

surface was covered by a much thicker, Fe-rich oxide scale as shown in Fig. 5c-d. This 

chromia scale, which formed over most of the surface including the entire gage section 

of the specimen (Fig. 2), prevented any significant amount of carburization of the 

underlying steel substrate [9]. This resulted in similar mechanical behavior of 2.54 mm 

thick 347H exposed to DF4 compared to the vacuum exposed specimen. 

3.3 Microstructure of DF4-exposed 0.6 mm Thick 347H 

Figure 6 shows a cross-sectional SEM image and corresponding EDS maps of the 0.6 

mm thick DF4-exposed specimen. The results reveal a non-uniform oxidation front that 

has reached a depth of ≈60 µm into the alloy. The appearance of this oxidized region is 

very similar to the inner oxide layer identified on the 2.54 mm thick specimen, in regions 

that experienced chromia failure (Fig. 5c-d). Indeed, the EDS mapping in Fig. 6 confirms 

Fe, Cr, and Ni in the oxide, consistent with the inner oxide in Fig. 5c-d, while remnants 

of an Fe-oxide outer layer are also seen in Fig. 6c. This implies that the outer oxide had 

spalled for the 0.6 mm thick specimen, which was the case for the entire cross-section. 

Scale spallation induced by thermal cycling is a well-known problem for austenitic 

steels, owing to the very large difference in thermal expansion coefficients of the oxide 

scale and steel substrate. Furthermore, spallation often occurs at the interface of the 

inner and outer oxide layers (i.e., the original steel surface) [3]. XRD analysis (not 

shown) of the DF4-exposed 0.6 mm thick specimen on regions both with and without 

severe oxide spallation (as defined in Fig. 2) indicated exclusively M3O4 structure in all 

cases. Thus, the 0.6 mm thick 347H formed a duplex oxide structure consisting of an 

outer layer of essentially pure Fe3O4 (magnetite) and inner layer of M3O4 spinel oxide (M 
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= Fe, Cr, Ni), where the outer Fe3O4 layer spalled, likely during cooling at the end of the 

exposure, resulting in the relatively large mass loss (-6.3 ± 3.2 mg/cm2) shown in Fig. 1. 

The LECO (combustion) analysis indicated a bulk carbon content of the 0.6 mm 

specimen of ~0.53 wt.%, which is ~10 times the amount present before exposure (Table 

1). This result indicates that along with oxidation, the 0.6 mm thick 347H experienced 

severe carburization during the DF4 exposure. To understand the distribution of carbon, 

a microprobe line scan was collected across the 0.6 mm thick 347H as shown in Fig. 7. 

The profile reveals an extremely large quantity (4-6 wt%) of carbon. This is 

unrealistically high, considering that Fe3C (cementite) is 6.7% carbon by weight. The 

reason for this overestimation may be due to carbon deposition from the electron beam 

during the analysis. Nevertheless, the line scan reveals a distribution of carbon that 

suggests diffusion into the material, where the carbon level at the oxide/alloy interface is 

approximately 0.5 wt% higher than that at the center of the specimen. 

The carburized state of the 0.6 mm thick 347H was further evaluated by etching the 

specimen cross-section, as shown in Fig. 7. The low magnification image in Fig. 7(a) 

reveals extensive intergranular carbides throughout the entire specimen thickness. 

Higher magnification images taken immediately below the inner oxide layer (Fig. 7(b)) 

and at the middle of the specimen (Fig. 7(c)) show that the density of grain boundary 

carbides is approximately the same throughout the entire specimen. These images also 

show that a relatively high concentration of smaller, intragranular carbides formed within 

a zone that extended approximately 2 µm from the grain boundaries, both at the surface 

and the middle of the specimen.  Finally, even smaller intragranular carbides are also 

observed further from the boundaries, in the grain interiors. Close inspection reveals 
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that these carbides were present at higher concentration near the surface of the 

specimen (Fig. 7(b)) compared to the middle of the specimen (Fig. 7(c)). 

To further characterize the microstructure of the DF4-exposed 0.6 mm thick 347H 

specimen, XRD was performed after removing the surface oxide by mechanical grinding 

and the results are shown in Fig. 9. Large peaks are seen for both FCC and BCC alloy 

phases. The presence of significant BCC phase can be explained by the grinding 

process, which is known to produce a surface layer of BCC (or BCT) grains on 347H, 

which has a metastable FCC structure, via mechanically induced martensitic 

transformation [23]. In addition, it is possible that some FCC to BCC conversion 

occurred by the depletion of metallic Cr from the matrix accompanying carbide 

formation throughout the specimen, as the FCC phase stability region narrows when Cr 

content is lowered in the Fe-Cr-Ni ternary system. Small but measurable peaks are also 

seen in Fig. 9 corresponding to Cr23C6, indicating the presence of Cr-rich M23C6 

carbides. 

