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Abstract 

The high-temperature corrosion behavior of type 310 heat-resistant steel used for superheater tubes in waste-to-energy boilers was 

investigated to determine the breakdown behavior of the protective Cr-rich oxide scale in the initial stages of corrosion by 

conducting ash-embedded corrosion tests using combustion ash collected from an actual boiler. The corrosion tests were 

performed in air at a specimen temperature of 460 °C and an atmospheric temperature of 685 °C. After 24 h, the specimen 

surfaces were entirely covered with brown corrosion products, but there was almost no mass loss. However, the corrosion mass 

loss increased after 60 h. After 1–12 h, the specimen surfaces were partially covered with brown corrosion products, but in other 

areas, the interference color or a yellow hue remained, where no breakdown had occurred. Examination of the cross-sectional 

microstructures of these breakdown-free areas revealed that a protective Cr-rich oxide scale was formed on the surface after 1 h of 

corrosion, and sodium ferrite was distributed on the surface of the Cr-rich oxide scale. Although the breakdown of the Cr-rich 

oxide scale was not complete, iron chloride formation occurred at the substrate subsurface under the Cr-rich oxide scale, and the 

latter was partially exfoliated from the substrate in SUS310S. Cl2 gas was also generated during the formation of sodium 

chromate. Therefore, despite the protective nature of the Cr-rich oxide scale, partial formation of chromate may cause chloride 

formation on the substrate followed by exfoliation of the scale. After scale breakdown, the Cl2 gas caused intergranular or 

localized internal corrosion, and when the internal corrosion had spread to some extent, the Cr-rich oxide scale was formed again. 

This cycle led to the corrosion of the heat-resistant steel. 
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Introduction 

The superheater tubes of waste-to-energy (WTE) boilers are exposed to very harsh environments that contain various corrosive 

gas species produced by the incineration of waste at high temperature. In addition, combustion ash containing alkali metal 

chlorides and heavy metal chlorides is always deposited on the surfaces of the superheater tubes, which also accelerates the 

surface recession of steels by high-temperature corrosion. Type 310 heat-resistant steel, which exhibits good corrosion resistance, 

is currently widely used for superheater tubes. 

In our previous study, the effect of temperature gradients in the deposited ash on the corrosion behavior of two austenitic heat-

resistant steels, namely, SUS310S and QSX5, was investigated by using the actual combustion ash obtained from a commercial 

WTE boiler [1]. The corrosion mass loss after 100 h at a specimen temperature of 460 °C with a temperature gradient in the 

deposited ash was found to be much greater than that under isothermal conditions. Both steels had formed a thin oxide scale under 

the isothermal conditions at 460 °C after 100 h, whereas a thick duplex oxide scale comprising an outer porous Fe-rich oxide and 

an inner multilayered Cr-rich oxide was generated under the temperature gradient conditions. Sodium was also detected in the 

inner multilayered oxide scale along with the Cr-rich oxide layers. X-ray diffraction (XRD) analysis confirmed the presence of 

sodium chromate, which indicated that the alkali metal chloride vapor reacted with the protective Cr-rich oxide scale to afford 

alkali metal chromates. This formation of alkali metal chromates by the reaction of alkali metal salt vapor with the protective Cr-

rich oxide layer was considered to be the main reason for the breakdown of the Cr-rich oxide scale. In the presence of a 

temperature gradient, the flux of the alkali metal chloride vapor toward the specimen should be greater owing to the higher driving 

force for gas-phase diffusion due to the higher vapor pressure of the alkali metal chlorides near the deposit surface compared with 

the specimen surface, thus accelerating the breakdown of the Cr-rich oxide scale. However, in our previous study, the early-stage 

corrosion behavior was not investigated in detail. 

The high-temperature corrosion behavior of heat-resistant steels often comprises two distinct stages: an initial incubation stage 

characterized by a protective effect, during which the corrosion rate is relatively slow, and a subsequent propagation 

(nonprotective) stage, during which the corrosion proceeds at a higher rate [2]. The breakdown of a protective oxide scale is one 

of the main factors precipitating this transition and the reaction of protective oxide scales with alkali metal salts has been 

investigated [3–11]. However, besides chromate formation, there may be another mechanism responsible for the breakdown of the 

protective oxide scale. In this study, the breakdown behavior of a Cr-rich oxide scale was examined. 

