
Vol.:(0123456789)

Oxidation of Metals (2019) 91:311–326
https://doi.org/10.1007/s11085-019-09898-x

1 3

ORIGINAL PAPER

Pre‑oxidation as a Means to Increase Corrosion Resistance 
of Commercial Superheater Steels

Juho Lehmusto1 · Patrik Yrjas1 · Leena Hupa1

Received: 9 August 2018 / Published online: 18 January 2019 
© The Author(s) 2019

Abstract
This study addresses the effect of pre-oxidation on the corrosion resistance of  the 
following three commercial steels: a low-alloyed ferritic 10CrMo9-10 steel; a Nb-
stabilized austenitic AISI 347 steel; and a high-alloyed austenitic Sanicro 28 steel. 
Samples of these three steels were pre-oxidized under various conditions and then 
exposed to potassium chloride (KCl) for 168 h at 550 °C under dry conditions. In 
the case of the ferritic 10CrMo9-10 and the austenitic AISI 347 steels, despite dif-
ferences in oxide scale composition and structure, their corrosion resistance could 
not be improved by any of the studied pre-oxidation procedures. In contrast, pre-
oxidation conditions resulting in chromium-enriched oxides improved the corro-
sion resistance of the high-alloyed austenitic Sanicro 28 steel in terms of oxide scale 
growth during exposure to KCl.

Keywords Pre-oxidation · Potassium chloride · High-temperature corrosion · 
Corrosion resistance

Introduction

Substituting renewable fuels for fossil fuels has steadily increased during the last 
two decades. The main reasons are the limited reservoirs of fossil fuels and because 
of high greenhouse gas and particle emissions, which are often coupled with coal 
combustion [1]. In contrast to fossil fuels, biomass is considered to be a  CO2-neutral 
fuel with vast reservoirs, making it an appealing alternative. In the year 2011, 16% 
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of the total global energy demand was covered by biomass-related power production 
[2]. In the USA, for example, the amount of biomass-based electricity is expected to 
increase significantly by 2050 [3]. In addition to biomass, different types of waste-
derived fuels are considered to be an option when striving for environmentally 
more sustainable power production. Unfortunately, from a chemical point of view, 
renewable fuels are inhomogeneous, usually with a high concentration of water and 
considerable amounts of potassium, chlorine, and/or heavy metals, all of which are 
known to affect the durability of superheater tubes [e.g., 4–6]. To slow or reduce 
corrosion, power plants using renewables are operated at lower steam temperatures, 
thus reducing the power production efficiency. Therefore, more efficient ways to pre-
vent corrosion are needed, so that power plants using biomass and waste-derived 
fuels can operate at higher steam temperatures.

Alloying elements such as nickel and chromium have long been used to improve 
steels’ capability to withstand corrosion at elevated temperatures (400–600 °C). In 
these iron-based alloys, chromium forms a very dense and thus protective chromium 
oxide  (Cr2O3) on the steel surface, whereas nickel is responsible for stabilizing the 
austenite (FCC) crystal structure of the steel. In addition, nickel can be used as the 
base metal of an alloy, further improving the material durability at high tempera-
tures under harsh conditions. Unfortunately, despite superior corrosion resistance, 
nickel-based alloys are used only in the most critical parts of a boiler due to their 
high costs. In order to make biomass and waste-derived fuels more appealing to 
power producers, more cost-efficient ways to protect the heat-transfer surfaces are 
required. Different kinds of coatings such as laser-cladded [7–9] and Al-based dif-
fusion coatings [10–12] have been studied in laboratory scale, and the results have 
been promising. However, optimization regarding coating composition and param-
eters is still required before corrosion resistance based on applied coatings will 
reach its full potential. In addition, the coatings are relatively brittle, preventing the 
superheater tubes, for example, to be coated before installation. Before more mal-
leable coatings are designed, various approaches to generate on-site coatings of the 
heat-transfer surface are of interest. One approach for material improvement could 
be temperature- and time-based controlled pre-oxidation of the heat-transfer mate-
rials, resulting in oxide scales thick or dense enough to withstand material degra-
dation at higher material temperatures and for longer times than materials, which 
have not been pre-oxidized. The possibilities of pre-oxidation have previously been 
addressed in the case of alumina formers [13], Ni-based superalloys [14], and in 
studies addressing corrosion resistance to gaseous chlorine species [15–17]. Gen-
erally speaking, pre-oxidation may improve the high-temperature corrosion resist-
ance of an alloy compared with a non-oxidized material. However, the beneficial 
effects of the pre-treatment strongly depend on the pre-oxidation procedure and on 
the material in question. Therefore, more information concerning the impact of pre-
oxidation parameters on the high-temperature behavior of various steels is desirable.

