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The isothermal corrosion tests of several types of stainless steels, Ni-based alloys, and ferritic-martensitic 
steels (FMS) were carried out at the temperature of 550 and 650 oC in SFR S-CO2 environment (200 bar) 
for 1000 h. The weight gain was greater in the order of FMSs, stainless steels, and Ni-based alloys. For 
the FMSs (Fe-based with low Cr content), a thick outer Fe oxide, a middle (Fe,Cr)-rich oxide, and an 
inner (Cr,Fe)-rich oxide were formed. They showed significant weight gains at both 550 and 650 oC. In 
the case of austenitic stainless steels (Fe-based) such as SS 316H and 316LN (18 wt.% Cr), the corrosion 
resistance was dependent on test temperatures except SS 310S (25 wt.% Cr). After corrosion test at 650 
oC, a large increase in weight gain was observed with the formation of outer thick Fe oxide and inner 
(Cr,Fe)-rich oxide. However, at 550 oC, a thin Cr-rich oxide was mainly developed along with partially 
distributed small and nodular shaped Fe oxides. Meanwhile, for the Ni-based alloys (16-28 wt.% Cr), a 
very thin Cr-rich oxide was developed at both test temperatures. The superior corrosion resistance of high 
Cr or Ni-based alloys in the high temperature S-CO2 environment was attributed to the formation of thin 
Cr-rich oxide on the surface of the materials.
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1. Introduction

  A super-critical CO2 (S-CO2) Brayton cycle has been 
considered as one of the promising energy conversion sys-
tems of sodium-cooled fast reactor (SFR) which could re-
place the steam Rankine cycle.1) By applying S-CO2 cycle 
to SFR (or, SFR S-CO2), the inherent safety could be im-
proved by alleviating the concern of explosive reaction 
between liquid sodium and high temperature steam. In ad-
dition, an increase in thermal efficiency of the system 
would be achieved at the operating temperature range of 
500-550 oC.2) Meanwhile, corrosion behaviors of candi-
date materials for the intermediate heat exchanger (IHX) 
should be evaluated because the poor corrosion resistance 
(thick oxide) might deteriorate the heat transfer capability, 
resulting in decrease in the thermal efficiency as well as 
the loss of integrity of the IHX. Previously, corrosion 
characteristics of materials in CO2 had been studied for 
CO2-cooled advanced gas reactors (AGR) applications.3) 
However, because of different operating conditions (max. 
650 oC and 4 MPa) as well as limited materials used in 
AGR, those results could only limited application to the 

anticipated SFR S-CO2 environments (500-550 oC and 20 
MPa). 
  Corrosion behaviors of several types of stainless steels, 
Ni-based alloys, and ferritic-martensitic steels have been 
investigated for SFR S-CO2 application since the late 
2000s. Most of previous studies focused on the accelerated 
corrosion behaviors by increasing testing temperature to 
600-650 oC 4,5) from 500-550 oC (an actual anticipated 
SFR operating temperature) to assess the long-term behav-
iors in short period of time.6,7) However, there is a concern 
that the mechanisms of corrosion and materials degrada-
tion could be altered by raising the test temperature too 
much from the operating condition. Therefore, in this 
study, corrosion test of candidate structural materials in 
S-CO2 environment was carried out for up to 1000 h at 
two temperatures (550 vs. 650 oC) which represented the 
operating and accelerated test conditions, respectively. 
Effects of S-CO2 temperatures as well as CO2 pressures 
(200 bar vs. atmospheric pressure) on corrosion resistance 
of candidate materials were investigated. Finally, the cor-
rosion resistance of candidate materials was discussed in 
view of the type of matrix elements (Fe or Ni) and Cr 
contents (9-28 wt.% Cr). 
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Table 1. Chemical compositions of structural materials in the corrosion test (in wt.%)

Fe Cr Ni C Ti Mo Mn Al Si Cu Etc.

SS 310S Bal. 24.7 19.1 .06 - - .8 - .6 - -

SS 316H Bal. 17.3 10.7 .05 - 2.1 .6 - .6 .2 Co : .16

SS 316LN Bal. 18.9 13.9 .03 - - 1.9 - .6 - N : .16

SS 347H Bal. 18.3 8.6 .07 - - 1.2 - .6 - Nb : .43

Inconel 600 9.33 16.1 Bal. .08 .20 - .3 .16 .3 .02 B : .002

Inconel 690 8.3 28.4 Bal. .02 .3 - .2 .3 .2 .01 B : .002
Nb < .01

Incoloy 800HT Bal. 21.0 33.6 .06 .55 0.2 .9 .48 .4 .1 B : .003
Co : .05

9Cr FMS Bal. 9.3 0.1 .085 - 0.9 .3 .03 .3 Nb : .08

12Cr FMS Bal. 12.0 0.4 .19 - 1.0 .4 - .1 V : .30
Nb : .02

Fig. 1. Corrosion test facility for S-CO2 environment.