 

Experimental Procedures 

Specimen Preparation 

The corrosion tests were performed using sections cut from commercial austenitic heat-resistant SUS310S and QSX5 steel tubes 

with dimensions of 10 mm × 10 mm × 1 mm. All specimen surfaces were polished with SiC paper to 4000 grit and then finished 

with 3 µm diamond paste. Prior to the corrosion tests, the specimens were degreased by ultrasonication in acetone for 10 min. The 

nominal compositions of the heat-resistant steels are shown in Table 1. 
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Combustion Ash 

Tube side deposit ash [1] was used in this study. The ash composition analyzed by X-ray fluorescence (XRF) is shown in Table 2. 

The melting point of the ash was determined to be 519 °C by thermogravimetry/differential thermal analysis. 

 

Corrosion Tests 

Non-isothermal corrosion tests (i.e., with a temperature gradient in the deposit ash) were conducted in a horizontal tube furnace in 

air as described elsewhere [1]. The specimens were embedded in the combustion ash at a depth of 10 mm from the ash surface in a 

specimen holder. During the corrosion tests, the atmospheric temperature was set to 685 °C and the specimen temperature was 

maintained at 460 °C by cooling the specimen holder with a stream of steam. The specimen temperature of 460 °C was selected 

because the maximum steam temperature is 450 °C in some WTE plants, and the surface temperature of the superheater tubes is 

expected to be slightly higher. The temperatures of the reaction tube and specimen holder were monitored using thermocouples. 

The corrosion tests were conducted for various durations (1, 12, 24, 60, and 100 h). 

Two specimens of each type of steel, for observation of the corrosion products and measurement of the mass change, were always 

used in the corrosion tests. After each corrosion test, the corrosion products formed on one of the two specimens were removed by 

chemical treatment according to ISO 17248:2015(E), as shown in Table 3. The mass loss of this specimen was then calculated 

based on the measured masses before corrosion and after the removal of the oxide scale/corrosion products. The other specimen 

was mounted in epoxy resin and cut and polished under oil to prevent dissolution of the reaction products in water. The detailed 

microstructures of the corrosion products were examined by scanning electron microscopy (SEM; JEOL JSM-IT200). 

After corrosion for 1 or 12 h, the specimens were thinned using a focused ion beam (FIB; Hitachi FB-2100) at an accelerating 

voltage of 10 kV. Cross-sectional scanning transmission electron microscopy (STEM; Hitachi HD-2000) images were then 

recorded using an accelerating voltage of 200 kV. Energy-dispersive X-ray spectroscopy (EDS) was also used to examine the 

oxide scale formed in the early stage of corrosion. 

 

Results 

Surface Morphology of Corroded Specimens 

The appearances of the specimens after corrosion for 1, 12, 24, 60, and 100 h are presented in Fig. 1 (the images after 100 h were 

adapted from Ref. [1]). The arrows in Fig. 1 indicate the positions of the metal nails used to mount the specimens on the specimen 

holder, which were in contact with the specimen surface. Although it is difficult to judge from the images in Fig. 1, the 

interference color still remained on the surfaces of both the SUS310S and QSX5 specimens after 1 h of corrosion, but some areas 

were covered by brown corrosion products. These brown corrosion products covered a greater area on the SUS310S specimen 

than on the QSX5 specimen. After 12 or 24 h of corrosion, most of the surface was covered by bright brown corrosion products 

for both the SUS310S and QSX5 specimens. Following corrosion for 60 or 100 h, the surfaces of the steel specimens had become 
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very rough and were covered by bright brown and dark brown corrosion products [1]. In addition, yellow and green reaction 

products were observed with the combustion ash after 100 h. The combustion ash, which was white in color, was also found to be 

partially adhered to the corrosion products for most of the specimens. 

 

Corrosion Kinetics 

The corrosion kinetics of the steel specimens are plotted in Fig. 2. The corrosion mass loss remained minimal for at least 24 h then 

increased over time, indicating that the transition from the incubation stage to the propagation stage occurred between 24 and 60 h 

for both steels. The corrosion rate of SUS310S in the propagation (nonprotective) stage after scale breakdown was much higher 

than that of QSX5. 