The aim of this study was to investigate whether the corrosion resistance of com-
mercial heat-transfer materials can be improved by pre-oxidizing them under well-
controlled conditions. The corrosion resistance was tested by exposing the pre-oxi-
dized steels to potassium chloride. The study is a sequel to a paper, in which the 
oxidation behavior of the studied steels was described in detail [18].
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Experimental Procedures

Three commercial steels (Table  1) typically used in different locations in power 
plants firing biomass were pre-oxidized in various ways before exposing them to 
0.250 g of KCl (J.T.Baker®, Baker Analyzed grade) deposit with a particle size of 
125–297 μm. The precise pre-oxidation procedure has been described in detail else-
where [18], but Table 2 summarizes the key parameters of the pre-oxidation proce-
dures used.

The exposures were carried out in a quartz reactor positioned inside of a tube 
furnace. The KCl-deposited samples laid horizontally in a sample holder with 
three thermocouples attached: one on each end of the sample holder and the 
third one in the middle. The temperature difference between the samples at both 
ends and the sample in the middle was measured to be less than 5 °C. The target 
temperature was 550 °C, to which the furnace was heated with a heating rate of 
5  °C  min−1. The exposure time was 168  h, and the prevailing atmosphere was 
synthetic air (21%  O2, 79%  N2) with a flow rate of 400 ml min−1. Before entering 
the reactor, the synthetic air was heated to 220 °C to avoid unnecessary cooling 
of the samples. The gas feed was on during both the heating and the cooling peri-
ods. After cooling, the samples were mounted in a chlorine-free epoxy and cut 
in half to produce cross-sectional samples for the analyses. Prior to the analyses, 
the cross-sectional samples were first ground with 500, 1200, and 2000 grit SiC 
papers, then sequentially polished with 3 and 1 μm diamond pastes, and finally, 
cleaned in petroleum ether. The polished cross sections were analyzed with a 
scanning electron microscope (LEO 1530 Gemini) equipped with an X-ray detec-
tor (Thermo Scientific Ultra Dry Silicon Drift Detector) and an energy-dispersive 
X-ray analysis system (Thermo Scientific Thermo NORAN Vantage X-ray). The 

Table 1  Nominal chemical 
compositions of steels in wt

Steel Cr Fe Mn Mo Ni Si Others

10CrMo9-10 2.3 93.4 0.8 1.0 – 0.3
AISI 347 17.7 68.2 2.1 – 8.5 0.4 Nb 1.5
Sanicro 28 25.9 35.9 2.0 3.4 29.2 0.5 Cu 1.2

Table 2  Variables used for the 
pre-oxidation of the samples

Temperature (°C) Time (h) Atmosphere

200 5 Synthetic air, dry
200 24 Synthetic air, dry
500 5 Synthetic air, dry
500 24 Synthetic air, dry
500 5 Synthetic air, humid
500 24 Synthetic air, humid
700 5 Synthetic air, dry
700 24 Synthetic air, dry
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microscope was operated at an accelerating voltage of 15 or 20  kV for general 
imaging and 20 kV for EDX analyses. The backscatter electron mode was used 
for the images affiliated with the EDX analyses, while both backscatter electron 
and secondary electron modes were applied for the general imaging of the cross 
sections. The oxide scale thickness was determined using automatic image analy-
sis, which identified different regions (salt, oxide, steel) by contrast analysis, after 
which the images were colored to highlight the formed oxide (Fig.  1). A more 
detailed description of the test method and experimental setup is provided in, for 
example, [19]. The method enables the determination of the maximum, minimum, 
average, and median values of the oxide scale thickness, which can be presented 
as thickness distribution graphs. The shape of the distribution curve can be used 
to estimate the type of corrosion: A narrow distribution suggests that homogene-
ous corrosion occurred over the whole surface, whereas a broad and possibly tail-
ing distribution implies that more heterogeneous corrosion took place in (Fig. 2). 