2. Experimental 

2.1 Test Materials
  Nine different materials used in the corrosion tests are 
listed in Table 1. It can be divided into three types of 
alloys such as austenitic stainless steels (SS 310S, SS 
316H, 316LN, and SS 347H), Ni-base alloys (Inconel 600, 
Inconel 690, and Incoloy 800HT), and ferritic-martensitic 
steels (9Cr and 12Cr FMS). Those materials are generally 
known to have a high strength at the temperature range 
of 500 - 550 oC. Materials were cut to coupon type speci-
mens of 12 mm in diameter with a hole drilled at the 
upper part of the specimen to hang it using a Pt wire. 
In the tests, two samples of each material were used.

2.2 Corrosion test
  For the high temperature corrosion test in S-CO2 envi-
ronment, high purity (99.999%) CO2 was used. Fig. 1 
shows the S-CO2 corrosion test facility which can be oper-
ated at up to 700 oC and 250 bar. Two independent Alloy 
625 autoclaves with three zone main heaters were con-
nected to the gas loop. The impurity levels in the test 
gas were measured at the outlet of the test system using 
a gas analyzer and a dew point transmitter. Before heating 
up the furnace, the system was purged with CO2 until 
the amount of impurities was reduced to a required level. 
Liquid CO2 was supplied at a constant flow rate of 5 
ml/min by CO2 pump supplies, then pre- and main-heaters 
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Fig. 2. Results of weight gain after exposure in S-CO2 and CO2 at 550 and 650 ℃ for 1000 h.

Fig. 3. Surface oxide morphology of stainless steels after corrosion tests at 550 ℃ in S-CO2 (200 bar) for 1000 h.

were used to raise the temperature to the target test tem-
perature at 5 oC/min heating rate. 
  The isothermal corrosion tests were performed at 550 
and 650 oC in S-CO2 environment of 200 bar up to 1000 
h. After the tests, specimens were furnace cooled to room 
temperature and the pressure was decreased by a back 
pressure regulator before the specimens were removed for 
measurement. The weight change was measured for two 
specimens of each material using a microbalance with a 
resolution of 0.001 mg. Then one of the samples was se-
lected for the subsequent analyses using scanning electron 
microscope (SEM) with energy dispersive spectroscopy 
(EDS).

3. Results and Discussion

3.1 Corrosion resistance
  Fig. 2 shows the results of the weight gain after corro-
sion test in S-CO2 environment (200 bar) at 550 and 650 
oC for 1000 h. The weight gains of specimens exposed 
in CO2 (atmosphere pressure) at 550 oC for 1000 h are 
also plotted for a comparison. The increase in weight gains 
was greater in the order of FMSs, stainless steels, and 
Ni-based alloys in all test conditions. The weight gains 
in S-CO2 environment at 650 oC were significantly larger 
than those at 550 oC. Meanwhile, the weight gains at low 
CO2 pressure was smaller than those at high pressure CO2 
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Fig. 4. Surface oxide morphology of stainless steels after corrosion tests at 650 oC in S-CO2 (200 bar) for 1000 h.

(S-CO2) environment, though the differences were rather 
small. 
  Based on the weight gain results, three types of corro-
sion behaviors were observed. First, FMSs (Fe- based al-
loys with 9 or 12 wt.% Cr) showed the large increase 
in weigh gains compared to other test materials at both 
temperatures of 550 and 650 oC. However, in the case 
of stainless steels (Fe-based alloys with 18-26 wt.% Cr), 
SS 316H and SS 316LN showed significant difference 
of weight gain depending on test temperatures between 
550 and 650 oC while the difference was relatively small 
for SS 310S and SS 347H. For Ni-based alloys such as 
Inconel 600, Inconel 690, and Incoloy 800HT, the weight 
gains were quite low at both temperatures. Although all 
of the stainless steels and Ni-based alloys had similar ten-
dency of weight gain after exposure in S-CO2 at 550 oC, 
the difference between stainless steels and Ni-based alloys 
became significant at 650 oC. The better corrosion resist-
ance of SS 310S and SS 347H will be described in the 
following section.

3.2 Oxide structure
  Figs. 3 and 4 show the surface oxide morphologies of 
corrosion tested stainless steels in S-CO2 (200 bar) at 550 
and 650 oC for 1000 h. The surface oxides consisted of 
mixture of polygonal shaped Fe oxide and nodular (550 
oC) or platelet (650 oC) shaped Cr-rich oxide while the 
amount of Fe oxide was much greater than Cr-rich oxide 
at 650 oC except SS 347 H (Fig. 4). It is well understood 