 

Surface Morphology and Elemental Distributions after 1 and 12 h of Corrosion 

Figures 3 and 4 show the surface morphologies and EDS elemental distribution maps of areas where no thick layer of corrosion 

products was observed after corrosion for 1 and 12 h, respectively. After 1 h of corrosion, the specimen surfaces were smooth, and 

the deposition of salt particles with dark contrast was observed on the steel surfaces. The homogeneous distributions of Cr, Fe, and 

Ni suggested that a thin oxide scale was formed on these areas. After 12 h of corrosion, the smooth areas on both specimen 

surfaces were still covered by a relatively thin oxide scale, but the surfaces were also partially coated with iron and chromium 

chlorides as indicated by the arrows in Fig. 4. 

 

Cross-sectional Microstructures after 1 and 12 h of Corrosion 

Cross-sectional STEM images of the steel specimens after 1 h of corrosion are presented in Fig. 5. A thin continuous oxide scale 

of approximately 30–50 nm thickness was formed on both SUS310S and QSX5. This oxide scale was well adhered to the 

substrate in both cases. 

The cross-sectional STEM images of the specimens after 12 h of corrosion are shown in Fig. 6. A thick oxide layer was formed 

locally on the SUS310S specimen. This was found to be a duplex scale composed of an outer dense oxide layer and an inner 

porous oxide layer. The thickness of the oxide scale formed on QSX5 was not uniform, and penetration of the outer oxide layer 

into the deposit ash was observed. This oxide scale consisted of a dense outer oxide layer and a thin inner layer. 

 

Cross-sectional Elemental Distribution Maps after 1 and 12 h of Corrosion 

The distributions of each element in the oxide scale formed on SUS310S after 1 h of corrosion are shown in Fig. 7. These EDS 

mapping results confirmed the outer and inner layers to be composed of Fe-rich and Cr-rich oxides, respectively. Na was 

uniformly distributed in the outer Fe-rich oxide layer. Ca and Cl were also detected in the Fe-rich oxide layer, but neither Cl nor S 

was detected in the oxide scale, suggesting the formation of sodium ferrite, NaFe2O3, below the calcium chloride layer. Figure 8 

shows the elemental distribution maps of the oxide scale formed on QSX5 after 1 h of corrosion. The structure of the oxide scale 
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was the same as that formed on SUS310S, but the signal from Fe was considerably weaker. Na was also detected on the surface of 

the oxide scale, suggesting the formation of NaFe2O3 and/or NaCr2O4. Ca and Cl derived from the ash were also detected on the 

surface of the oxide scale, although no penetration of Cl and S into the substrate was observed after 1 h of corrosion.  

The elemental distribution maps for SUS310S after 12 h of corrosion are presented in Fig. 9. The outer dense oxide layer was iron 

oxide. Beneath this layer was a thin inner Cr-rich oxide layer. The porous inner scale was composed of Fe, O, and Cl, suggesting 

the formation of iron chlorides. Ni was not detected within the oxide layer but it was enriched in the subsurface region just below 

the inner Fe-rich oxide/chloride. The ash components Ca and K were not detected in the oxide scale, but Na was identified on the 

surface of the oxide scale in the Fe-rich oxide layer. Si appeared to be distributed just below the dense, continuous chromium 

oxide layer. Na was also detected in the W deposition with intensity comparable to that in the Fe-rich oxide scale because the 

energy of the Lα line of Ga (=1.098 keV), which was used in the FIB process, is close to that of the Na Lα line (=1.012 keV). Si 

was also detected in the W deposition owing to the similar energies of the Si Kα line (=1.739 keV) and W Mα line (=1.774 keV). 

Figure 10 shows the elemental distribution maps of the oxide scale formed on QSX5 after corrosion for 12 h. The oxide scale had 

a triplex structure composed of an outer Fe-rich oxide layer, a thin inner Cr-rich oxide layer, and a very thin innermost Si-rich 

oxide layer. Na was also detected in the Fe-rich oxide layer. Although Cl was detected at the scale/steel interface, the formation of 

iron chlorides was not observed in this mapping analysis. Ni was consistently enriched on the substrate surface. 