The potential reaction between the protective  Cr2O3 scale and the corrosive 
KCl was also studied with an SDT Q600 simultaneous thermogravimetric ana-
lyzer/differential scanning calorimeter (TGA/DSC) apparatus (TA Instruments). 
A mixture of  Cr2O3 powder and KCl with a molar ratio of 1:1 was heated to 
700 °C with a heating rate of 2 °C min−1 in synthetic air.

Fig. 1  Steps in coloring the image for oxide scale thickness measurement: a the original SEM image 
taken from the cross-sectional sample with backscattered electrons, b a partly processed image represent-
ing the epoxy in blue and the non-reacted steel in red, c the finalized image showing the formed oxide in 
green (Color figure online)
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Results and Discussion

Oxide Scale Thickness after Exposure to KCl

The oxide thickness values were calculated as a mean based on measurements at 
10,000 points along the part of the cross section covered with the salt deposit. The 
minimum, maximum, and mean values of the oxide thicknesses together with cor-
responding standard deviations are summarized in Table 3. A brief description of 
the oxides formed during the pre-oxidation is given before the results of corrosion 
resistance for each alloy. The pre-oxidation results are comprehensively presented in 
[18].

Irrespective of the pre-oxidation procedure, an iron oxide scale consisting of 
 Fe2O3 and  Fe3O4 formed on all 10CrMo-9 steel samples [18]. The oxide scale thick-
ness increased as functions of pre-oxidation time and temperature, and the morphol-
ogy changed from initial oxidation along the surface grain boundaries (200 °C) to 
a more homogeneous, whisker-containing oxide (500  °C), and finally, to a thick 
porous oxide (700 °C). The thickness of the oxide after pre-oxidation varied from 
17 nm (5 h at 200 °C) to above 20 μm (24 h at 700 °C).

In the case with the ferritic 10CrMo-9 steel, all pre-oxidation procedures resulted 
in thinner oxide scales compared to the non-treated reference when exposed to 
KCl. However, the oxide scale thicknesses did not alter systematically as a func-
tion of pre-oxidation temperature or time, but appeared to be constant at around 
150 microns. After pre-oxidation, all samples had a chromium-rich region below 
the formed iron oxide scale [18], which might have slowed further oxidation, result-
ing in thinner oxides compared to the reference sample. A few samples had clearly 
thinner oxide scales (< 70 μm), but the present study did not give answers to this 
observation.

Pre-oxidation of the Nb-stabilized austenitic AISI347 steel at 200 °C and 500 °C 
resulted in a duplex oxide scale with an iron-rich outer and a chromium-rich inner 
layer [18]. In addition, niobium oxide nodules formed at 500 °C in an uncontrolled 
manner through the surface oxide. At 700  °C, the niobium oxide particles were 
completely covered with an oxide scale consisting of almost pure chromium oxide. 
However, the porous morphology and the particle size (above one micron) of the 
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chromium oxide scale suggested that it could not protect the steel in the presence of 
corrosive species such as KCl. The thickness of the oxide after pre-oxidation varied 
between 7 nm (5 h at 200 °C) and 629 nm (24 h at 700 °C).

The oxide scales formed on the austenitic stainless AISI 347 steel samples in the 
presence of KCl were clearly thinner than those formed on the ferritic steel. How-
ever, the pre-oxidation procedure did not appear to have a notable influence on the 
thicknesses of the oxides: All the formed oxide scales have more or less the same 
thickness, which is of the same magnitude as the one measured from the reference 
sample. The thinner oxides indicate better corrosion resistance, which can be attrib-
uted to the chromium content of the steel, but no clear beneficial effect of a certain 
pre-oxidation procedure could be observed in terms of oxide scale thickness.

Table 3  Minimum, maximum, and mean values of the measured oxide scales

Steel Pre-treatment Oxide scale characteristics

Min. value (μm) Max. value (μm) Mean value 
(μm)

SD

10CrMo-9 None 156 281 221 21.8
5 h at 200 °C 11 75 30 13.2
24 h at 200 °C 92 191 142 13.6
5 h at 500 °C (dry) 8 105 61 16.3
24 h at 500 °C (dry) 37 118 70 11.7
5 h at 500 °C (humid) 97 199 145 16.3
24 h at 500 °C (humid) 54 198 126 27.4
5 h at 700 °C 103 267 180 24.5
24 h at 700 °C 142 242 195 16.3