4. Discussion 

4.1 Oxidation and Carburization Mechanisms 

The oxidation behavior of Fe-Cr based steels in high temperature CO2-rich 

environments can largely be separated into three regimes, which are influenced by Cr 

content, temperature, and other factors: (1) slow parabolic growth of a chromia scale (2) 

fast parabolic growth of an Fe-rich duplex oxide scale (3) faster linear growth of Fe-

oxide, also known as breakaway oxidation [1]. Regime 1 is associated with only minimal 

carburization of the underlying steel, since chromia scales have very limited 

permeability for carbon [3]. The results show that 2.54 mm thick 347H oxidized within 
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this regime for a significant portion of the specimen surface, which led to only a very 

small fraction of the specimen thickness that was affected by oxidation or carburization. 

This is consistent with prior studies of relatively thick 347H exposed to the same 

environment at somewhat lower temperature of 550°C [9]. Consequently, the 

mechanical properties were similar to those of the vacuum exposed specimen.  

The 0.6 mm thick 347H behaved completely differently. The entire surface failed to 

passivate by chromia formation and instead entered regime 2, characterized by Fe-rich 

duplex oxide growth as described in Section 3.3. Steels that contain relatively high 

levels of Cr (~15-20 wt%) can often “recover” from Fe-rich duplex oxide growth by the 

formation of a continuous chromia layer at the base of the scale, thereby reducing the 

oxidation rate once again to that which is controlled by chromia growth [24]. Indeed, this 

is seen to limit penetration of the inward-growing oxides that formed occasionally on the 

2.54 mm thick 347H, as shown in Fig. 5c. Evidence for the beginnings of this process is 

also observable for the 0.6 mm thick 347H in Fig. 6. That is, portions of the inward 

growing oxidation front were halted wherever a chromia layer was formed, for example 

near the right side of the image shown in Fig. 6. However, this layer was non-

continuous, as evidenced by the regions of deepest oxidation near the left side of the 

image. Hence, while the 2.54 mm thick specimen was able to frequently “recover” from 

failure of the chromia scale, the 0.6 mm thick specimen failed to do so, resulting in Fe-

rich duplex oxide growth over the entire surface. 

Compared to the chromia scale formed on most of the surface of the 2.54 mm thick 

347H, the Fe-rich oxide scale formed on the 0.6 mm thick 347H is significantly more 

permeable to carbon [3]. While there have been relatively few studies on the 
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mechanism of carburization for austenitic steels in high temperature CO2 environments, 

extensive research has been directed toward understanding this process in 9-12Cr 

ferritic-martensitic steels [12, 25-27]. Since those steels form similar Fe-rich duplex 

oxide scales, it is reasonable to postulate that the mechanism of steel carburization may 

also be similar, which is as follows: The outer Fe3O4 layer (which completely spalled in 

this study) grew outward relative to the original alloy surface, by the diffusion of Fe 

cations from the oxide/alloy interface to the oxide surface. Meanwhile, CO2 molecules 

transported through the oxide, to reach the oxide/alloy interface and supply oxygen to 

support growth of the inward-growing, inner oxide layer via the reaction CO2 + M = CO 

+ MO. The nature of CO2 transport through the oxide is subject to debate, and 

elucidating the details of this process is beyond the scope of this study [3]. The CO 

produced at the oxide/alloy interface then either contributed to further oxide growth by 

direct reaction with the steel (CO + M = MO + C) or recombined via the Boudouard 

reaction (2CO = CO2 + C). Regardless of the precise mechanism, this results in a very 

high carbon activity at the oxide/alloy interface, which drives carbon diffusion into the 

bulk of the steel [28]. The presence of H2O and O2 in the reaction gas may both serve to 

reduce the amount of CO2 transport through the Fe-rich oxide scale {Oleksak, 2020 

#767}, however any such reduction was apparently not sufficient to prevent significant 

carbon uptake. 

Upon diffusing into the steel, carbon preferentially reacts with metallic Cr to form Cr-rich 

M23C6 carbides in 9-12Cr steels [29]. The same appears to have occurred here for the 

0.6 mm thick 347H sample, where both inter- and intra-granular carbides are evident 
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throughout the entire specimen (Fig. 7) and M23C6 was the only carbide phase identified 

by XRD (Fig. 9). 

