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Abstract
The effect of a temperature gradient associated with ash deposition on the high-tem-
perature corrosion behavior of heat-resistant steels used for super-heater tubes in a 
waste-to-energy (WTE) boiler plant was investigated by conducting ash embedded 
corrosion tests using combustion ash from the actual boiler. The ash-embedded cor-
rosion test was carried out under two conditions: (1) an isothermal corrosion test at 
460 °C, and (2) a temperature-gradient corrosion test with a specimen temperature 
of 460  °C; and an atmospheric temperature of 685  °C in air. The corrosion mass 
loss was found to be much greater under higher atmospheric temperatures where the 
same specimen temperature was maintained than under the same atmospheric tem-
peratures where the specimen temperature was kept at a constant 460 °C. Cross-sec-
tional observations of the ash after the temperature gradient corrosion test revealed 
that the alkali salt mixture was melted in the region above the melting point of the 
ash, however, no penetration of the melt reaching to the specimen surface was con-
firmed, suggesting that the corrosion was produced by a gas–solid reaction. Thus, 
the faster corrosion kinetics of the heat-resistant steels under an ash deposit with a 
temperature gradient can be attributed to breakdown of an initially formed protec-
tive Cr-rich oxide scale by a reaction with a vapor of alkali salts to form less protec-
tive alkaline chromates. The difference in the potentials of the alkali salt across the 
ash deposit due to the temperature gradient could be the driving force that increases 
the flux of the alkali salts toward the specimen surface, which accelerates the forma-
tion of chromates and the rate of breakdown of the protective Cr-rich oxide scale.
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Introduction

Waste power generation and biomass power generation play an important role in 
energy supply. Due to a reduction in the power generated by fossil fuel combus-
tion, the importance of WTE plants is now increasing. Higher steam tempera-
ture is one of the crucial requirements to increase the efficiency of WTE plants. 
However, the steam temperature in current WTE plants is much lower than that 
in fossil fuel power plants because of the high-temperature corrosion of compo-
nents used in the boiler. Super-heater tubes used in waste incineration plants are 
exposed to extremely corrosive environments, which contain corrosive gas. Com-
bustion ash, which contains alkaline salts and heavy metal salts, also accelerates 
corrosion through deposition on the surface of super-heater tubes during service. 
In such a severely corrosive environment, various coatings are used to protect the 
super-heater tubes of WTE plants, which are typically made from Type 310 heat-
resistant steel [1–4].

It is well known that enhanced oxidation degradation, so called active oxi-
dation, occurs on oxidation resistant alloys in chlorine-containing atmospheres 
due to simultaneous oxidation and chlorination reactions within the oxide scale 
when chlorine penetrates the oxide scale to the metal/oxide scale interface. Under 
“active oxidation,” metal chlorides generated by chlorination of a metal substrate 
or oxides within the oxide scale where the oxygen potential is sufficiently low are 
oxidized to form a very porous, sponge-like oxide scale that is less protective. 
Once active oxidation takes place, rapid corrosion continues to progress even 
if chlorine is not continuously supplied from the gas atmosphere. This situation 
accelerates the oxidation/corrosion of alloys [5–7].

An external chromium oxide (Cr2O3) has the ability to protect steel against 
chlorination atmospheres to some extent. However, over the long term, it loses 
its protective function. While the routes by which chlorine penetrates the metal/
oxide scale interface still require elucidation, one route has been reported to be 
via cracks and pores in the Cr oxide scale [4]. Moreover, it has also been shown 
that in a harsh environment characterized by high gas and steam temperatures, the 
protective Cr oxide scale is destroyed by corrosive factors, such as alkali chlo-
rides. Alkali chlorides have also been reported to form alkali chromates by react-
ing with Cr2O3 scale, which also decreases the protective ability of the Cr-rich 
oxide scale. [8–14]

