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Abstract: The microstructure and microchemistry of the oxide scales formed on Fe-21Cr-32Ni and 

Fe-17Cr-9Ni steels after exposure to deaerated high-temperature high-pressure steam at 600 C for 

1500 h have been analysed and compared by several advanced characterization techniques. By 

comparing the oxide scales formed at different-stages of exposure, it is shown that Fe-21Cr-32Ni steel 

was internally oxidized at the early-stage, and then an external oxide scale was developed together 

with an inner chromia band under the internal oxidation zone.  In comparison, Fe-17Cr-9Ni steel was 

internally oxidized together with an external Fe-rich oxide scale during the entire experimental period. 

The thicknesses of the internal oxidation zone of Fe-21Cr-32Ni and Fe-17Cr-9Ni steels were ~7 and 

~70 µm, respectively. Further characterisation revealed that the internal oxidation zone contained (Cr, 

Fe, (Ni))3O4 and nanoscale nickel networks, together with numerous nano-pores. The effects of these 

structures on mass transfer and reaction product formation were discussed, in connection with the alloy 

composition and the formation of the chromia layer.  

Key words: High Cr-Ni austenitic steel; Internal oxidation; Multilayers; Transmission electron 
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1. Introduction 

Due to their low cost, good mechanical properties, reasonable corrosion resistance, and low irradiation-

induced void swelling, ferritic-martensitic (F-M) steels have been widely used as heat-resisting 

materials in the petrochemical industry, aerospace sector, conventional fossil fuel power plants, and 

nuclear power industry [1-5]. To further increase the thermal efficiency and reduce carbon emissions, 

increasing the operating temperatures has been a widely accepted strategy, especially in the power 

generation systems, where water is used as a heat transfer medium [6-12]. However, the corrosion 

resistance of F-M steels decreases significantly at temperatures above 600 C in the environments 

containing water vapour [13-20]. The thickening and exfoliation of the surface oxide scales formed on 

the structural materials in the power generation systems may block the coolant flow and scratch the 

turbine blades [2], which is of a great concern for the safe long-term operation of the advanced power 

generation systems, such as the supercritical water-cooled reactor (SCWR) and the ultra-supercritical 

fossil fuel power plants [8-12]. Consequently, substitutional materials are required to replace the F-M 

steels in the advanced power generation systems. 

Due to the increased contents of Cr and Ni in the Fe-Cr-Ni austenitic steels, they exhibit much higher 

corrosion resistance than that of the F-M steels in the high-temperature steam [9, 12, 14, 19, 21-31]. 

In addition, austenitic steels offer a better creep resistance for higher temperature application. Hence, 

the F-M steels have been partially replaced by the Fe-Cr-Ni austenitic steels in the advanced power 

generation systems. For austenitic steels, there are two important features which will affect their 

oxidation processes. Chromium diffusion in austenite is much slower than that in F-M steels which 

affects the critical chromium content required for the formation of a protective chromia scale. The high 

content of nickel in austinites is expected to play an important role in the overall corrosion process 

because of a significant lower thermodynamic driving force for Ni oxidation than that for Cr or Fe in 

the high-temperature steam environment. In the studies of the corrosion of Fe-based steels in high-

temperature environments, multi-layered surface oxide scale is frequently observed [9, 13, 14, 17-19, 

22, 24-28, 32-54]. The corrosion behaviours of these steels in high-temperature steam are very similar 

to that in carbon dioxide [55-59] and liquid metals [60-63] where low partial pressure of oxygen is 

ensued. Hence, the corrosion mechanisms of Fe-based steels in these different oxidation mediums are 

generally believed to be similar [64-72]. This multi-layered oxide scale normally contains both outer 

oxides above the original metal surface and inner oxides below this layer. This phenomenon can be 

attributed to both cation outward diffusion and oxygen inward diffusion. Clearly, the change of Cr 

diffusion and high content of Ni in austenitic steels will change the steel corrosion behaviour 

significantly. 

Although the austenitic steels are generally more corrosion-resistant than the F-M steels due to their 

higher contents of Cr and Ni, it is reported that compared with the commonly-used 304/316 steels, in 

which the content of Cr is lower than 18 wt.% and Ni lower than 15 wt.%, further increase of Cr and 

Ni contents in the austenitic steels, such as 800H alloy (Fe-21Cr-32Ni) [31, 73-79], 310 steel (Fe-

25Cr-23Ni) [80-82], and HR3C (Fe-25Cr-21Ni) [83-85], could further increase their corrosion 

resistance at high-temperatures. The corrosion behaviours of high Cr-Ni austenitic steels have been 

extensively studied [31, 73-85]. The increased corrosion resistance in these kinds of steels is generally 

attributed to the increased content of Cr, which is supposed to facilitate the formation of a more 

compact Cr-rich oxide scale. To date, a mechanistic understanding of the superior corrosion resistance 

of the high Cr-Ni austenitic steels at high-temperatures remains elusive due to the difficulties in 

collecting the requisite experimental scale of observations (micro-to-atomic). Although a general 

understanding of the corrosion for these alloys is reached, the effect of water vapour on the cation 
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diffusion and the role of nickel in low partial pressure of oxygen, e.g. steam condition, are still not 

clear. It becomes even more challenging because of very fine oxide structures obtained in the steam 

environment which cannot be identified properly by conventional analysis methods [44, 70-72]. In the 

screening and development of proper corrosion-resistant structural materials for the application in 

high-temperature environments, understanding the fundamental mechanisms that govern material 

corrosion is crucial. 

Recent advances in high-resolution microscopy techniques, which allow for a more detailed 

characterization of material microstructure, have remarkably enhanced our understanding of a variety 

of previously unsolved phenomena [86-89]. Here, we undertake a fundamental study on the surface 

oxide scales grown on a Fe-21Cr-32Ni (type-800H alloy) high Cr-Ni austenitic steel and a Fe-17Cr-

9Ni (type-304 steel) low Cr-Ni austenitic steel after exposure to high-temperature steam using 

characterisation techniques that span a number of length scales. The comprehensive micro-to-atomic 

scale observations made in the course of this study should shed light on the mechanisms controlling 

the superior corrosion resistance of high Cr-Ni austenitic steels at high temperatures.  

2. Experimental 

The materials used in this study are a Fe-21Cr-32Ni (type-800H alloy) and a Fe-17Cr-9Ni (type-304 

steel) austenitic steels. Their chemical compositions are shown in Table 1. The average grain sizes of 

Fe-21Cr-32Ni steel and Fe-17Cr-9Ni steel were measured to be about 80 and 40 µm, respectively. 

Coupon specimens (15 × 10 × 2 mm3) were machined from the as-received plate material that had been 

annealed at 1177 C for 3 h in air followed by water quenching. The coupons were then ground and 

further polished up to a 1.0 μm finish, followed by 10 minutes of final treatment with colloidal silica. 

The colloidal silica was used to remove the cold-worked layer introduced by the prior mechanical 

polishing. The well-polished coupons were then exposed to the deaerated high-temperature steam at 

600 C in 25 MPa for 1500 h. The content of dissolved oxygen in the steam was controlled at lower 

than 10 ppb by bubbling high-purity Ar through the water. More details about the high-temperature 

testing can be found in [44, 70-72].  