AISI 347 None 0 46 18 8.7
5 h at 200 °C 3 47 18 8.5
24 h at 200 °C 4 111 35 14.8
5 h at 500 °C (dry) 0 46 16 11.3
24 h at 500 °C (dry) 0 57 20 9.9
5 h at 500 °C (humid) 2 45 15 7.0
24 h at 500 °C (humid) 0 67 24 11.9
5 h at 700 °C 0 83 24 12.0
24 h at 700 °C 0 60 22 10.7

Sanicro 28 None 0 84 22 16.5
5 h at 200 °C 23 188 88 34.0
24 h at 200 °C 15 131 67 20.6
5 h at 500 °C (dry) 17 232 95 40.4
24 h at 500 °C (dry) 0 75 15 13.2
5 h at 500 °C (humid) 0 79 13 15.3
24 h at 500 °C (humid) 3 106 38 21.9
5 h at 700 °C 0 43 6 7.4
24 h at 700 °C 0 0 0 0
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The oxide scales formed 200 and 500 °C on the austenitic Sanicro 28 steel sam-
ples had a duplex structure with an iron-rich outer layer and a chromium-rich inner 
layer [18]. A non-porous and well-adhered oxide scale of almost pure chromium 
formed at 700  °C. The thickness of the oxide after pre-oxidation varied between 
3 nm (5 h at 200 °C) and 184 nm (24 h at 700 °C).

The high-alloyed austenitic Sanicro 28 steel samples can be divided into two cat-
egories on the basis of the measured oxide scale thicknesses formed in the pres-
ence of KCl: group 1 with oxide thicknesses below 40 μm and group 2 with oxide 
thicknesses above 60 μm. The depth profiles of the oxides after pre-oxidation indi-
cated chromium enrichment in all the oxides in group 1 [18]. In the case of the two 
samples pre-oxidized at 700 °C, a virtually pure chromium oxide scale had formed. 
These two samples also exhibited the best resistance against KCl-induced corro-
sion. Based on the measured oxide scale thickness values, it appears to be possible 
to improve the corrosion resistance of the high-alloyed austenitic Sanicro 28 steel 
through oxide manipulation by affecting the scale composition and/or porosity.

Oxide Scale Composition and Structure

The oxide scales formed on all low-alloyed 10CrMo9-10 steel samples were mul-
tilayered and consisted of almost pure iron oxide with traces of chromium (Fig. 3). 
The chemical composition and the structure of the oxide remained unaltered despite 
the pre-oxidation procedure. As the oxide consisted almost solely of iron oxides 

Fig. 3  A typical oxide scale at the low-alloyed 10CrMo9-10 steel, featuring a multilayered  Fe2O3 struc-
ture. The sample was exposed to KCl at 550 °C for 168 h
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 (Fe2O3 and  Fe3O4) after the pre-oxidation [18], the protective properties of the scale 
were very limited.

Formation of a multilayered product on a low-alloyed steel resulting from KCl-
induced high-temperature corrosion has been reported earlier [20, 21] and is most 
likely related to iron chloride  (FeCl2) formation. As KCl reacts with iron, chlorine 
is released, either as molecular chlorine according to Eq.  1 [24] or as a chloride 
ion [23]. Chlorine reacts with iron, forming a solid iron chloride, which then easily 
vaporizes due to its high vapor pressure at 500 °C and above (Eqs. 2, 3) [22]. As the 
gaseous  FeCl2 diffuses toward a higher oxygen partial pressure, it will oxidize rap-
idly, leaving a porous oxide behind (Eq. 4). Due to a virtually exhaustless supply of 
chlorine, the reaction described above will repeat itself, resulting in a multilayered 
structure like that presented in Fig.  3. Based on the thickness distribution curves 
(not shown here), the oxidation of the low-alloyed steel was homogeneous despite 
the pre-oxidation procedure. Homogeneous oxidation indicates a fast surface trans-
port mechanism of the oxidative/corrosive species, which in the present case for the 
low-alloyed steel, could take place due to the presence of a eutectic  FeCl2-KCl melt 
[25].

As a summary, based on the appearance of the formed oxides, it can be stated that 
none of the tested pre-oxidation conditions could improve the corrosion resistance 
of the studied 10CrMo9-10 steel.