that corrosion resistance of SS 347H is better than SS 
316 in spite of similar Cr content because of smaller grain 
size and the presence of 0.43 wt.% of Nb. 8) However, 
in the case of SS 310S (Fe-based alloy with 25 wt.% Cr), 
the surface oxide morphology was quite uniform and it 
is composed of Cr-rich oxide (Cr2O3) without Fe oxide 
at both temperatures. Fig. 5 shows the representative 
cross-sectional oxide images of SS 310S and SS 316LN 
corroded in S-CO2 at 650 oC for 1000 h. As shown in 
the figures, the thickness of Cr–rich oxide in SS 310S 
was less than 1 μm whereas in SS 316LN an outer Fe 
oxide and inner (Cr,Fe)-rich oxide reached up to a few 
μm. It seems that the large amount of an outer Fe oxide 
and inner (Cr,Fe) oxide in 316H and 316LN would cause 
significant increase in weight gains after exposure to 
S-CO2 at 650 oC. Therefore, it can be thought that high 
Cr content in SS 310S contributed the formation of pro-
tective Cr-rich oxide, which resulted in high corrosion 
resistance.
  Moreover, Ni-based alloys, Inconel 600 (16 wt.% Cr), 
Inconel 690 (28 wt.% Cr), and Incoloy 800 HT (21 wt.% 
Cr), showed a high corrosion resistance in S-CO2 at both 
temperatures. For those alloys, the oxide structure was 
similar to SS 310S, such that the formation of Cr-rich 
oxide was mainly observed without Ni oxide as shown 
in Fig. 6. Although Ni-spinel oxides were observed in 
800HT and Alloy 625 previously9), the amount was very 
small compared to Cr-rich oxide. According to the 
Ellingham diagram, the oxygen partial pressure for the 
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Fig. 5. Cross-sectional oxide of SS 310S and SS 316LN after corrosion test at 650 oC in S-CO2 (200 bar) for 1000 h.

Fig. 6. Surface oxide morphology and cross-sectional images of Ni-based alloys after corrosion tests at 550 and 650 oC in S-CO2 (200 
bar) for 1000 h.
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Fig. 7. Surface oxide morphology of FMS after corrosion tests at 550 and 650 oC in S-CO2 (200 bar) for 1000 h.

formation of Ni oxide was higher than Fe oxide and Cr 
oxide at the temperature range of 550 and 650 oC. 
Therefore, in S-CO2 environment, Ni-based alloys would 
have a better corrosion resistance than Fe-based alloys by 
forming protective Cr-rich oxide. Furthermore, in case of 
the Cr-rich oxide forming alloys, oxide structures were 
less dependent on temperature while weight gains sig-
nificantly increased at higher temperature.
  For FMS alloys (9 and 12 Cr FMS), the weight gain 
was exceptionally large compared to stainless steels and 
Ni-based alloys (Fig.2). A polygonal shaped Fe oxide uni-
formly covered the outer layer at both temperatures as 
shown in Fig. 7. Unlike high-Cr stainless steels and 
Ni-base alloys, relatively low Cr content in FMS was not 
enough to form protective Cr-rich oxide, which resulted 
in worst corrosion resistance among the test materials.
  As mentioned above, our test results indicate that the 
oxide structures at 550 oC are quite different from those 
at 650 oC. Meanwhile, Furukawa et al.7) also observed 
partial nodular shape oxides formed on SS 316FR 1000 
h exposed in S-CO2 (20 MPa) at 600 oC. Therefore, it 
is considered that for the stainless steels containing about 
18 wt.% Cr, accelerated test condition of 650 oC seems 
too high to assess corrosion behaviors in S-CO2 environ-
ment for the SFR application (around 500 - 550 oC). 
However, for the other materials such as SS 310S, 

Ni-based alloys, and FMSs, similar oxide structures were 
developed at 550 and 650 oC, which suggest that corrosion 
behaviors are similar at both temperatures.

4. Conclusions 

  A corrosion resistance of structural materials in su-
per-critical CO2 was studied for the application in the SFR 
S-CO2 environment. Isothermal corrosion tests of eight 
materials were carried out in S-CO2 environment (200 bar) 
at 550 and 650 oC up to 1000 h. Based on the test and 
subsequent analyses, the following conclusions were 
drawn about the corrosion resistance of structural materi-
als in S-CO2 environments. 
1. The weight gain was greater in the order of FMSs, stain-

less steels, and Ni-based alloys in all test conditions. 
2. FMSs (Fe-based alloys with 9 or 12 wt.% Cr) showed 

the poor corrosion resistance even at the temperature 
of 550 oC by forming an thick outer Fe oxide, a middle 
(Fe,Cr)-rich oxide, and an inner (Cr,Fe)-rich oxide 
layer. The relatively low Cr content in FMS was not 
enough to form protective Cr-rich oxide in test 
environments.

3. In the case of stainless steels (Fe-based alloys with 
18-26 wt.% Cr), the surface oxides consisted of mixture 
of polygonal shaped Fe oxide and nodular (550 oC) 
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or platelet (650 oC) shaped Cr-rich oxide. The amount 
of Fe oxide became much greater than that of Cr-rich 
oxide at 650 oC. At the test temperature of 650 oC, 
a large increase in the weight gains of SS 316H and 
SS 316LN were attributed to the extensive formation 
of thick outer Fe oxide and inner Cr,Fe-rich oxide.

4. The superior corrosion resistance of high Cr stainless 
steels and Ni-based alloys in S-CO2 environments up 
to 650 oC was attributed to the formation of thin pro-
tective Cr-rich oxide.
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