Table 1. Chemical compositions of Fe-21Cr-32Ni and Fe-17Cr-9Ni steels used in this study (wt. %) 

Materials Ni Cr Ti Si Mn Al P S Cu C Fe 

Fe-21Cr-32Ni 31.6 20.51 0.52 0.15 0.57 0.53 0.012 0.001 0.4 0.07 Bal. 

Fe-17Cr-9Ni 8.87 16.91 - 0.18 1.21 - 0.018 0.007 0.06 0.082 Bal. 

In a Zeiss Merlin Scanning Electron Microscope (SEM) equipped with an Oxford Instruments Energy 

Dispersive X-ray (EDX) detector system, the microstructure and chemical composition of the surface 

oxide scale developed on 800H alloy were studied. In a dual beam Zeiss Crossbeam 540 Focused Ion 

Beam (FIB), site-specific Transmission Electron Microscope (TEM) thin foils were produced. A Zeiss 

Merlin SEM with an Optimus on-axis Transmission Kikuchi Diffraction (TKD) detector and an 

aberration-corrected JEOL ARM200F TEM with a Gatan Electron Energy Loss Spectroscopy (EELS) 

detector and an Oxford Instrument EDX detector were used to conduct higher resolution analyses on 

the TEM foils. Three-dimensional (3D) chemical composition analysis was conducted by Atom Probe 

Tomography (APT), using a LEAP 5000 XR.  

3. Results 

3.1 The oxidation of Fe-21Cr-32Ni steel 

3.1.1 SEM/EDX analysis 
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The oxidized coupon of Fe-21Cr-32Ni steel was fine-polished to expose its cross-section. The 

thickness of the surface oxide scale was not uniform, ranging from 15 to 20 µm. Fig. 1a shows a typical 

morphology of the cross-section of the surface oxide scale. The surface oxide scale could be divided 

into two distinct layers based on the various contrasts seen in the SEM-InLens image: an outer oxide 

layer and an inner oxide layer. The interface between these two layers was very flat, which coincides 

with the original mirror-finished surface of the coupon prior to the autoclave testing. As a result, this 

interface is highlighted as the original specimen surface, by a white dashed line in Fig. 1a. The 

thickness of the outer oxide layer was generally uniform, about 10 m. While the inner oxide layer 

was not uniform, with an average thickness of about 7 µm. Further examination indicates that the outer 

oxide layer included a high number of cavities. These cavities are pointed out by the blue dashed 

circles. The diameters of these cavities ranged from 500 nm to 3 µm. The cavities were also 

occasionally observed around the interface between the outer and inner oxide layers and in the metal 

matrix close to the oxide front. Compared with the outer oxide layer, the structure of the inner oxide 

layer appeared to be more compact, because far fewer cavities were observed in this layer, at least 

under the SEM characterization resolution.  

  
(a) 

 
(b) 
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(c) 

Fig. 1. (a) SEM-InLens image showing the cross-sectional morphology of the surface oxide scale 

formed on Fe-21Cr-32Ni steel; (b) SEM-EDX elemental maps showing the qualitative chemical 

composition distribution on the surface oxide scale cross-section; (c) SEM-EDX line profiles 

showing the quantitative chemical composition distribution across the surface oxide scale. 

To examine the chemical composition distribution on the cross-section of the surface oxide scale, 

SEM-EDX mapping was conducted, as shown in Fig. 1b. It is seen that a rather high concentration of 

O was found in the two-layers of surface oxide scale. However, the distributions of other elements 

varied significantly in the oxide scale. The surface oxide scale can be further divided into four distinct 

layers, according to the distribution of Ni. The outer oxide layer can be divided into Layer-1 and Layer-

2, and the inner oxide layer can be divided into Layer-3 and Layer-4. Layer-1 tended to be rich in O, 

Fe, and Ni, while Layer-2 mainly consisted of O, Ni, and some amount of Fe. All of the elements O, 

Cr, Fe, Ni, and Si existed in Layer-3, while Layer-4 appeared to be mainly composed of O and Cr. In 

addition, at the interface between Layer-4 and the metal matrix a thin semi-continuous Si-rich layer 

was found.  

This four-layered structure was further confirmed by the SEM-EDX line-scanning across the cross-

section of the surface oxide scale, as shown in Fig. 1c. The atomic ratios of O, Fe, and Ni in Layer-1 

suggest that Layer-1 was highly likely to be mainly composed of NiFe2O4 spinel. The chemical 

compositions in Layer-2 and Layer-3 were complicated and the elemental atomic ratios in the two 

layers did not correspond to any well-known oxide species. Although the elemental atomic ratios in 

Layer-4 also did not correspond to any well-known oxide species, the content of Cr increased gradually 

towards the metal matrix, while Fe and Ni exhibited an opposite trend. Compared with other oxide 

layers, Layer-4 was mainly enriched in Cr. There was a Cr-depletion zone in the matrix, close to the 

oxide/matrix interface, highlighted by a black dashed circle in Fig. 1c.  

3.1.2 TEM/EELS/EDX analysis  

The results above reveal the existence of a 4-layered structure of the oxide scale. However, due to the 

lack of resolution of SEM, the detailed structure and chemical composition of these layers remain 

unclear. Hence, higher resolution analyses are required. Two site-specific TEM foils were prepared to 

examine the whole surface oxide scale. Fig. 2a shows the location of the two TEM foils in relation to 
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the cross-section of the surface oxide scale. The positions of the two site-specific TEM foils were 

selected in the purpose of covering the representative regions of the four different oxide layers. After 

FIB sample was thinned to a thickness of ~50 nm, the morphologies of the two TEM foils were 

preliminarily examined by SEM. The SEM-InLens and SEM-SE images of TEM samples 1 and 2 are 

shown in Figs. 2b and c, respectively. The four different oxide layers can still be identified by the 

different image contrasts, and the interfaces between different layers are highlighted by the black 

dashed lines. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. (a) SEM-InLens image showing the positions of the two TEM foils prepared from Fe-21Cr-

32Ni steel; (b) SEM-InLens and SEM-SE images showing the morphology of TEM sample 1; (c) 

SEM-InLens and SEM-SE images showing the morphology of TEM sample 2. 
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Under TEM imaging, different images can be obtained, depending on the collection angles of different 

detectors. In this study, high-angle annular dark-field (HAADF) and middle-angle annular dark-field 

(MAADF) images were collected simultaneously. The annular angular ranges used for the HAADF 

and MAADF imaging were 73–236 mrad and 33–51 mrad, respectively [90]. In the HAADF images, 

the image contrast was mainly produced by the different average atomic number and sample thickness, 

while MAADF images mostly exhibit diffraction contrast. The TEM samples prepared in this study 

had a generally uniform thickness, which has been proven by the thickness measurements of EELS 

low-loss spectrum. Hence, the image contrast in the HAADF images was mainly affected by the 

average atomic density. The morphology surrounding the interface between the metal matrix and 

Layer-4 is seen in the top-left HAADF image (Fig. 3). The oxide and metal matrix can be easily 

distinguished in the HAADF image because of their different atomic densities. The interface between 

the metal matrix and Layer-4 is highlighted by a white dashed line. It is seen that the image contrast 

in Layer-4 was not uniform. Some white particles or precipitates were observed. It suggests an 

ununiform chemical composition in this layer. The morphology around the original specimen surface 

is seen in the top-right HAADF image (Fig. 3). The positions of the original specimen surface and the 

interface between Layer-1 and Layer-2 are highlighted by the white dashed lines. The image contrasts 

in the three layers were different, suggesting that the oxide in these layers should have different 

chemical compositions. Compared with the HAADF imaging, the MAADF imaging was sensitive to 

the crystallographic orientations of the examined features. As shown in the bottom-left MAADF image, 

the different metal matrix grains can be identified by the MAADF image contrast. The oxide grains in 

Layer-1 and Layer-2 can also be distinguished by the MAADF image contrast (bottom-right image).  