Compared to the low-alloyed 10CrMo9-10 steel, the chromium content of the 
austenitic stainless AISI 347 steel is high enough to form and sustain a protective 
chromium-based oxide [26]. Although minor differences in the oxide structure were 
detected, the general composition of the formed oxide scale was the same: The 
oxide contained principally iron together with chromium (Fig. 4). Below the oxide, a 
nickel-enriched region was detected, evidencing the diffusion of iron and chromium 
from the steel into the formed oxide. The nickel-enriched region was very porous 
and indicated localized corrosion deeper into the steel, most likely along the grain 
boundaries (Fig.  5). The porosity originated from material degradation, in other 
words, from the selective outward diffusion of iron and chromium. Corrosion along 
the grain boundaries was also observed in the shape of the thickness distribution 
curves, which displayed a typical asymmetry (Fig. 6). In addition, traces of potas-
sium chromate  (K2CrO4) were found on top of some of the oxide scales.  K2CrO4 is a 
solid intermediate, which is known to be rapidly formed in the reaction between KCl 
and the protective chromium-rich oxide, impairing the corrosion resistance of the 
alloy through chromium depletion [27]. In the case of a pure chromium oxide scale, 
the reaction would proceed according to Eq. 5 [28]. However, it should be borne in 
mind that the change in the Gibbs free energy of the discussed reaction is positive 
(363 kJ at 600 °C), suggesting it to be non-spontaneous.

(1)4KCl(s) + 2Fe2O3(s) + O2(g) → 2K2Fe2O4(s) + 2Cl2(g)

(2)Cl2(g) + Fe(s) → FeCl2(s)

(3)FeCl2(s) → FeCl2(g)

(4)4FeCl2(g) + 3O2(g) → 2Fe2O3(s) + 4Cl2(g)
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Before the exposure to KCl, all oxides of the pre-oxidized AISI 347 samples 
formed below 700  °C consisted of a duplex oxide with an iron-rich outer layer 
and a chromium-rich inner layer. In addition, niobium oxide granules had pierced 
the surface oxide, providing pathways for corrosive species to diffuse relatively 

(5)2Cr2O3(s) + 8KCl(s) + 5O2(g) → 4K2CrO4(s) + 4Cl2(g)

Fig. 4  Elemental maps of a typical oxide formed on the austenitic stainless AISI 347 steel. The sample 
was exposed to KCl at 550 °C for 168 h
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rapidly to the oxide/metal interface. Unlike with the other pre-oxidation tempera-
tures, the pre-oxidation at 700 °C resulted in a pure chromium oxide [18]. How-
ever, the porosity of the formed oxide was most likely too high to withstand cor-
rosion. Based on this, the high chromium content of a surface oxide alone is not 
sufficient to improve the protective properties of the oxide, but the structure of 

Fig. 5  Local corrosion and the formed porous region on the steel/oxide interface of the austenitic stain-
less AISI 347 steel, exposed to KCl at 550 °C for 168 h

Fig. 6  Thickness distribution curve of the austenitic stainless AISI 347 steel, exposed to KCl at 550 °C 
for 168 h. Prior to the exposure, the sample was pre-oxidized at 700 °C for 5 h
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the oxide also plays a role. In summary, it appears also that in the case with the 
austenitic stainless AISI 347 steel, the tested pre-oxidation conditions could not 
improve its corrosion resistance.

In the case of Sanicro 28, although minor differences in the oxide structure were 
detected, the general composition of the formed oxide scale was the same, independent 
of the pre-treatment parameters: The oxide contained iron and chromium and in some 
cases, nickel (Fig.  7). The formed oxides were porous and in most cases, detached 

Fig. 7  Elemental maps of a typical oxide formed on the high-alloyed austenitic Sanicro 28 steel. The 
sample was exposed to KCl at 550 °C for 168 h
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from the unreacted steel. In most of the samples, a nickel-enriched region was detected 
below the formed oxide, evidencing the diffusion of iron and chromium from the steel 
into the formed oxide. In addition, traces of metal chlorides  (MClx) were found in the 
steel/oxide interface of some of the samples, indicating that chloride-involving interac-
tions had taken place below the surface oxide, which was no longer protective. Since 
the focus of this study lies in the protective properties of the oxide rather than on the 
details of oxide formation, the origins for the minor differences in the oxide structure 
were not studied further.