Under the operational conditions of the boiler, heat-resistant steels used for 
super-heater tubes are exposed to an extremely corrosive environment containing 
several corrosive gas species such as HCl, SO2, O2, H2O, and CO2. The combus-
tion ash, which is mainly composed of various salts, deposited on the surface of 
tubes is also known to accelerate corrosion [15]. Many studies have evaluated the 
corrosion behavior of heat-resistant steels and alloys in various ash embedding 
conditions, however, “most these studies were conducted as a crucible test,” in 
which the samples were embedded in the ash or various salt mixtures in a crucible 
and exposed isothermally to different temperatures. In an actual boiler, because of 
differences in the temperatures in the atmosphere and steam, a large temperature 
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gradient exists across the ash deposited on a super-heater tube. Reports show that 
this temperature gradient accelerates the corrosion [16]; however, the role of the 
temperature gradient on the corrosion behavior of heat-resistant steels and alloys 
is yet to be fully clarified. In this study, corrosion tests were conducted using 
combustion ash collected from an actual super-heater tube, and the effect of the 
temperature gradient in the ash on the high-temperature corrosion behavior of 
steels was investigated.

Experimental Procedures

Sample Preparation

Specimens for corrosion tests were cut from commercial SUS310S and QSX5 steel 
tubes into 10 × 10 × 1  mm coupons. All specimen surfaces were polished with a 
SiC paper up to 4000 grits and finished with a 3 µm diamond paste. Before corro-
sion tests, the specimens were ultrasonically degreased and cleaned in acetone for 
10 min. Nominal compositions of the steels used are shown in Table 1.

Combustion Ash

In this study, combustion ash deposited on the surface of super-heater tubes in an 
actual waste incineration boiler was used in the corrosion tests. Figure 1 shows a 

Table 1   Chemical composition of super-heater 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

Fig. 1   Schematic cross section 
of combustion ash deposited on 
super-heater tube

super-heater tube

gas side ash

tube side ashGas Flow
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schematic cross section of the combustion ash deposited on a super-heater tube, and 
Table 2 shows the composition of the combustion ash sampled at different depths 
of the deposit by XRF (X-ray fluorescence). The alkali chloride content in the tube 
side ash was much higher at 31.3 mass% in comparison with the gas side ash at 11.4 
mass%. Conversely, the oxide content in the gas side ash was higher than that in the 
tube side ash. Of these ash samples, the tube side ash, which was rich in alkali salts 
and highly corrosive, was used for the corrosion tests. The melting point of the tube 
side ash was confirmed by TG–DTA to be 519 °C.

Corrosion Tests

Corrosion tests were performed in a furnace in air for 100  h. Tests were con-
ducted either isothermally, where the atmosphere and specimens were set to the 
same temperature, or non-isothermally, i.e., the temperature of the atmosphere 
was set higher than that of the specimens. The isothermal corrosion tests were 

Table 2   Ash composition by XRF (in mass%)

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

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 2:1:1
gas side 28.6 34.3 11.4 3.0 3.8 3.6 2.6 3.6 1.6 1.2 1.5 0.7 2.3 0.03 10:1:1

Heater

Boiler

Water inlet

Quartz tube

Steam inlet

Steam outlet

Cooling holder

Specimen

Ash

Furnace

Air

(b)

(a)
Furnace

10mm

Air

SpecimenCrucible

10mm
Ash

Fig. 2   Schematic of corrosion equipment: a isothermal corrosion test, b temperature gradient corrosion 
test
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performed in a box furnace at 460 °C, as illustrated in Fig. 2(a). The specimens 
were embedded in the ash at a depth of 10 mm from the ash surface in an Al2O3 
crucible. The non-isothermal corrosion tests were performed in an open horizon-
tal tube furnace, as illustrated in Fig. 2(b). The specimens were embedded in the 
ash at a depth of 10 mm from the ash surface in the specimen holder and cooled 
by feeding steam into the specimen holder. During corrosion tests, the tempera-
ture of the atmosphere was set to 685  °C and that of the specimens was set to 
460 °C. The temperature was monitored by thermocouples inserted in the reac-
tion tube and the specimen holder.