 
Fig. 3. Low-magnification HAADF and MAADF images showing the cross-sectional morphologies 

of the surface oxide scale formed on Fe-21Cr-32Ni steel. TEM sample 1: top and bottom right; TEM 

sample 2: top and bottom left. 
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Fig. 4.  HAADF and MAADF images showing the distribution of nano-pores in the surface oxide 

scale of Fe-21Cr-32Ni steel. 
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The HAADF images in Fig. 3 shows the existence of a large number of black spots in the inner oxide 

layer. The signal intensity in these spots was much lower than that in the other regions. These black 

spots were identified as nano-pores, ranging from 10 to 50 nm, which are believed to be formed during 

corrosion testing. As shown in Fig. 4, the nano-pores mainly existed in Layer-3, although they were 

also occasionally observed in Layer-4. In addition, the density of the nano-pores in Layer-4 decreased 

gradually in the direction towards to the inside of the material. The volume fractions of the nano-pores 

can be roughly estimated based on the image contrast in the HAADF images. The results show that 

the volume fractions of nano-pores in Layer-3 ranged from ~38% to ~5%. The structure of Layer-4 

was much more compact than Layer-3, with a volume fraction of nano-pores lower than 3%.  

Fig. 5a shows the representative HAADF morphologies of Layer-1, Layer-2, and Layer-3. The original 

specimen surface and the interface between Layer-1 and Layer-2 are pointed out by the red and blue 

dashed lines, respectively. The qualitative chemical composition maps in Fig. 5b show that Cr only 

existed in Layer-3 but not in Layer-1 or Layer-2. Both Ni and Fe were observed in Layer-1 and Layer-

3, while only Ni was present in Layer-2. There was also a thin layer of oxide between Layer-2 and 

Layer-3. The thickness of this layer ranged from 100 to 200 nm. This layer was mainly composed of 

O and Fe. To quantify the chemical composition in these oxide layers, EELS line-scan was conducted 

(Fig. 5c). The atomic ratios of O, Cr, Fe, and Ni suggest that Layer-1, Layer-2, and Layer-3 were very 

likely composed of NiFe2O4, NiO, and (Cr, Fe, Ni)3O4 respectively. The accurate chemical 

composition atomic ratios in the thin layer, between Layer-2 and Layer-3, cannot be obtained because 

of significant overlap in the thickness direction. The representative background-subtracted EELS core-

loss spectra extracted from Layer-1, Layer-2, and Layer-3 are shown in Fig. 5d, further confirming 

above composition analysis. 

    
                                           (a)                                                                    (b)  
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     (c) 

 
(d) 

Fig. 5. Typical morphology and chemical composition of Layer-1, Layer-2, and Layer-3. (a) HAADF 

morphology and (b) qualitative EELS chemical composition maps showing the distribution of O, Cr, 

Fe, and Ni; (c) quantitative EELS chemical composition line-profiles showing the distribution of O, 

Cr, Fe, and Ni; (d) Background-subtracted EELS core-loss spectra extracted from Area 1, Area 2, 

and Area 3.  

The HAADF image in Fig. 6a shows the morphology around the interface between Layer-3 and Layer-

4. The interface is highlighted by the red dashed line. Fig. 6b shows the EELS chemical composition 

distribution in the two layers. It is seen that the two layers appeared to have similar chemical 

composition, being mainly composed of O, Cr, and Fe. Ni also existed in the two layers, but the content 

of Ni in Layer-3 was much higher than in Layer-4, which corresponds well with the results in Fig. 1c. 

In addition, the distribution of Ni in the two layers was not uniform. Ni-rich networks were observed 

in Layer-3, while only a few isolated Ni-rich particles existed in Layer-4. Fig. 6c shows a quantitative 

EELS line-scan. The atomic ratios show that the regions without Ni-rich networks in Layer-3 were 
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very likely to be composed of (Cr, Fe, Ni)3O4. However, compared with Layer-3, the content of Ni in 

Layer-4 (Ni-rich particle free region) was much lower, which is supposed to be mainly composed of 

(Cr, Fe)3O4. The chemical composition measured from the Ni-rich particles/networks did not 

correspond to any well-known species, which might be due to the overlap of more than one phase in 

the thickness direction. Five background-subtracted EELS core-loss spectra were extracted from the 

two layers, as shown in Fig. 6d. O, Cr, Fe, and Ni peaks were observed in Area 4, while Ni peaks were 

not observed in Area 7. The only observation of O and Ni peaks in Area 6 suggests the existence of 

NiO. The core-loss spectra from Area 5 and Area 8 only show Ni peaks, indicating that metallic Ni 

also existed in these regions. These results suggest that the abnormal chemical composition measured 

from Ni-rich particles/networks in Fig. 6c might be due to the overlap of metallic Ni, NiO, (Cr, Fe)3O4, 

and (Cr, Fe, Ni)3O4. The chemical composition of the Ni-rich particles/networks was further examined 

by 3D APT to overcome the potential overlap issue, which will be shown later. 

   
                                             (a)                                                                 (b) 

  
(c) 
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(d) 

Fig. 6. Typical morphology and chemical composition in Layer-3 and Layer-4. (a) HAADF 

morphology and (b) qualitative EELS chemical composition maps showing the distribution of O, Cr, 

Fe, and Ni; (c) quantitative EELS chemical composition line-profiles showing the distribution of O, 

Cr, Fe, and Ni; (d) Background-subtracted EELS core-loss spectra extracted from Area 4, Area 5, 

Area 6, and Area 7.  