The asymmetric shape of the oxide scale thickness distribution curves suggested 
localized oxidation, in other words, grain boundary corrosion. Although grain bounda-
ries have been reported to be responsible for increased corrosion resistance through fast 
chromium supply to the surface oxide [29], the grain boundaries will become depleted 
in chromium after longer exposure times in aggressive environments, leaving the grain 
boundaries enriched with nickel (Fig.  8). In their initial stage, the grain boundaries 
are usually chromium-rich due to the presence of chromium carbides  (Cr7C3,  Cr23C6), 
which have beneficial effects on steel-strengthening mechanisms [30]. However, chro-
mium carbides are known to react with alkali chlorides [31, 32], which could explain 
the selective material degradation of the studied Sanicro 28 steel. The nominal carbon 
content of the Sanicro 28 steel is below 0.020 wt%, which might be too low to stabilize 
the carbides. Therefore, the importance of chromium carbides in the chromium deple-
tion along the grain boundaries remained unresolved in the present study.

As an exception from the other samples, pre-oxidation of Sanicro 28 steel at 
700 °C resulted in a pure, dense, and relatively thin (100–200 nm) chromium oxide, 
measured with XPS [18]. After a 168-h exposure to KCl at 550 °C, the thickness of 
the formed oxide was below one micron, i.e., below the detection limit of the uti-
lized SEM. This suggested that a very protective oxide was successfully formed on 
the steel surface. Based on thermodynamic calculations, the reaction between KCl 
and pure  Cr2O3 according to Eq. 5 is not favored and hence it is non-spontaneous 
[33]. This was further verified by studying a mixture of powdered KCl and pure 
 Cr2O3, during heating up to 700 °C (Fig. 9). No mass or temperature change was 
observed during the heating, indicating no reaction between the two studied species. 
The reactivity of chromia-forming materials has been reported several times [e.g., 
34], and the reactivity originates most likely from the fact that instead of consisting 
of solely chromium, the protective oxide is a mixed spinel with a nominal composi-
tion of either Ni(Fe,Cr)2O4 or (Fe,Cr)3O4. The spinel structure often deviates from 
stoichiometry and contains point defects such as cation vacancies [35], increasing 
the reactivity of the mixed spinel compared to pure chromium oxide.

Interestingly, the pre-oxidation procedure, which generated a pure and a thick 
enough chromia scale, remarkably improved the ability of Sanicro 28 steel to with-
stand KCl-induced corrosion.
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Conclusions

This study addressed the effect of pre-oxidation on the corrosion resistance of three 
commercial steels (a low-alloyed ferritic 10CrMo9-10 steel, a Nb-stabilized austen-
itic AISI 347 steel, and a high-alloyed austenitic Sanicro 28 steel). The goal was to 
induce dense corrosion-resistant scales at steel surfaces. Samples of the three steels 

Fig. 8  Elemental maps of the high-alloyed austenitic Sanicro 28 steel, demonstrating grain boundary cor-
rosion. The sample was pre-oxidized at 500 °C for 5 h and then exposed to KCl at 550 °C for 168 h
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were pre-oxidized under various conditions and then exposed to potassium chloride 
(KCl) for 168 h at 550 °C under dry conditions.

Pre-oxidation conditions resulting in chromium-enriched oxides improved 
the corrosion resistance of the high-alloyed austenitic Sanicro 28 steel in terms 
of oxide scale growth during the exposure to KCl. In the case with the ferritic 
10CrMo9-10 and the austenitic AISI 347 steels, despite the differences in oxide 
composition and structure, their corrosion resistance could not be improved by 
any of the studied pre-oxidation procedure.

The study suggests that an optimized pre-oxidation procedure enhances the 
corrosion resistance of commercial steels without any other material manipula-
tion such as the addition of reactive elements. The most beneficial set of pre-
oxidation parameters depends on the steel in question as well as on the conditions 
prevailing in the application. Since the superheater tubes have bends, the pre-oxi-
dation should be carried out when the heat-transfer parts are in their final form. 
This might be easier to do before the installation of the parts, although the protec-
tive oxides might get damaged during the installation, whereupon the improved 
corrosion resistance is lost. The other option would be on-site pre-oxidation after 
the installation of the heat-transfer parts, although this might not be economically 
reasonable. Furthermore, certain industrial processes such as biomass combus-
tion expose the material to physical wear (erosion) in addition to the chemical 
corrosion. Therefore, the effect of erosion on possible spalling of the pre-oxidized 
surfaces should be addressed in the coming studies.
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