At least two specimens of each type of steel underwent corrosion in each 
corrosion test. After the corrosion test, corrosion products formed on the one 
of the two specimens were removed by chemical treatment according to ISO 
17248:2015E (see Table 3). The mass change of each specimen was evaluated by 
measuring the mass of specimens before corrosion and after the removal of oxide 
scale/corrosion products by chemical treatment. The other specimen was mounted 
in epoxy resin, then cut and polished using oil in order to prevent dissolution 
of reaction products in water. The cross section of the specimens was examined 
by scanning electron microscopy (SEM, JEOL JSM-IT200) with an accelerating 
voltage of 15 kV and electron probe micro-analyzer (EPMA, JEOL JXA-8530F) 
with an accelerating voltage of 15 kV to determine the microstructure and ele-
mental distribution of the corrosion products. The specimens were also analyzed 
using X-ray diffraction (XRD; Rigaku SmartLab) to confirm the structural phases 
of the corrosion products. The XRD patterns were measured in Bragg–Brentano 
geometry using Cu-kα1 radiation (λ = 1.5405 nm) in the range of 20° – 90° with 
a step size of 0.01 and 4 s per step. The analysis of XRD profiles was performed 
using QualX2 software with the POW_COD database for phase identification. In 
order to confirm the distribution of alkaline chlorides in the ash after the temper-
ature gradient corrosion test, ash cross sections, which were non-heated or heated 
at 685 °C in a crucible with a lid for 2 h, and after a temperature gradient corro-
sion test for 100  h, were analyzed by SEM and energy dispersive spectroscopy 
(EDS). The temperature distribution in the ash was also measured using K-type 
thermocouples inserted in the ash at different depths (1, 3 and 7 mm) from the 
specimen surface.

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 
(KMnO4) distilled water to make 500 ml

30 Boiling

Step 2 50 g ammonium citrate ((NH4)2C2H6O7) distilled water to make 
500 ml

30 Boiling
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Results

Surface Morphology of Specimens After Corrosion

Figure  3 shows the surface appearance of the specimens after undergoing corro-
sion for 100 h. After the isothermal corrosion test, localized areas of the specimen 
surface changed to a bright brown color, and the metallic regions with interference 
color remained in other areas. In addition, the bright-brown corroded areas appear to 
extend around those places where ash had accumulated. On the other hand, after the 
temperature gradient corrosion test, the corroded areas extended over the entire sur-
face of the specimens with the corrosion products appearing as a dark brown color. 
Yellow and green colored reaction products can also be locally observed on the dark 
brown colored corrosion products combined with the white ash. These corrosion 
products are presumed to be Fe-rich oxides and Ca chromate, as described below.

Corrosion Mass Change

Figure 4 shows the mass loss of specimens after undergoing corrosion for 100 h. 
The corrosion mass loss of both steels was small in the isothermal corrosion 
test, but the mass loss of SUS310S tended to be greater than that of QSX5. How-
ever, in the temperature gradient corrosion test, it is obvious that the corrosion 
mass loss of SUS310S was much greater than that of QSX5, and the corrosion 

0.2mm

(a) (b)

(c) (d)

Fig. 3   Surface observations of specimen after corrosion for 100 h: a SUS310S after isothermal corro-
sion test, b QSX5 after isothermal corrosion test, c SUS310S after temperature gradient corrosion test, d 
QSX5 after temperature gradient corrosion test
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mass loss of both steels was more than 10 times greater than that which occurred 
during the isothermal corrosion test. This finding indicates that the temperature 
gradient in the ash accelerates the corrosion rate even though the specimen tem-
perature is the same.
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Fig. 4   Mass loss after corrosion for 100 h
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Fig. 5   Cross sections after corrosion for 100 h: a SUS310S after isothermal corrosion test, b QSX5 after 
isothermal corrosion test, c SUS310S after temperature gradient corrosion test, d QSX5 after tempera-
ture gradient corrosion test
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Cross‑Sectional Observation and Analysis of Specimens After Corrosion

Figure 5 shows the cross sections of the specimens after corrosion for 100 h. A thin 
oxide scale formed on part of the specimen surface, but no penetration of corrosion 
products into the specimen can be observed following the isothermal corrosion test 
as shown in Figs. 5(a), (b). However, almost the entire surface of both specimens 
became covered by a thick oxide scale following the temperature gradient corrosion 
test. Significant inward attack by can be observed in SUS310S and the surface of 
the specimen became very rough due to local penetration of corrosion products, as 
shown in Fig. 5(c). However, such penetration of corrosion products was not clearly 
evident on the QSX5 specimen as shown in Fig.  5(d). This finding suggests that 
QSX5 has higher resistance to corrosion than SUS310S under the corrosion condi-
tions present in this test.