Fig. 7a shows the HAADF morphology around the oxidation front. The oxide-metal matrix interface 

is highlighted by the red dashed line. The EELS chemical composition maps in Fig. 7b show that apart 

from the Ni-rich particles, the chemical composition in the oxide was also not uniform. There was a 

thin continuous layer of oxide with a thickness of 1-2 µm at the front of Layer-4 which is labelled as 

Layer-5. This layer was mainly composed of Cr and O, which is different from Layer-4, where O, Cr, 

and Fe were present. Further observation shows that there was a semi-continuous layer between Layer-

5 and the metal matrix. This sublayer is labelled as Layer-6. The interface between Layer-6 and Layer-

5 is highlighted by blue dashed lines. Only O was observed in this semi-continuous layer. This might 

be because the other components in this layer are out of the examined range of EELS energy loss (450-

950 eV) in this study. The atomic ratios obtained from EELS line-scan in Fig. 7c suggest that Layer-4 

and Layer-5 were very likely to be mainly composed of (Cr, Fe)3O4 and Cr2O3, respectively. The 

representative background-subtracted EELS core-loss spectra extracted from Layer-4, Layer-5, and 

the metal matrix are shown in Fig. 7d. 
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As mentioned above, the chemical composition of Layer-6 cannot be obtained from EELS. Hence, 

EDX mapping was conducted. Fig. 8a shows the HAADF image, while the related EDX chemical 

composition maps are shown in Fig. 8b. It can be seen that Layer-6 was mainly composed of Si and 

O. The K edge energy of Si is 1839 eV, which is outside the examined EELS energy range (450-950 

eV) in this study. This explains why Si was not observed by EELS. The chemical composition at Area 

12 was measured by EDX, and was observed to be 30% O, 65% Si, 3% Cr, and 2% Fe (at. %). The 

results suggest that the oxide in Layer-6 was very likely to be mainly composed of SiO2. It is worth 

noting that several Al-rich oxide particles existed in the metal matrix near Layer-6. 

  
                                          (a)                                                                       (b) 

  
(c) 
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(d) 

Fig. 7. Typical morphology and chemical composition in Layer-4, Layer-5, and Layer-6. (a) HAADF 

morphology and (b) qualitative EELS chemical composition maps showing the distribution of O, Cr, 

Fe, and Ni; (c) quantitative EELS chemical composition line-profiles showing the distribution of O, 

Cr, Fe, and Ni; (d) Background-subtracted EELS core-loss spectra extracted from Area 9, Area 10, 

and Area 11. 

  
(a)                                                                           (b) 

Fig. 8. Typical morphology and chemical composition in Layer-4, Layer-5, and Layer-6. (a) HAADF 

morphology and (b) qualitative EDX chemical composition maps showing the distribution of O, Cr, 

Fe, and Ni. 

3.1.3 APT analysis  

As shown in Fig. 6, the overlap between the oxide and the Ni-rich particles/networks in Layer-3 

prevents the accurate measurement of the chemical composition of these Ni-rich phases via EELS. To 

overcome the overlap issue caused by TEM, a 3D characterization technique with high spatial and 

chemical resolution, APT, was applied. The APT samples used in this study were prepared from Layer-
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3, close to the interface between Layer-3 and Layer-4, as shown in Fig. 2a. Although 8 samples were 

prepared, 7 of them fractured during the APT testing before useful data were collected. Only one needle 

was successfully analyzed, and more than 20 million ions were collected. Fig. 9a shows the spatial 

separation of the oxide and the Ni-rich phase (O in red, Cr in pink, Fe in blue, and Ni in cyan). To 

qualitatively show the elemental distribution in the two phases, the 3D APT data set was used to extract 

a region of interest with a thickness of 5 nm. It is seen that the oxide mainly consisted of O, Cr, Fe, 

and Ni, and that the Ni-rich precipitate appeared to be mainly composed of Ni (Fig. 9b). Fig. 9c shows 

a line-scan across the interface of the two phases to quantify the elemental distribution. The atomic 

ratios suggest that the oxide and the Ni-rich phase were very likely to be (Cr, Fe, Ni)3O4 and metallic 

Ni precipitate, respectively. These results correspond well with the results obtained from EELS (Fig. 

6). 

  
(a)                                          (b) 

 
(c) 

Fig. 9. (a) APT data set showing the 3D distribution of the oxide and Ni precipitate; (b) spatial 

distribution of O, Cr, Fe, and Ni in separate data sets; (c) concentration profiles across the oxide-Ni 

precipitate interface. 
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3.1.4 TKD analysis 

  
(a) 

  
(b)                                                                    (c) 

 
(d) 

Fig. 10. TKD analysis on TEM sample 1 (step size=3 nm, collected Kikuchi pattern resolution=800 

× 1200). (a) Argus map; (b) pattern quality map; (c) phase map; (d) IPF maps with orientation 

legend. 

TEM foil 1 in Fig. 2 was analysed by TKD. Fig. 10a shows the Argus map collected by the Bruker 

EBSD detector. The nano-pores in Layer-3 and the oxide crystal morphologies in Layer-1 and Layer-

2 can all be observed in this image. The TKD pattern quality map is shown in Fig. 10b, in which the 
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oxide grains in Layer-1 and Layer-2 can be more easily observed. Fig. 10c shows the TKD phase map, 

in which the Ni/NiO, spinel, and Cr2O3 are shown in blue, red, and green, respectively. Since metallic 

Ni and NiO have very similar crystallographic structure, they cannot be distinguished under TKD. 

This is why they appeared in the same colour in the TKD phase map. It is seen that Layer-2 was mainly 

indexed as NiO, which is consistent with the results shown in Fig. 5. It is worth noting that (Cr, Fe, 

Ni)3O4 and NiFe2O4 all belong to the group classified as spinel and have very similar crystallographic 

structures. These very similar structures also cannot be distinguished by TKD. Hence, although the 

chemical composition in Layer-1 and Layer-3 was different, they were all indexed as spinel. Apart 

from spinel, Ni/NiO and Cr2O3 were also observed in Layer-3. Although the interface between Layer-

1 and Layer-2 can be easily identified, based on their different chemical compositions, it is difficult to 

identify the interface on the Inverse Pole Figure (IPF) images, because the different oxides in the two 

layers co-existed in the same grains, as shown in Fig. 10d. The spinel oxides in Layer-3 belonged to a 

same grain. The Ni/NiO precipitates in Layer-3 had the same crystallographic orientation with the 

surrounding spinel oxides. The crystallographic orientations of the Cr2O3 precipitates in Layer-3 were 

different from the surrounding spinel oxides.  

 
(a) 

  
(b)                                                                   (c) 

 
(d) 
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(e) 

Fig. 11. TKD analysis on TEM sample 1 (step size=3 nm, collected Kikuchi pattern resolution=800 

× 1200). (a) Argus map; (b) pattern quality map; (c) phase map; (d) IPF maps with orientation 

legend; (e) enlarged grain shape image in Area 12. 