 

Cross-sectional Observations after 24, 60, and 100 h of Corrosion 

Cross-sectional microstructures after 24, 60, and 100 h of corrosion are shown in Fig. 11 (the images after 100 h were adapted 

from Ref. [1]). Both steels displayed a thin uniform oxide scale after corrosion for 24 h, which had partially exfoliated from the 

substrate. In addition, internal corrosion attacks had occurred along the grain boundaries in some areas for both steels. However, 

the internal corrosion of the QSX5 specimen was less pronounced than that of the SUS310S specimen. A very porous outer scale 

incorporating the ash had formed on the thin oxide scale in the areas where internal corrosion attack had occurred. After 60 h of 

corrosion, the scales formed on both steels displayed a duplex structure consisting of an outer porous layer and an inner thin layer, 

similar to those formed after 100 h of corrosion. A thick inner layer was formed in some areas on both steels, but this layer was 

thinner in the case of QSX5. In both steels, further evidence for internal corrosion attacks along the grain boundaries was observed 

beneath the inner scale. Although the depth of intergranular corrosion after 60 h was greater than that after 24 h, there was no 

further development of intergranular corrosion after 100 h. Both steels had undergone severe attack after 100 h of corrosion, with 

the formation of an inner multilayer structure consisting of Fe-rich and Cr-rich oxide layers. A porous outer Fe-rich oxide layer 

incorporating ash components was observed. As mentioned earlier, in our previous study we detected some Na in the inner scale 

along with chromium oxide, suggesting the formation of sodium chromate, which was confirmed by XRD. 

 

Elemental Distribution Maps of Internal Corrosion after 24 h of Corrosion 

Elemental distribution maps of the internal corrosion regions of SUS310S after 24 h are shown in Fig. 12. The porous outer scale 
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was composed of Fe, Cr, and O, suggesting the formation of iron and chromium chlorides. The Cr-rich oxide scale remained on 

the original substrate surface. Ni metal and chromium oxide were distributed in the internal corrosion regions below the Cr-rich 

oxide scale. Among the ash components, Na, S, and Ca were distributed in the outer scale, while Cl was distributed in the outer 

scale and internal corrosion regions. Figure 13 shows the elemental distribution maps of the internal corrosion regions of QSX5 

after 24 h. Cr-rich oxide with dark contrast was observed as an internal corrosion product. The ash components Ca, Na, K, and Cl 

were detected on the substrate surface but not at the tip of the internal corrosion region. Silicon oxide was observed on the surface 

of the substrate and within the internal corrosion region. 

 

Discussion 

Both SUS310S and QSX5 can form a protective Cr-rich oxide scale under oxidizing atmospheres such as air or oxygen, even at 

relatively low temperatures of approximately 400–500 °C [12, 13]. As shown in Figs. 2–5, protection against corrosion by the 

formation of a Cr-rich oxide scale during the early stage of the corrosion tests was observed even though the steel specimens were 

embedded in combustion ash and exposed to air. This protective stage persisted for up to about 24 h for both steels before the 

system transitioned to the nonprotective stage of corrosion. Because the corrosion rate of the SUS310S steel in the nonprotective 

stage was considerably higher than that of QSX5, it is important to discuss the corrosion behavior of heat-resistant steels in the 

nonprotective stage under the deposit-induced condition with a temperature gradient. However, we mainly discuss the transition 

from the protective stage to the nonprotective stage of corrosion in the following subsections. 

 

Breakdown of the Cr-rich Oxide Scale during the Initial Corrosion Stage 

After corrosion for 1 h, both specimens had formed a thin oxide scale possessing a duplex structure. The outer layer was 

composed of Fe-rich oxide and Na was also detected. The inner layer consisted of Cr-rich oxide and trace amounts of Na were 

detected in its outer part based on STEM analysis. These results suggest that alkali metal salts in the ash, especially NaCl, reacted 

with the initially formed oxide layers to generate NaFeO2 and/or Na2CrO4 according to reactions (1) and (2). Under the 

assumption that the initially formed Fe- and Cr-rich oxides were Fe2O3 and Cr2O3, the Gibbs free energies of formation (ΔG) for 

sodium ferrite (NaFeO2) and sodium chromate (Na2CrO4 ) in air (PO2 = 0.2 atm) were calculated to be −173 and −26 kJ, 

respectively. In these calculations, the vapor pressure of NaCl in the combustion ash (PNaCl = 3.5 × 10−9 atm) and chlorine 

potential in the atmosphere (PCl2 = 8.1 × 10−9 atm) at 460 °C calculated by FactSage were used. 