Despite the apparent similarities in behavior of 347H during Fe-rich duplex oxide growth 

(described herein) compared to much prior work of 9-12Cr ferritic/martensitic steels in 

CO2-rich environments at similar temperatures {Oleksak, 2021 #935}, there are also 

some important distinctions. Specifically, carburization in 9-12Cr ferritic/martensitic 

steels occurs rather uniformly, such that a “zone” of carburization forms to a certain 

depth beneath the oxide scale {Oleksak, 2020 #790}. Alternatively, carburization in 

347H occurred primarily along grain boundaries or in very close proximity to the grain 

boundaries. There are two likely reasons for this. First, carbon diffusivity is lower in an 

FCC matrix (347H) compared to BCC/BCT matrix (9-12Cr steels). This may also be 

exacerbated by the presence of a high density of fast diffusion paths in the 9-12Cr 

steels, such as martensite lath boundaries and prior austenite grain boundaries 

{Oleksak, 2021 #935}. Second, Cr-carbides become less thermodynamically stable with 

increasing Ni content in Fe-Cr-Ni alloys, meaning that carbon must travel on average 

further into the alloy before reaching a Cr content sufficient to precipitate carbide 

{Olivares, 2016 #564}. Collectively, this results in carbide formation in the austenitic 

347H steel that occurs primarily along (or near) the grain boundaries. Importantly, this 

results to a certain extent in strengthening of the austenitic 347H steel, albeit with a 

reduction in ductility (Fig. 3). This strengthening is consistent with much earlier studies 

of similar 18Cr-8Ni austenitic steels in high-temperature CO2 {Martin, 1963 #750}. 

Alternatively, no strengthening occurs for 9-12Cr ferritic/martensitic steels, where alloy 

carburization results only in embrittlement {Akanda, 2021 #877}.  
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The reason that 0.6 mm thick 347H failed to passivate by chromia formation when the 

thicker 347H succeeded is of significant technological interest, since metal sections of 

the order of this thickness are expected for compact heat exchangers in sCO2 power 

cycles. Previous studies on the effect of specimen thickness on oxidation of Fe-Cr 

steels have highlighted the importance of the “reservoir” of Cr (and other minor 

elements important to oxidation resistance such as Si and Mn) [6]. Thus, if the depletion 

profiles for these elements reach the middle of the specimen, their supply to the surface 

will be reduced during further oxidation. However, 650oC and 1000h is a relatively low 

temperature and time for this to occur. Indeed, Fig. 5b shows that Cr depletion had only 

reached a depth of 5 µm into the alloy for regions that formed a Cr-rich oxide scale. 

Furthermore, Fig. 5b shows that the concentration of Cr at the oxide/alloy interface is on 

the order of 10 wt%, significantly higher than would be required for chemical-induced 

failure of the chromia scale {Evans, 1999 #595}{Nguyen, 2017 #740}. An alternative 

explanation is that the observed thickness effect is related to carburization of the steel. 

As described above, the carbon reacts to form Cr-rich carbides. This reduces the flux of 

metallic Cr toward the oxidation front, an effect which is more pronounced for the 

thinner sample. This in turn would make it more difficult for the thinner alloy to “recover” 

after one or more instances of failure of the chromia scale. Still, this does not explain 

why the chromia scale on the thinner specimen failed in the first place, as the majority of 

the 2.54 mm thick 347H surface never experienced chromia failure. This points to the 

possibility that the thicker specimen was better able to accommodate oxide growth 

stresses and therefore retain the originally formed chromia scale, compared to the 

thinner specimen [4, 5]. 
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4.2  Failure Mode Analysis of DF4-exposed 0.6 mm Thick 347H 

Figure 10 shows the hardness profile along the entire thickness of a 0.6 mm 347H 

specimen after the DF4 exposure. The hardness profile of a 2.54 mm specimen after 

DF4 exposure is also included for comparison. In the figure it is seen that, the 

carburized steel substrate in the 0.6 mm thick 347H is notably harder compared to the 

un-carburized 2.54 mm thick 347H. In particular, the inner oxide layers and their 

adjacent regions of the thinner 347H are significantly harder. The higher hardness of the 

thinner 347H suggests that this specimen has higher resistance to plastic deformation. 

An SEM image of the tensile fracture surface of this specimen presented in Fig. 11 

reveals that that the inner oxide layers near the edges had brittle fracture morphology 

whereas the rest of the region (carburized zone) had somewhat ductile fracture. The 

combination of the brittle and ductile fracture surfaces shown in Fig. 11 is consistent 

with the hardness profile of the thinner specimen shown in Fig. 10. 