TEM foil 2 in Fig. 2 was also analysed by TKD. Layer-3, Layer-4, and Layer-5 can be distinguished 

in the Argus map due to the different image contrasts (Fig. 11a). The semi-continuous Layer-6 can 

also be observed, but the interfaces of this layer are not highlighted in this image. Fig. 11b shows the 

pattern quality map. Apart from Layer-6, the other regions had been well indexed. Fig. 11c shows the 

phase map, in which the austenite metal, spinel, and Cr2O3 were shown in blue, red, and green, 

respectively. It is seen that Layer-3 and Layer-4 were mainly composed of spinel oxides, although 

Cr2O3 and metallic Ni precipitates were also observed in the two layers. Layer-5 is mainly indexed as 

Cr2O3. The white particles in this layer (Fig. 11a) are identified as austenite metal. The IPF images in 

Fig. 11d show that the oxides in Layer-3 and Layer-4 belonged to a same grain. Although the oxides 

in the two layers were different (Fig. 6), they are all identified as spinel. Further observation shows 

that the oxides in Layer-3 and Layer-4 had the same crystallographic orientations with the underneath 

unoxidized metal grain. In addition, the austenite metal particles in the two layers also retained the 

same crystallographic information with the underneath metal grain. Compared with the oxides in 

Layer-3 and Layer-4, the oxides in Layer-5 consisted of nano-sized multi-crystalline Cr2O3. The nano-

sized grains appeared to have random crystallographic orientations. Further observation shows that the 

nano-sized grains were neither equiaxed nor columnar, with some grains elongated along some specific 

orientations, as shown in Fig. 11e. The chemical composition analysis showed that the oxides in Layer-

6 were very likely to be SiO2 (Fig. 8), while they were not well indexed by TKD.  

It is worth noting that the red pixels in the metal matrix beneath the Cr2O3 layer (Fig. 11c) are the 

artifact caused by TKD instead of spinel. This is because the austenite and spinel have a similar 

crystallographic structure and mis-indexing may occur occasionally. Similar phenomenon was also 

reported in [91]. 

3.1.5 Early-stage oxidation in high-temperature steam 

To understand the formation of a NiO layer on the specimen surface (Figs. 5 and 10), an early-stage 

(48 h) oxidation test in the same high-temperature steam environment was conducted. Fig. S1a shows 

the SEM and HAADF cross-sectional morphology of the surface oxide scale. It can be seen that the 

morphology of the early-stage oxide scale was very different from that oxidized for 1500 h. A layer of 

co-existing oxide and metal was observed, which indicates the occurrence of internal oxidation [5]. 
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The volume fraction of the internal oxide was ~50%. In addition, there was a metallic Ni layer just 

above the internal oxide layer. This metallic Ni above the internal oxide layer had been reported by 

many researchers [92-95]. Further observation shows an outermost oxide layer just above the metallic 

Ni layer. The atomic ratios measured by EELS show that the oxides in the internal oxide layer (30% 

Cr, 15% Fe, 55% O) and the outermost layer (52% Ni, 46% O, 4% Fe) were very likely to be composed 

of (Cr, Fe)3O4 and NiO, respectively. The representative background-subtracted EELS core-loss 

spectra extracted from Area 13, Area 14, Area 15, Area 16, and Area 17 are shown in Fig. S1b. The 

co-existence of oxide and metal phases in the inner oxide layer was also observed in 800H alloy after 

exposure to 650 C high-temperature steam for 250 h [96]. 

3.2 The oxidation of Fe-17Cr-9Ni steel 

The SEM morphology of the cross-section of Fe-17Cr-9Ni steel after oxidized in 600 C high-

temperature steam for 1500 h is shown in Fig. 12a. The surface oxide scale appeared to have a duplex 

structure. The thicknesses of the inner and outer oxide layers were ~70 and ~50 µm, respectively. The 

SEM-EDX/EBSD analysis on the cross-section of the surface oxide scale has been reported in [70]. 

The outer oxide layer was composed of columnar magnetite. Three TEM samples were prepared to 

examine the microstructure and microchemistry of the inner oxide layer. The positions of the three 

TEM samples are shown in Fig. 12a. The nano-to-atomic scale characterization on TEM samples 4 

and 5 had been conducted in [70]. Although the inner oxide layer appeared to be continuous under the 

microscale characterization, it was revealed to be composed of oxide and metal phases under nano-to-

atomic scale characterization, which is a typical feature of an internal oxidation zone (IOZ). The TEM 

sample 3 was not examined in [70], and its SEM morphology is shown in Fig. 12b. The inner oxide 

layer around the outer-inner oxide layer interface was very porous. The HAADF image obtained from 

the Region 1 in Fig. 12b confirmed the existence of a large number of nano-pores in the inner oxide 

layer, ranging from 10 to 50 nm, which is very similar to that observed in Fe-21Cr-32Ni steel (Fig. 4). 

The representative HAADF morphology of the inner oxide layer from the outer-inner oxide layer 

interface to the inner oxide layer-matrix interface is shown in Fig. 13. It is seen that the morphology 

of the inner oxide layer near the outer-inner oxide layer interface was very different from that near the 

inner oxide layer-matrix interface. The volume fraction of the metal phase in the inner oxide layer 

gradually increased towards the metal matrix. However, the volume fraction of the nano-pores 

exhibited an opposite trend. Compared with the nano-pores in the region near the outer-inner oxide 

layer interface, the size of the nano-pores in the region near the inner oxide layer-matrix interface was 

much smaller, only 1-5 nm [70].   

 
(a) 
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(c) 

Fig. 12. (a) SEM-SE image showing the positions of the three TEM foils prepared from Fe-17Cr-9Ni 

steel; (b) SEM-SE image showing the morphology of TEM sample 3; (c) HAADF image showing 

the morphology of Region 1 in (b). 

 
Fig. 13. Representative HAADF images showing the morphology of the inner oxide layer of Fe-

17Cr-9Ni steel. 

4. Discussion 

In this study, Fe-21Cr-32Ni and Fe-17Cr-9Ni steels were oxidized in 600 C high-temperature steam 

for 1500h. The microstructure and microchemistry of the surface oxide scales of the two steels have 

been studied and compared by multi-techniques. Since the surface oxide scale of Fe-17Cr-9Ni steel 

has been studied in detail in [70], this study is mainly focus on Fe-21Cr-32Ni steel. Based on the results 

presented above and in literature, the microprocesses of corrosion product formation in correlation 
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with the mass transfer and the effect of alloy composition on corrosion in the high-temperature steam 

condition are discussed below.  

4.1 Thermodynamics in the high-temperature steam environment 

The equilibrium oxygen partial pressure in 25 MPa steam at 600 C was calculated to be ~2.7 × 10-7 

atm by using FactSage [97]. According to the equilibrium phase fraction, as a function of oxygen 

partial pressure for a ternary Fe-Cr-Ni steel reported in [75], Cr2O3, (Cr, Fe, Ni)3O4, NiO are predicted 

to form on the alloy. This prediction is consistent with the experimental results obtained in this study. 

However, it does not explain the experimentally observed distribution of the different oxide species in 

the oxide scale. Thermodynamic calculations conducted in [75] were based on an assumption of a 

constant alloy composition and a constant oxygen partial pressure during the oxidation process. 

However, in a practical situation, neither the alloy composition, nor the oxygen partial pressure is 

constant. The different diffusivities of the alloying elements will change the alloy composition locally, 

and so the partial pressure of oxygen in the oxide layers. A discussion on mass transfer based on the 

experimental data obtained in this work is necessary since the thermodynamic calculation alone cannot 

adequately explain the formation of the multi-layered surface oxide scales.  