 

2FeଶOଷሺsሻ ൅ 4NaClሺgሻ ൅ Oଶ ൌ 4NaFeOଶሺsሻ ൅ 2Clଶ  (1) 

∆𝐺଴ሺ𝑇 ൌ 460℃ሻ ൌ െ335 kJ 

 

2/5CrଶOଷሺsሻ ൅ 8/5NaClሺgሻ ൅ Oଶ ൌ 4/5NaଶCrOସሺsሻ ൅ 4/5Clଶ  (2) 

∆𝐺଴ሺ𝑇 ൌ 460℃ሻ ൌ െ62 kJ 
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Thus, both products could be formed under the present conditions. However, the protective Cr-rich oxide layer still remained just 

above the substrate after 1 h of corrosion as shown in Fig. 5, and the corrosion progressed in the protective stage. 

After prolonged corrosion for 12 h, a porous Fe-rich oxide layer was formed below the Cr-rich oxide layer on SUS310S. Cl was 

also detected in the former layer, suggesting the generation of iron chloride beneath the protective Cr2O3 layer, which indicates 

that salts and/or Cl2 can penetrate as gaseous species through the Cr2O3 layer and/or the layers of alkali metal chromates and 

ferrites [1]. The formation of iron chloride below the protective Cr-rich oxide scale at 460 °C in air can be evaluated using 

reactions (3) and (4) under the assumption that the chlorine potential at the scale/substrate interface was the same as that in the 

gaseous atmosphere, PCl2 = 8.1 × 10−9 atm; that is, the Cl2 required for the formation of iron chloride was derived from the 

combustion ash. 

 

Feሺsሻ ൅ Clଶሺgሻ ൌ FeClଶሺsሻ  (3) 

2/3Feሺsሻ ൅ Clଶሺgሻ ൌ 2/3FeClଷሺsሻ  (4) 

∆𝐺ሺ3ሻ ൌ െ208kJ 

∆𝐺ሺ4ሻ ൌ െ127 kJ 

 

Thus, the Gibbs free energies of formation are negative for both reactions, which suggests that FeCl2 can be formed below the 

protective Cr2O3 scale at a lower oxygen potential, which was estimated as 7 × 10−43 atm in our previous study [1]. The formation 

of highly volatile iron chloride species resulted in detachment of the Cr-rich oxide scale from the substrate and loss of its 

protective effect, i.e., scale breakdown occurred. The iron chloride was oxidized to form a porous outer iron oxide scale at the 

outer part of the oxide scale with higher oxygen potential after the detachment of the protective Cr2O3 and produced chlorine. This 

process is referred to as active oxidation, which accelerates the corrosion/oxidation in the nonprotective stage of corrosion. 

The formation of sodium ferrite (NaFeO2) and sodium chromate (Na2CrO4) in reactions (1) and (2) also generates Cl2, which may 

contribute another source of Cl2 to penetrate the substrate through the protective oxide scale. The calculated chlorine potentials 

due to chromate formation and ferrite formation were PCl2_chromate = 3.4 × 10−7 atm and PCl2_ferrite = 7.2 × 10−7 atm, 

respectively. These chlorine potentials produced by reactions (1) and (2) are two orders of magnitude larger than those in the 

atmosphere. The formation of alkali metal chromates/ferrites further promotes the generation of iron chloride species. Thus, these 

processes were detrimental to the protectiveness of the oxide scale because they promoted its breakdown by producing a higher 

chlorine potential near the surface. The superior breakdown resistance of QSX5 may be attributable to its formation of a Si-rich 

oxide layer as shown in Fig. 10. However, further investigation is necessary to clarify the effect of this layer on the scale 

breakdown behavior. 