Figure 6 shows enlarged cross sections of the specimen following the temperature 
gradient corrosion test for 100 h. The scale structure was similar for both steels, and 
the scale formed on the steels can be divided into two parts. The outer part of the 
oxide scale is very porous, and the ash has been incorporated into the oxide scale. 
The inner part of the oxide scale has a layer-by-layer structure and appears to pen-
etrate into the alloy substrate.

substrate

resin
outer scaleash

inner scale

50 μm

200 μm

(d)

(e)

200 μm

50 μm

20 μm 20 μm

substratesubstrate

substrate

resin outer scale
ash

inner scale

(a)

(b)

(c) (f)

Fig. 6   Cross sections after temperature gradient corrosion test for 100 h: a, b and c SUS310S, d, e and f 
QSX5
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Figure  7 shows an electron probe micro-analyzer (EPMA) map of each ele-
ment in the oxide scale that formed on the SUS310S specimen after the tempera-
ture gradient corrosion test for 100 h. Although chlorine was detected over a wide 
area in the oxide scale, this might be due to contamination from the remaining 
ash and which occurred during polishing by oil. The regions where a strong chlo-
rine signal was detected mainly corresponded to the ash, thus it was difficult to 

O K Na

Cl Si Cr S

Fe Ca Ni Mo
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200μm
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200μm
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Fig. 7   Elemental distribution maps of the cross section of SUS310S after temperature gradient corrosion 
test
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Fig. 8   Elemental distribution maps of the cross section of QSX5 embedded in the tube side ash after cor-
rosion
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confirm chloride formation in the corrosion product based on this EPMA analy-
sis. The outer porous oxide scale mainly consisted of an Fe-rich oxide and Cr 
is also detected in the Fe-rich oxide scale. The inner scale with a layer-by-layer 
structure mainly consisted of Cr-rich oxide but Ni + Fe oxides were also detected. 
Ca, K and Na were found not only in the ash but also in the areas of Cr oxide in 
the outer and inner oxide scale, suggesting that alkaline chromates had formed. 
Figure  8 shows the EPMA maps of each element in the oxide scale formed on 
the QSX5 specimen after the temperature gradient corrosion test for 100 h. The 
outer porous oxide scale consisted of mainly Fe-rich oxide, which contains a rela-
tively high Ni content. Cr oxide was also observed locally below the outer Fe-rich 
oxide scale. Ca and Na were also detected in the inner Cr-rich oxide scale. K was 
mainly detected in the ash area. The inner scale with a layered structure mainly 
consisted of Cr-rich oxide, but Fe, Ni, Mo, and Si were also detected. Indistinct 
chlorine distribution in the oxide scale in Fig. 8 could be also due to contamina-
tion during specimen preparation as mentioned above.

Characterization of Corrosion Products by XRD

Figure  9 shows X-ray diffraction patterns of the SUS310S and QSX5 speci-
mens after the temperature gradient corrosion test for 100 h. In the case of the 
SUS310S, γ-Fe from the substrate, Fe2O3, and Cr2O3 were identified from the 
main scale component, and Na, and Ca chromates, which were confirmed by 
EPMA, were also identified but K chromate was not detected. γ-Fe, Fe2O3, Cr2O3, 
Ca chromate, and the ash components NaCl, and KCl were also identified in the 
QSX5 specimen; however, Na and K chromates were not found even though they 
were detected by EPMA. It is possible that the amounts of those corrosion prod-
ucts formed on the QSX5 specimen were too small to be detected by conventional 
XRD.

Fig. 9   X-ray diffraction profiles of SUS310S and QSX5 after 100 h of temperature gradient corrosion
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Cross‑Sectional Observation and Analysis of Ash

Figure 10 shows cross sections of the ash. The first (a) shows a non-heated cross 
section, the second (b) after being heated in a crucible with a lid at 685 °C for 2 h, 
and the third (c) after the temperature gradient corrosion test for 100  h. The ash 
before heating consisted of different sized particles and components with bright con-
trast were dispersed in the particles. After heating at 685 °C for 2 h, the ash became 
dense due to partial melting. As shown in Fig. 11, the Cl concentration in the heated 
ash was increased to about 41%, which is higher than that of that non-heated ash, 

(a)

(b)

(c)

Fig. 10   Ash cross sections: a non-heating, b after heating with lid at 685 °C in air c after temperature 
gradient corrosion test