4.2 The early-stage oxidation of Fe-21Cr-32Ni steel in high-temperature steam 

Fig. S1 shows that Fe-21Cr-32Ni steel was initially oxidized by the inward diffusion of oxygen to form 

dispersed (Cr, Fe)3O4 spinel in the high-temperature steam environment. The internal oxide formation 

is determined by the oxygen inward diffusion and the cation outward diffusion. It is generally believed 

that the presence of water vapour could accelerate oxygen inward diffusion [17, 98, 99] and initiate 

internal oxidation. The nucleation of internal oxides occurs preferentially in the region where Cr is 

enriched because of a much lower oxygen potential required for Cr-rich oxide formation, e.g. Cr2O3 

or (Cr, Fe)3O4 depending on local pO2 [4, 5]. The growth of these nuclei would accelerate Cr and Fe 

diffusion towards the oxides but expel Ni to the surrounding metal, leading to the formation of a Ni 

enriched matrix around the internal oxides (Fig. S1). Since the Pilling-Bedworth ratio of the internal 

oxide precipitates (spinel) was reported to be around 2.0 [100], the growth of the spinel precipitates in 

the metal matrix could introduce significant compressive stresses to squeeze Ni from IOZ to the surface, 

forming a metallic Ni layer (Fig. S1). It can be demonstrated by comparing the total area of the 

dislocated Ni with that of internal oxides in Fig. S1. The volume of total Ni (Ni + Ni from NiO) is 

close to the volume increase because of (Cr, Fe)3O4 formation. Therefore, the volume expansion due 

to internal oxide formation coproduced a compressive stress which was the driving force for this Ni 

transfer. Once the metallic Ni was directly exposed to the high-temperature steam, it would start to be 

oxidized into NiO on the outer surface, due to the relatively high oxygen partial pressure in the high-

temperature steam. Although the oxygen partial pressure in the high-temperature steam environment 

was high enough to oxidize the metallic Ni directly exposed to it into NiO, the oxygen partial pressure 

deeper inside the metal matrix should be lower than that at the interface of metal/steam. This explains 

why Ni inside the metal matrix was not internally oxidized. 

The formation of a metallic Ni layer on the original specimen surface was also reported by Xie et al. 

[56, 101] in the study of the oxidation of Ni-Cr binary alloy in high-temperature wet CO2. However, 

the metallic Ni was not observed on the original surface of Fe-17Cr-9Ni steel after exposure to high-

temperature steam, although Ni-enrichment was observed in the metal phase of the IOZ [70]. The 

absence of metallic Ni on the original surface of Fe-17Cr-9Ni steel might be due to its much lower Ni 

content than that of Fe-21Cr-32Ni steel (9% vs. 32%wt.). The relatively low Ni content of Fe-17Cr-
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9Ni steel led to an accumulation of nickel in the metal phase surrounding the internal oxide precipitates, 

rather than the formation of a nickel layer on the original specimen surface [70]. Although no metallic 

Ni was expelled to the original surface during the internal oxidation of Fe-17Cr-9Ni steel, the outward 

diffusion of Fe occurred simultaneously with the internal oxidation, resulting in the formation of an 

Fe-rich outer oxide layer [70]. However, an outer Fe oxide layer was not observed on Fe-21Cr-32Ni 

steel after the early-stage oxidation (Fig. S1). This might be because the metallic Ni layer inhibited the 

outward diffusion of Fe. The slow conversion of Ni to NiO maintained this protection at least for 48h, 

avoiding Fe-rich oxide formation. It is generally recognised that water vapour is the key factor to lead 

to the slow kinetics of Ni to NiO in low pO2 gas atmospheres [56, 101-103]. 

With the increase of the oxidation time, the volume fraction of the (Cr, Fe)3O4 spinel is supposed to 

increase and more metallic Ni would be dislocated to the specimen surface and converted to NiO. 

Meanwhile the volume fraction of the metal phase in the IOZ decreased and further Ni supply to the 

specimen surface slowed down.  

4.3 The effect nano-pores on mass transport in the IOZ 

As revealed in Fig. 5, many nanopores with a volume fraction ranging from 5% to 38% were observed 

in Layer-3 of Fe-21Cr-32Ni steel after 1500h reaction. Similar nano-pores were also observed in Fe-

17Cr-9Ni steel (Fig. 13). However, no such nanopores formed when only Ni and NiO on the surface 

after a short reaction time (Fig. S1). Clearly the volume expansion because of internal oxide formation 

squeezed Ni out of IOZ but still kept the IOZ dense. Increasing reaction time to 1500h, a thick Fe-rich 

oxide forms on the top of NiO layer which could be the main reason for void formation due to the fast 

outward migration of Fe ions through the oxide scale leading to significant vacancy condensation and 

void formation. 

The existence of pores with a micron or submicron scale in the inner oxide layer had been widely 

reported in ferritic-martensitic steels after exposure to high-temperature steam [15-17, 44, 70, 71], 

while the nano-sized pores were rarely reported, due to the limited characterization resolution. The 

formation of the nanopores in Fe-Cr-Ni alloys was supposed to be due to the water dissociation-

induced protons promoting the formation, migration, and clustering of both cation and anion vacancies 

in the oxides [70, 86]. The theory suggested in [70, 86] may also be utilized to explain the development 

of nanopores in the inner oxide layer of Fe-21Cr-32Ni steel.  

The size of the nanopores in the inner oxide layer of Fe-21Cr-32Ni steel ranged from 10 to 50 nm. The 

volume fraction of the nanopores in the inner oxide layer decreased from the original specimen surface 

to the oxidation front. This is supposed to be due to a shorter oxidation period in the deeper portion 

than that in the shallower region. The longer oxidation time in the shallow portion of the inner oxide 

layer could enable the formation, migration, and clustering of more vacancies.  

The high density of nanopores could work as fast-diffusion channels once they were interconnected. 

Water vapour can present as gas species within these voids to provide the necessary gaseous mass 

transport, facilitating inward oxygen diffusion [104-107]. This may explain why Ni in Layer-3 was 

mainly oxidized to form (Fe, Cr, Ni)3O4 (Figs. 5 and 6). It further demonstrates that the protectiveness 

of Layer-3 was poor, allowing significant amount of oxygen to go through and increasing oxygen 

chemical potential in this layer. It is worth noting that not all Ni in Layer-3 was oxidized, and metallic 

Ni networks was also observed in this layer, implying the variation of oxygen potential in the layer 

(Figs. 6).  
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Since Layer-4 was underneath Layer-3, it is reasonable to assume that the oxygen partial pressure in 

this layer was lower than in Layer-3. This hypothesis is supported by the observation that the oxides 

in this layer were (Cr, Fe)3O4 (Figs. 6 and 7), suggesting that the oxygen partial pressure in this layer 

was not high enough to oxidize Ni. Compared with the metallic Ni networks in Layer-3, the metallic 

Ni in Layer-4 mainly existed as isolated precipitates (Figs. 6 and 7). The content of metallic Ni in 

Layer-4 was lower than that in Layer-3 (qualitatively). This might be due to the Ni in this layer was 

expelled to the outside by the growth of (Cr, Fe)3O4 while the chromia layer prevent the supplementary 

of Ni from the underneath region. Although nanopores were also observed in Layer-4, the volume 

fraction is much lower than that in Layer-3. It was difficult for the low-density nano-cavities in Layer-

4 to be interconnected and working as fast-diffusion channels for the gaseous mass. It might be another 

reason why pO2 in Layer-4 was lower than that in Layer-3. 