 

Corrosion Behavior after Transition to the Nonprotective Corrosion Stage 
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After 24 h of corrosion, the surfaces of both steels were covered with brown corrosion products as shown in Fig. 1. However, the 

mass loss of both steels remained low up to this point because the majority of the surface was still covered by the protective oxide 

scale (Fig. 11a). By this time point, deep but localized regions of internal corrosion had formed. These regions had become more 

extensive by 60 h. Above the internal corrosion regions, a thick outer porous oxide scale composed of Fe-rich oxide incorporating 

ash particles had also formed. Relatively strong Cl and Ni signals were detected in the internal corrosion regions, which suggested 

the formation of nickel chloride. The Fe and Cr in the steel evaporated as chlorides, which resulted in the enrichment of Ni in the 

surface of the steel. In these regions with a high Ni content, chlorination of the Ni occurred, which may have accelerated the 

growth of the internal corrosion regions. 

The internal corrosion regions formed in QSX5 were much thinner than those in SUS310S. The formation of SiO2 on the surface 

and along the grain boundary corrosion regions was observed after 24 h (Fig. 13). Ni enrichment in the subsurface region was not 

observed for QSX5, suggesting that the SiO2 layer could prevent the penetration of chlorine that may have been responsible for 

the breakdown of the protective Cr2O3 scale via the formation of iron chloride. 

 

Corrosion Evolution Diagram 

Figure 14 presents a schematic diagram illustrating the breakdown of the Cr-rich oxide scale during the early stage of corrosion. 

After 1 h, a molten region was formed at the surface of deposit, and the alkali metal salt vapor diffused in the solid region of 

deposit to the specimen surface (Fig. 14a). At this point, although sodium ferrite was formed by the reaction between the Fe-rich 

oxide and NaCl vapor, the protective Cr-rich oxide scale remained on the specimen surface. Alongside the formation of the 

sodium ferrite, Cl2 gas was generated. After 12 h of corrosion, sodium chromate also started to form via the reaction between the 

alkali metal salt vapor and the Cr-rich oxide scale. The Cr-rich oxide scale then became exfoliated from the steel surface following 

the formation and volatilization of the iron chloride (Fig. 14b). After 24 h, the protective effect of the Cr-rich oxide scale had 

mostly been lost owing to expansion of the exfoliated area, and further chlorination continued below the now-exfoliated Cr-rich 

oxide scale. The specimen was corroded by active oxidation (Fig. 14c). The Cr-rich oxide scale could then be re-formed because 

of the sufficiently high Cr content in the alloy subsurface region due to the Fe consumption via chlorination. The repetition of 

these processes allowed the corrosion to proceed. 

 

Conclusions 

The breakdown behavior of the protective Cr-rich oxide scale on heat-resistant steels embedded in combustion ash containing 

alkali metal chlorides during the early stage of corrosion in air was investigated. The obtained results can be summarized as 

follows: 

1) The specimen surface featured a relatively thick layer of corrosion products after 1–12 h of corrosion, although most of the 

specimen surface was covered by a protective Cr-rich oxide scale. After 24 h of corrosion, a thick outer porous Fe-rich oxide 

scale was generated above the Cr-rich oxide scale in the areas where internal corrosion attack occurred. The internal corrosion 
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regions became more extensive with increasing corrosion time. The transition from the protective stage to the nonprotective 

stage occurred after 24 h of corrosion, and no clear difference with respect to the time needed for this transition was observed 

between QSX5 and SUS310S. 

2) The formation of sodium ferrite and sodium chromate in the protective oxide scale was observed. However, no chlorides or 

sulfides were detected on the steel surfaces.  

3) After 12 h of corrosion, a porous iron oxide/chloride layer was formed below the protective Cr-rich oxide scale on 

SUS310S. Although the formation of iron oxide/chloride was not confirmed on QSX5, Cl was detected at the scale/steel 

interface, suggesting that chlorine could penetrate the protective oxide scale. The formation of alkali metal ferrites and 

chromates increased the local Cl2 potential, which may have further promoted the penetration of chlorine through the oxide 

scale. Thus, reactions between the protective oxide scale and salt vapors could be one of the factors contributing to the 

breakdown of the oxide scale. 