Fig. 11   Cross-sectional 
concentration distribution of 
ash by EDS after temperature 
gradient corrosion test. (1) Cl 
concentration at 685 °C with lid 
for 2 h, (2) Cl concentration on 
non-heating
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25.5%, which might be due to densification of the ash. The ash cross section after 
the temperature gradient corrosion test showed a three-layered structure in the depth 
direction. In region 1 on the specimen side (bottom), the ash contrast was bright and 
porous, but the ash became dense in region 2, which was similar to heated ash at 
685 °C for 2 h, and bright contrast precipitates were present. The ash in the region 3 
(atmospheric side) was porous and similar to that of non-heated ash. Figures 11 and 
12 show the concentration distributions of Ca, Na, K, and Cl and the temperature 
distribution of the ash in the depth direction after the temperature gradient corrosion 
test. The concentration of K, Na, and Cl is highest in region 2. The Cl concentration 
in regions 2 and 1 was higher than that of non-heated ash. However, the concen-
trations of Na, K, and Cl in region 3 gradually decreased toward the ash surface. 
Because the concentration of Ca was almost constant across the ash deposition, most 
of the alkali salts diffused from the melted region 2 as a vapor in both the surface 
and bottom directions. The vapor of salts diffused to the ash surface should be lost 
to the atmosphere during a corrosion test. However, the vapor of alkali salts dif-
fused inwardly to the bottom side, the temperature of which is lower than the melt-
ing point, and this might contribute to the acceleration of the steel corrosion rate.

Discussion

 Breakdown of the Protective Cr2O3 Scale

The corrosion mass change of both steels as a result of the temperature gradient 
corrosion test was much larger than that by the isothermal corrosion test. Both 
steels formed a very thin oxide scale after the isothermal corrosion test. However, 
the steel surface was covered by a thick and porous duplex oxide scale when the 

Fig. 12   Temperature distribu-
tion of the ash during tempera-
ture gradient corrosion test
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steels were exposed to the ash with a temperature gradient. Since the temperature 
of the specimens was kept at 460 °C, which is lower than the melting point of the 
ash in both corrosion tests, steels were corroded by corrosive gas species with the 
same oxygen, chlorine, and salt potentials. Therefore, the temperature gradient 
in the ash in which the specimen was embedded has a potent effect on accelerat-
ing corrosion. The thick corrosion products formed after the temperature gradi-
ent corrosion test consisted of an outer scale of Fe-rich oxide incorporating ash 
components and an inner scale of Cr-rich oxide which was a layer-by-layer struc-
ture. It has been reported that SUS310S and QSX5 steels form a protective Cr2O3 
scale in air and O2 [15]. In the present study, a thin protective Cr-rich oxide scale 
was also confirmed to form locally after 100 h of corrosion when the steels were 
exposed in an isothermal corrosion test. Although a short-term oxidation test was 
not conducted in this study, it is reasonable to assume that a protective Cr-rich 
oxide scale was formed on both steels during the initial stage of corrosion. Then 
the initial protective corrosion behavior transitioned to a less protective corro-
sion behavior once the protective Cr-rich oxide scale was converted to corrosion 
products that were less protective. This transition behavior can be observed from 
the surface appearance shown in Figs. 3(a) and (b) that the interference-colored 
area with thin oxide scale regions changed to a bright-brown colored region. It is 
assumed therefore that the temperature gradient in ash shifts this transition time 
to a shorter corrosion time.

Figure 13 shows phase stability diagrams of Fe–Cl–O, Cr–Cl–O, and Ni–Cl–O 
at 460 °C. Fe, Cr, and Ni in Fig. 13 were calculated from the activity of those ele-
ments in the Fe–25Cr–20Ni alloy using FactSage software. The chloride region in 
the figures includes a gas phase having a vapor pressure of 10–4 atm or more. The 
equilibrium chlorine potential when the combustion ash was held at 460 °C in the 
air is given by Formula (1) from the calculation using the FactSage software.

Fig. 13   Quasi-stability diagram for the Fe-25Cr-20Ni system at 460 ℃ with aFe = 0.62, aCr = 0.28, 
aNi = 0.11, PO2 = 0.2 atm
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On the assumption that a Cr2O3 scale was formed initially, the oxygen potential at 
the scale/metal interface decreases to PO2 = 10–44 atm according to Formula (2) with 
the Cr activity, aCr = 0.28.