In the study of the oxidation of F-M steels in high-temperature steam, it was generally reported that 

the inner oxide layer (the oxide under the original specimen surface) was mainly composed of nano-

sized equiaxed grains [2, 22, 44, 71]. During the oxidation process, the grain boundaries of these nano-

sized grains were thought to act as fast-diffusion circuits. However, the nano-sized grains were not 

observed in the inner oxide layer (Layer-3 and Layer-4) of Fe-21Cr-32Ni steel, and the oxides in 

Layer-3 and Layer-4 belonged to a same grain (Fig. 11). This grain appeared to have the same 

crystallographic orientation as the underneath unoxidized matrix grain (Fig. 11). This phenomenon 

was also observed in Fe-17Cr-9Ni steel, and it was explained to be due to the internal oxides (spinel) 

retaining the crystallographic orientation of the metal matrix [70]. This may also be the case for Fe-

21Cr-32Ni steel. The absence of the grain boundaries of the nano-sized grains in the inner oxide layer 

(Layer-3 and Layer-4) of Fe-21Cr-32Ni and Fe-17Cr-9Ni steels may suggest that its inner oxide layer 

might be more protective than that of the F-M steels, regardless of the Cr content and nanopores. 

4.4 The effect of Ni networks on elemental diffusion in the IOZ 

It is well-known that the elemental diffusion through the lattice of spinel is very slow if the spinel is 

defect free. Hence, the grain boundaries of the spinel usually work as fast-diffusion channels. The 

results in the present work show the existence of Ni networks in the inner oxide layer of Fe-21Cr-32Ni 

and Fe-17Cr-9Ni steels. Similar Ni networks were also observed in surface oxide scales by Zeng et al. 

[108] in the study of several Fe-Cr-Ni alloys after exposure to a mixed gas of H2+CO2+CO+H2O at 

593℃. These authors found that the Ni networks could work as fast-diffusion channels for carbon to 

transport through the oxide scales, resulting in a fast metal-dusting corrosion. Due to the relatively low 

pO2 in the inner oxide layer, Cr and Fe were preferentially oxidized while Ni was expelled to the 

surrounding region, resulting in the formation of Ni networks similar to that in [108]. Compared with 

the accelerated carbon in the Ni networks in [108], the inward diffusion of oxygen may also be 

accelerated through the Ni networks in comparison with through the spinel lattice, which could also 

decrease the protectiveness of the oxide scales. In addition, it was reported that the interfaces between 

the internal oxide and the metal matrix could also work as elemental fast-diffusion channels, which 

could further decrease the protectiveness of the oxide scales [109, 110]. 

4.5 The internal to external oxidation transition 

In the comparative study of the oxidation of 304 steel (Fe-17Cr-9Ni) and HR3C steel (Fe-25Cr-21Ni) 

in deaerated supercritical water at 600 C for 1500 h, the results show that 304 steel consistently 

sustained internal oxidation while HR3C was externally oxidized with a continuous outer Cr2O3 oxide 

scale [83]. For Fe-21Cr-32Ni steel in this work, no external Cr2O3 oxide scale formed on the outer 

surface. However, there was a thin chromia layer identified at the front of the IOZ (Fig. 11). This 
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observation indicates that this alloy was experiencing the transition from internal to external oxidation 

at the reaction front where Wagner’s criterion met. According to Wagner’s theory [111], the internal 

oxide precipitates would decrease the inward flux of oxygen. The inward flux of oxygen would be 

reduced further as the volume fraction of the internal oxide precipitates increased. When the inward 

flow of oxygen falls below a threshold value below which the inward diffusion of oxygen is slower 

than the outward diffusion of Cr, an internal to external oxidation transition occurs, leading to the 

growth of a Cr2O3 layer (Layer-5) at the oxidation front. The Cr in the Cr2O3 layer mainly came from 

the underneath metal matrix since significant Cr-depletion was observed in these regions (Figs. 1c and 

7c). This Cr2O3 layer could then work as a diffusion barrier and protect the underneath metal matrix 

from further oxidation [5, 83]. This internal to external oxidation transition is believed to contribute to 

the superior corrosion resistance of Fe-21Cr-32Ni steel in high-temperature steam, but it does not 

happen instantly, requiring more than 48h. 

The thicknesses of the oxide scales (excluding the outer oxide layer) grown on Fe-21Cr-32Ni steel, 

Fe-17Cr-9Ni steel [70], and HR3C steel [83] in 600 C high-temperature steam for 1500 h were ~7, 

~60, and ~0.5 µm, respectively. Because of the low content of Cr in Fe-17Cr-9Ni steel, the transition 

from internal to external oxidation did not occur during the oxidation period, leading to the growth of 

a much thicker oxide scale, compared with Fe-21Cr-32Ni steel. The observed internal to external 

oxidation transition in Fe-21Cr-32Ni steel suggests that the Cr content in this alloy has reached the 

marginal value for chromia layer formation. Compared with Fe-21Cr-32Ni steel, the oxide scale 

formed on HR3C was much thinner. These results suggest that the critical chromium concentration for 

an exclusive chromia formation should be in between the Cr contents of Fe-21Cr-32Ni steel and that 

of HR3C steel. If the content of Cr is as high as that in HR3C, the outward diffusion rate of Cr could 

be greater than the inward diffusion rate of oxygen at the beginning, which could completely prevent 

internal oxidation by forming a continuous outer surface Cr2O3 layer [83]. It is worth noting that the 

average grain size and the minor elements of the three alloys were different, which could also affect 

the high-temperature oxidation. Hence, the comparison between them can only be treated as qualitative. 

Although the Cr2O3 layer formed at the oxidation front has been widely reported by many researchers 

[5, 44, 56, 92, 101], the detailed microstructure of this diffusion barrier layer remains elusive due to 

the difficulties in obtaining a micro-to-nano scale of observation. The TKD analysis conducted in this 

study has clearly shown that the Cr2O3 layer was mainly composed of nano-grains that were neither 

equiaxed nor columnar, with some grains elongated along some specific orientations (Fig. 11e). 

Although there were also nano-sized grains of the Cr2O3 oxide formed at the outer surface of HR3C, 

they had columnar structure, preferentially oriented towards the outer surface [83]. This special 

orientation of the columnar grains might be because the side growth of the oxide grains is constrained 

by the surrounding oxide grains, while these constraints were much smaller in the direction towards 

the outside of the material. Since the Cr2O3 band in this study was formed inside the material, the 

constraints existed in all directions. Hence, if the constraint is the only factor affecting the morphology 

of the oxide grains, they should have an equiaxed shape. The morphology of the oxide grains observed 

in this study suggests that the morphology of the oxide grains of Cr2O3 band at the oxidation front may 

also be affected by some other factors, such as the crystallographic orientation of the parental matrix 

grains.  