From Fig. 10 and 9, it is realized that the development of the harder internal zones 

resulted in reduction of ductility but increase of yield stress of the 0.6 mm thick 347H by 

DF4 exposure (Fig. 4(b)). Furthermore, the thicker and harder carburized zone is 

believed to cause the increase of UTS of this specimen. Overall, the combination of 

ductility reduction and UTS increase was such that the toughness of this specimen was 

significantly reduced. 

5. Conclusion 

In this study, the degradation of mechanical properties of 347H steel exposed to CO2-

rich gas with 4%H2O and 1%O2 at 650oC and atmospheric pressure for 1000h was 

investigated. Two different thicknesses of 347H were considered: 2.54 mm and 0.6 mm. 

The mechanical properties of the thicker 347H were found to be unaffected by the CO2-
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rich exposure, where the steel primarily formed a thin protective chromia scale that 

significantly limited both oxidation and carburization. Alternatively, the thinner 347H 

formed Fe-rich oxide layers that consumed a significant fraction (~20%) of the specimen 

and allowed significant carbon ingress into the steel. Both the surface oxide and the 

carburized steel exhibited increased hardness, which resulted in increased strength but 

significantly decreased ductility (~80%) and toughness (~80%). This amounts to a 

considerable extent of degradation from an application perspective, which suggests that 

caution is needed when considering 347H and similar 18Cr-8Ni steels for thin sectioned 

components compatible with CO2-rich environments at temperatures close to 650oC.  
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Fig. 1 Average mass change per surface area in 2.54 mm and 0.6 mm thick 347H after 
exposure to vacuum or DF4 at 650oC for 1000h. Error bar represents standard deviation 

obtained from three specimens. 
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Fig. 2 Photos of a typical 2.54 mm (thick) and 0.6 mm (thin) 347H specimen after the 
DF4 exposure. Note that the thick specimen had been tensile tested prior to the photo 

and is therefore elongated and fractured. 

 

Fig. 3 Engineering stress-strain curves obtained from room temperature tensile testing 
on as-received, 650oC-1000h vacuum and 650oC-1000h DF4-exposed 347H 

specimens. 
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Fig. 4 Change of mechanical properties of 2.54 mm and 0.6 mm thick 347H by 650oC- 

1000h (a) vacuum exposure and (b) DF4 exposure. 
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Fig. 5 Cross-sectional analysis of the oxidized surface of DF4-exposed 2.54 mm thick 
347H showing (a) BSE image and corresponding EDS line scan (taken along the red 

dashed line) for a typical region which formed a thin oxide layer (c-d) the same analysis 
for an atypical region which formed a thick oxide layer. 
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Fig. 6 Cross-sectional analysis of the oxidized surface of DF4-exposed 0.6 mm thick 
347H showing (a) BSE image and (b-e) corresponding EDS maps. 
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Fig. 7 Cross-sectional SEM images of DF4-exposed 0.6 mm thick 347H after etching to 
reveal metal carbides. (a) low magnification image showing the entire specimen (b-c) 

higher magnification images of the regions indicated in (a). 

  



27 
 

 

Fig. 8 EPMA line scan taken along the cross-section of DF4-exposed 0.6 mm thick 

347H.  
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Fig. 9 XRD of DF4-exposed 0.6 mm thick 347H alloy substrate. 
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Fig. 10 Hardness profiles along cross-sections of 650oC-1000h DF4-exposed 0.6 mm 

and 2.54 mm thick 347 specimens. 
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Fig. 11 SEM image of tensile fracture surface of a DF4-exposed 0.6 mm thick 347H. 
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Table 1 Composition of 347H steel in weight percent and balance is Fe. 

Metal Cr  C Mn P S Cu Si Ni Mo Ti Al N Nb 

347H  17.3 0.05 1.5 0.034 0.001 0.43 0.38 9.09 0.41 0.005 0.007 0.04 0.62 
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Table 2 Mechanical properties obtained from room temperature tensile testing on 347H. 

Each data represents the average of three test results with ± one standard deviation. 

Thickness 

(mm) 

As-received 

or Exposed 
to 650oC-

1000h 

0.2% Yield 

Stress 
(MPa) 

UTS  

(MPa) 

% Area 

Reduction 
(Ductility) 

Toughness 

(MJ/m3) 

 
2.54 

As-received 230±5 661±3 63±3 496±47 

Vacuum 258±5 660±1 62±4 527±18 

DF4 257±5 661±9 65±4 531±14 

 
0.6 

As-received 235±4 669±20 52±3 356±33 
Vacuum 243±6 632±18 54±1 282±9 

DF4 486±107 782±26 5.7 38 

 

 

 