The free-energy changes in chloride formation for each element given in Formu-
las (3)–(6) calculated with the chlorine potential in Formula (1) and the activities of 
the elements in the alloy under the assumption that the chlorine potential across the 
Cr2O3 scale does not change significantly [15]. All metal components can be chlo-
ridized under a low oxygen potential below the Cr2O3 oxide scale.

The formation of chlorides at the scale/steel interface can cause the protective 
Cr2O3 scale to peel off due to loss of contact between scale and alloy, so one of the 
main factors that reduces the protectiveness of the Cr2O3 scale is scale exfoliation. 
In fact, some exfoliation was observed on a thin oxide scale formed on the specimen 
surface after the isothermal corrosion test as shown in Fig. 5. However, visible inter-
nal chlorination was not observed in either type of steel. Because no Cr depleted 
region was observed in the subsurface region of steels from the EPMA mapping, 
even if such scale exfoliation occurs, Cr-rich oxide scale can reform in the region 
where the exfoliation occurs. In addition, with this model there is no clear explana-
tion that the temperature gradient in the ash accelerated the spallation of the protec-
tive oxide scale. Thus, scale exfoliation/spallation due to the formation of chlorides 
cannot be the main reason for accelerated corrosion under the temperature gradient 
test.

From the EPMA analysis results in Figs. 7, 8 and XRD in Fig. 9, the formation 
of chromates was confirmed. The vapor pressures of NaCl and KCl in the combus-
tion ash at 460  °C were calculated using FactSage as PNaCl = 3.53 × 10–9  atm and 
PKCl = 1.05 × 10–8  atm, respectively. Then, the free-energy changes of K2CrO4 or 
Na2CrO4 formation by formulas (7) and (8) were calculated with chlorine and oxy-
gen potential in the atmosphere, PCl2 (T = 460 °C, in the atmosphere) = 8.1 × 10–9 atm 
and PO2 = 0.2 atm as ΔGK2CrO4 = -18 kJ, and ΔGNa2CrO4 = -26 kJ, respectively.

(1)PCl2(T = 460
◦

C) = 8.1 × 10
−9atm

(2)4∕3Cr(s) + O
2
(g) = 2∕3Cr

2
O

3
(s)

(3)Fe(s) + Cl
2(g) = FeCl

2(s) ΔG
0(T = 460

◦

C) = −246kj

(4)2Fe(s) + 3Cl
2
(g) = 2FeCl

3
(s) ΔG0(T = 460

◦

C) = −162kj

(5)Cr(s) + Cl
2
(g) = CrCl

2
(s) ΔG0(T = 460

◦
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2
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Once alkali chromates were formed, the Cr2O3 scale loses its protectiveness. 
Even if sufficient Cr remains in the alloy and a Cr2O3 scale is reformed below the 
chromate scale, a reformed Cr2O3 scale might react with salt vapors to form chro-
mates again. Thus, formation of chromates could be the main reason for the long-
term corrosion resistance of steels being reduced in salt vapor-containing atmos-
pheres. Izzuddin et al. proposed a similar model for the corrosion behavior of Ni–Cr 
alloys in alkaline salt vapor environments [14]. When the reactions of Formulas (7) 
and (8) proceeded, the chlorine potential near the chromate surface is increased. The 
equilibrium chlorine potentials for the reactions of Formulas (7) and (8) are given 
by Formulas (9) and (10), respectively. The chlorine potentials are higher than that 
in the atmosphere (Formula (1)), which might accelerate the chlorination of steels 
below the less protective chromate scale.

Once metal chlorides were formed, they volatilized below the chromate scale due 
to the high vapor pressure according to Formula (11), and the volatilized metal chlo-
rides were then oxidized to form a porous outer oxide scale in a region of sufficient 
oxygen potential according to Formula (12) and released chlorine.

This chlorination-oxidation cycle, which is referred to as active oxidation, causes 
rapid consumption of the steel matrix without the need to supply chlorine from the 
atmosphere [5–7].