The results in literature [28, 112, 113] show that the oxide grain boundaries could work as fast-

diffusion channels. The preferentially oriented Cr2O3 grains on the outer surface in [83] would lead to 

the formation of grain boundaries that were nearly perpendicular to the specimen surface, resulting in 

a shortest diffusion path. Compared with the outer Cr2O3 oxide scale in [83], the special Cr2O3 oxide 
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grains observed in the present study would increase the total length of the diffusion path, which 

increased the total time required for the diffusion species to go through the Cr2O3 layer. Hence, it is 

supposed that the Cr2O3 layer formed inside the material may have better protectiveness than that 

formed on the outer specimen surface. 

Apart from the Cr2O3 layer (Layer-5), there was a semi-continuous layer of SiO2 (Layer-6) at the metal 

matrix-Layer-5 interface. A similar SiO2 layer was also observed in Fe-20Cr and Fe-20Ni-20Cr 

containing Si in CO2-rich gas at 650 C [110], and Ni-20Cr-1Si after exposure to wet [114] and dry 

CO2 [115] at 700 C. It was reported that the SiO2 layer could significantly reduce the thickness of the 

internal oxide layer after 500 h of oxidation: ~14 µm in Ni-20Cr, but only ~4 µm in Ni-20Cr-1Si [116]. 

The formation of the SiO2 layer underneath the Cr2O3 band was because SiO2 was thermodynamically 

more stable at the low oxygen activity set by the Cr2O3-metal matrix interfacial equilibrium [116]. 

Given the similarities in the SiO2 layer identified in this study and in [113-116], it is reasonable to 

believe that the SiO2 layer in this study could also act as a diffusion barrier and decrease the oxidation 

rate of Fe-21Cr-32Ni steel. It is worth noting that the SiO2 layers in [113-116] were all reported to be 

amorphous, which may explain why the SiO2 layer in this study cannot be indexed by the TKD (Fig. 

11). 

4.6 The formation of a duplex outer oxide layer  

The morphology and chemical composition of the surface oxide scale grown on Fe-21Cr-32Ni steel 

after 1500 h were very different from that oxidized for 48 h. The metallic Ni layer formed after 48 h 

of exposure completely disappeared after 1500 h of exposure and was replaced by a duplex outer oxide 

layer: a NiO layer (Layer-2) and a NiFe2O4 layer (Layer-1). The formation of the NiO layer could be 

due to the longer time exposure, resulting in full oxidation of the initially formed metallic Ni layer. 

This hypothesis is supported by the observation that the metallic Ni layer had started to be oxidized 

after the early-stage oxidation (Fig. S1). Apart from the NiO layer, there was an outermost NiFe2O4 

layer (Layer-1) just above the NiO layer (Layer-2). This oxide layer was not observed at the early-

stage oxidation. It is supposed in this study that the outward diffusion of Fe would occur after the 

metallic Ni layer had been converted to NiO. Unlike pure Ni, NiO is a typical p-type metal-deficit 

semiconductor with high cation vacancies and positive holes which benefit for Fe ion diffusion [103]. 

Also as revealed in this work (Fig. 10), NiO in Layer 2 is very fine. The grain boundaries of the nano-

sized NiO (Fig. 10) could act as fast-diffusion channels [28, 117] and then facilitate the outward Fe 

ions diffusion through the NiO layer, resulting in the formation of the NiFe2O4 layer according to 

Equation (1) [50]: 

                                                        NiO + 2Fe + (3/2)O2 = NiFe2O4                                                  (1) 

In the study of the oxidation of Ni-20Cr-5Fe steel in wet CO2 at 700 C for 500h, a triplex outer oxide 

layer was observed on the original specimen surface, including an innermost metallic Ni layer, a 

medium NiO layer, and an outermost NiFe2O4 layer [92]. The formation of the NiO layer was also 

believed to be due to the oxidation of the innermost metallic Ni layer [92], and the outermost NiFe2O4 

layer formed according to Equation (1). 

The observation of the co-existence of NiO and NiFe2O4 in the same grains and the irregular interfaces 

between the two oxides in the present study (Fig. 10) further proves that the formation of the NiFe2O4 

layer was due to the consumption of the NiO layer. It is worth noting that the two oxides have a Face 

Centred Cubic (FCC) structure. Although their lattice parameters are different: 0.4195 nm in NiO [118] 

and 0.8359 nm in NiFe2O4 [119], they have similar atomic arrangements. The results in this study 
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show that it is possible for the two oxides to co-exist in the same oxide grains, due to their similar 

crystallographic structure and correlated lattice size. Although the atomic structure of the NiO-NiFe2O4 

interface is not examined in this study, a certain amount of stress at the interface can be expected, 

considering the lattice mismatches between the two phases, which might contribute to the oxide scale 

exfoliation after a longer time oxidation.  

5. Conclusions 

1. A 5-layered surface oxide scale was observed on Fe-21Cr-32Ni steel after exposure to steam at 600 ℃ 

for 1500 h. By comparing with the oxide scale formed after 48 h of exposure, it is shown that this steel 

was oxidized under the internal oxidation mechanism at the early stage of exposure. After a longer 

time of exposure, the oxidation mechanism transferred from internal oxidation to external oxidation. 

In comparison, the lower Cr content in Fe-17Cr-9Ni steel is not enough to support the formation of a 

continuous chromia layer at the oxidation front. Hence, the internal oxidation mechanism sustained 

during the whole period of exposure. 

2. Compared with Fe-17Cr-9Ni steel, the superior corrosion-resistance of Fe-21Cr-32Ni steel has been 

demonstrated to be mainly due to the formation of a continuous chromia layer, which could effectively 

block the inward diffusion of oxygen and the outward diffusion of metallic ions. The chromia layer 

was composed of nano-sized grains that were neither equiaxed nor columnar, with some grains 

elongated along some specific orientations. The special morphologies of the nano-sized grains could 

increase the total length of the diffusion paths and decrease the oxidation rate. The formation of a semi-

continuous silica layer at the oxidation front and the expulsion of metallic Ni onto the specimen surface, 

forming a continuous metallic Ni layer, are also believed to contribute to the superior corrosion-

resistance of this steel.  

3. The inner oxide layer of Fe-21Cr-32Ni and Fe-17Cr-9Ni steels were all nano-porous, which was 

supposed to be due to the outward Fe ions diffusion and water dissociation-induced protons promoting 

the formation, migration, and clustering of both cation and anion vacancies in the oxides. The volume 

fraction of the nanopores decreased in the direction towards the inside of the material. The high-volume 

fraction of nano-pores was believed to be able to act as fast-diffusion channels for gaseous mass 

transport in the IOZ. This is because Ni was always observed to be oxidized in the region where 

nanopores were enriched. 

4. Ni networks are observed in the IOZ of Fe-17Cr-9Ni and Fe-21Cr-32Ni steels. The formation of the 

Ni networks in the IOZ is believed to be due to the preferential oxidation of Cr and Fe resulting in the 

Ni expulsion. These Ni networks and the metallic Ni-oxide interfaces could work as fast-diffusion 

channels to accelerate cation diffusion. 
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