4) After the breakdown of the protective Cr-rich oxide scale, an internal region of corrosion products mainly consisting of 

nickel chloride was formed. The area of the internal corrosion region increased over time. The effect of interactions with 

chlorine appeared to promote the growth rate of the inner layer. The formation of a SiO2 layer on QSX5 may have inhibited 

the penetration of chlorine through the oxide scale. 
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Fig. 6 STEM images after 12 h of corrosion: (a) and (b) SUS310S, (c) and (d) QSX5 

Fig. 7 Elemental distribution maps of SUS310S after 1 h of corrosion 

Fig. 8 Elemental distribution maps of QSX5 after 1 h of corrosion 

Fig. 9 Elemental distribution maps of SUS310S after 12 h of corrosion 

Fig. 10 Elemental distribution maps of QSX5 after 12 h of corrosion 

Fig. 11 Cross-sections after the corrosion tests: (a) and (a’) SUS310S for 24 h, (b) and (b’) SUS310S for 60 h, (c) SUS310S for 

100 h, (d) and (d’) QSX5 for 24 h, (e) and (e’) QSX5 for 60 h, and (f) QSX5 for 100 h 

Fig. 12 Elemental distribution maps of SUS310S after 24 h of corrosion 

Fig. 13 Elemental distribution maps of QSX5 after 24 h of corrosion 

Fig. 14 Schematic image of corrosion behavior before the breakdown of the protective Cr-rich oxide scale  
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Fig. 1 Surface observations of the specimens after the corrosion tests
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Fig. 2 Corrosion kinetics
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Fig. 3 Surface morphologies and elemental distribution maps after 1 h of corrosion:(a) SUS310S, (b) QSX5
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Fig. 4 Surface morphologies and elemental distribution maps after 12 h of corrosion: (a) SUS310S, (b) QSX5 
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Fig. 5 STEM images after 1 h of corrosion: (a) and (b) SUS310S, (c) and (d) QSX5
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Fig. 6 STEM images after 12 h of corrosion:  (a) and (b) SUS310S, (c) and (d) QSX5
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Fig. 7 Elemental distribution maps of SUS310S after 1 h of corrosion
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Fig. 8 Elemental distribution maps of QSX5 after 1 h of corrosion
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Fig. 9 Elemental distribution maps of SUS310S after 12 h of corrosion

O Cl S

Na K Ca

Fe Cr Ni

Si

200 nm

W deposition
C deposition

W depositionW deposition

Fe‐rich  oxide scale + Na

Cr‐rich oxide scale

Ni enrichment

Porous Fe oxide + Cl Porous Fe oxide + Cl 

Porous Fe oxide + Cl 

Fe‐rich  oxide scale + Na

Dense Si



Fig. 10 Elemental distribution maps of QSX5 after temperature gradient corrosion test for 12 h
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Fig. 11 Cross-sections after the corrosion tests: 
(a) and (a’) SUS310S for 24 h, (b) and (b’)  SUS310S for 60 h, (c) SUS310S for 100 h,
(d) and (d’) QSX5 for 24 h, (e) and (e’) QSX5 for 60 h, and (f) QSX5 for 100 h
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Fig. 12 Elemental distribution maps of SUS310S after 24 h of corrosion
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Fig. 13 Elemental distribution maps of QSX5 after 24 h of corrosion
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Fig. 14 Schematic image of corrosion behavior before the breakdown of protective Cr-rich oxide scale
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Table 1 Chemical compositions of the superheater tube materials (nominal in mass %) 

 Si Mo N Cr Ni Fe 

SUS310S ≦1.50 ー ー 24.0～26.0 19.0～22.0 Bal. 

QSX5 2.50～3.50 1.00～2.00 0.042 24.0～26.0 22.0～25.0 Bal. 

 

  



Table 2 Tube side ash composition determined by XRF (in mass%) 

 Ca O Cl K Si S Na Al Ti Fe Mg Zn C Pb 

tube side 20.7 19.0 31.3 9.5 1.8 2.9 9.6 1.5 0.7 0.5 0.7 0.6 0.0 0.05 

 

  



Table 3 Chemical treatment procedure based on ISO 17428:2015(E) 

 Chemical agents Time (min) Temperature 

Step 1 
90 g of sodium hydroxide (NaOH) 15 g of potassium 

permanganate (KMnO
4
) distilled water to make 500 ml 

30 Boiling 

Step 2 
50 g ammonium citrate ((NH

4
)

2
C

2
H

6
O

7
) distilled water to make 

500 ml 
30 Boiling 

 

 