Effect of Temperature Gradient Across the Ash

Formation of a molten layer with a high concentration of the alkali salt in the area 
where the temperature was higher than the melting point of the ash was confirmed 
from the cross section of the ash after the corrosion test. The higher concentration 
of chloride/salts closer to the specimen surface than the original ash component was 
also confirmed, which suggests that the alkali salt vapor diffused to the low tem-
perature region toward the specimen surface from the molten layer. Different poten-
tials of salt vapor near the specimen surface and a molten layer could be the driving 
force for salt vapor flux to the surface of the specimen. Thus, it is apparent that the 
temperature gradient in the ash acted as the driving force to increase the flux of the 
alkali salt vapor from the molten layer to the specimen surface. The increase in the 
flux of alkali salt vapor under the temperature gradient corrosion condition could 

(8)
2∕5Cr

2
O

3(s) + 8∕5NaCl(g) + O
2
= 4∕5Na

2
CrO

4(s) + 4∕5Cl
2
ΔG0(T = 460

◦

C) = −62kJ

(9)PCl2eqK2
CrO

4
= 2.0 × 10

−6atm

(10)PCl2eqNa2CrO4
= 3.4 × 10

−7atm

(11)MCl
2(s) = MCl

2
(g)

(12)4∕3MCl
2
(g) + O

2
= 2∕3M

2
O

3(s) + 4∕3Cl
2
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accelerate the rate to extend the area of chromate scale, i.e., the rate of breakdown of 
the protective Cr2O3 scale. The protective Cr2O3 scale rapidly changed to a chromate 
scale, resulting in a shorter transition time to the less protective corrosion stage with 
a rapid rate of steel consumption.

Figure 14 is a schematic representation of the corrosion behavior of heat-resistant 
steels in a temperature gradient corrosion test. At the initial corrosion stage, a pro-
tective Cr-rich oxide scale is formed on the surface of the specimen, and the melts 
is formed in the temperature range above the melting point of the ash. The alkali 
salt vapor diffuses from the molten layer to the surface of the specimen as shown in 
Fig. 14 (1). Alkali salt vapors react with the Cr-rich scale to form Na and K chro-
mates (the breakdown of the protective Cr-rich scale, Fig.  14 (2)). The chlorine 
partial pressure increases due to the chromate formation reaction, and more metal 
chloride is formed and volatilized at the scale/metal interface (Fig. 14 (3)). Once the 
breakdown areas cover the entire surface of the specimen within a short time, the 
entire surface becomes covered by a porous Fe oxide and the layer-by-layered inner 
layer is formed (Fig. 14 (4)). Deposite-induced corrosion as this study is described 
as occurring in two stages: an “incubation stage” in which corrosion is slow and then 
a “propagation stage” in which corrosion is rapid [17]. Therefore, it is presumed that 
the corrosion rate of heat-resistant steel changes rapidly due to the breakdown of the 
Cr2O3 scale.

In this experiment, QSX5 demonstrated higher corrosion resistance than 
SUS310S. The content of Mo and Si is higher in QSX5.　The formation and main-
tenance of the protective Cr2O3 scale is known to be improved by the addition of 
Si due to formation of a SiO2 layer below the Cr2O3 scale [18]. The addition of Mo 
to Ni–Cr alloys was also reported to promote a Cr2O3 scale and reduce the rate of 
high-temperature oxidation [19]. Therefore, it is presumed that the higher corrosion 

Fig. 14   Schematic of corrosion model in the combustion ash containing alkali salt in the air
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resistance of QSX5 compared to SUS310S can be attributed to the effects of adding 
Si and/or Mo, but further detailed studies are needed to clarify the effects of these 
elements.

Conclusions

The effect of the temperature gradient in the ash on the corrosion resistance of 
super-heater tube material was investigated. The obtained results can be summarized 
as follows:

(1)	 The corrosion mass loss after temperature gradient corrosion at a high atmos-
pheric temperature was greater than that after isothermal corrosion, even where 
the temperature of the specimen was the same. In both corrosion tests, QSX5 
showed higher corrosion resistance than SUS310S.

(2)	 The corrosion behavior can be explained as a chlorination induced accelerated 
oxidation after the breakdown of the protective Cr-rich oxide scale. The Cr-rich 
oxide scale lost its protective ability due to the formation of alkali chromates 
caused by a reaction between the protective Cr-rich scale and the alkali salt 
vapor.

(3)	 The effect of the temperature gradient in the ash is to accelerate the breakdown 
of the Cr-rich scale by increasing the flux of the alkali salt vapor from the molten 
layer to the specimen surface.
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