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Abstract
The aim of this work has been to show the influence of
air oxidation and salt mist corrosion on the behaviour of low
alloyed steels 18K (K18), 16M (16Mo3), 15HM (13CrMo4-4)
and finally 10CrMo9-10 (10H2M) employed in the Polish energy sector. The exposures have been carried out at 450°C,
500°C, and finally 550°C for 500 hours. The obtained results indicate that in both atmospheres, the exposed steels
developed similar phases containing Fe3 O4 (magnetite) and
Fe2 O3 (hematite). The scale thicknesses developed under
both corrosion conditions have indicated similar values.
On the other hand, the addition of 1% NaCl – 1% Na2SO4
to deionised water generates the development of layered
structures on low-alloyed steels with different Fe2 O3 and
Fe3 O4 ratio, the effect originates most probably from the
presence of S and Cl within the oxide scale. The presence
of layers with different phase ratio generates the formation
of stresses originating from different coefficients of thermal
expansion (CTE) between the phases (Fe2 O3 , Fe3 O4) and
between the layers themselves.
Keywords: air oxidation, salt mist corrosion, high temperature

Streszczenie
W artykule opisano zagadnienia związane z korozją wysokotemperaturową stali niskostopowych 18K (K18), 16M
(16Mo3), 15HM (13CrMo4-4) oraz 10CrMo9-10 (10H2M),
które są często stosowane w polskim sektorze energetycznym. Testy wysokotemperaturowe zostały wykonane

w temperaturach 450°C, 500°C i 550°C przez okres 500
godzin. Otrzymane wyniki pokazują, iż w dwóch różnych atmosferach korozyjnych, stale niskostopowe wytworzyły takie same fazy, głównie Fe2 O3 (hematyt) oraz Fe3 O4 (magnetyt) z tą różnicą, iż w atmosferze mgły solnej zawierającej
1% NaCl – 1% Na2SO4 zgorzelina tlenkowa miała charakter
warstwowy. Charakter ten prawdopodobnie zawdzięczany jest obecności S i Cl wewnątrz zgorzeliny tlenkowej, co
więcej warstwy różnią się zwartością Fe2 O3 oraz Fe3 O4 , co
powoduje powstawanie naprężeń, tendencje do odpadania
z powodu różnych wartości współczynnika rozszerzalności
cieplnej między fazami Fe2O3 oraz Fe3 O4 , a także między
warstwami.
Słowa kluczowe: utlenianie w powietrzu, mgła solna, wysoka
temperatura

1. Introduction
Scientific research plays an important role in order
to understand the existing world and the phenomena
behind the micro scale. In modern civilisation, one of the
most important issues is energy conversion; production
is corrosion degradation of the materials exposed at high
temperatures. The materials dedicated for power plant
constructions (waterwalls, header, super-heaters, and
re-heaters) are facing various high temperature regimes
like oxidising, reducing, mixed environments with presence of CO and CO2. Currently, coal power plants using
pulverised fuel are still a main contributor in energy
production and environmental pollution due to the high
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emission of CO2 gas. Nevertheless, there is the possibility to decrease CO2 emission due to higher temperature
when coal is burned, and increase pressure in the steam
system. New coal fired power plants with higher efficiency and less polluted character require modern materials
to withstand high temperature regimes, coating high
amounts of Cr in the metal matrix in order to develop
highly protective Cr2O3 scale [1]. Regrettably, the construction of brand new, clean, eco-friendly high efficiency
power plants require costly investments, hence around
the world there are still in existence many low efficiency,
highly polluted coal fired power plants in operation. The
European Union (EU) has put restricted legislation in
place in order to significantly reduce emissions from
EU coal fired power stations to 20% by the year 2020
in reference to the level in 1990 [2]. Generally speaking,
a 1% increase in absolute efficiency in a power plant
results in as much as a 3% reduction in CO2 emissions
[3]. In recent years, the observed significant changes in
electric power sector related to reducing CO2 emissions
are strictly associated to ground breaking developments
in material science and engineering. Throughout the last
decades, tremendous progress has been achieved in
the development of steels and technologies associated
with energy production. Progress in steels performance
for coal fired power can be illustrated by the following
numbers of outlet steam pressure and temperatures [4]:
1. 70s of XX century: T = 538°C / 538°C / 16.7 MPa
(167 bar).
2. 80s of XX century: T = 540°C / 560°C / 25.0 MPa
(250 bar).
3. 90s of XX century: T = 560°C / 580°C / 27.0 MPa
(270 bar).
4. Turn of the century XX−XXI: T = 600°C / 620°C /
29,0 MPa (290 bar) USC.
5. In 2020 of XXI century: T = 700°C / 720°C /
350 MPa (350 bar) AUSC.
Together with increasing temperatures in coal fired
power plant, performance of the materials designed for
the energy sector, as well show expansion [5]:

Development of Ultrasuper Critical (USC) and Advanced Ultrasuper Critical (AUSC) coal fired power
plants requires high performance steels and Ni based
superalloys, therefore constant research programme
and projects obeying development of new materials
need to be carried out in the laboratory scale test rigs.
Since low-alloyed steels show limited performance at
high temperatures and cannot be used in temperature
ranges higher than 600°C due to the formation of nonprotective scales. The study presents the results of air
oxidation and salt mist corrosion experiments to indicate
significance of corrosion issues in terms of materials
performance. In this work, only low-alloyed steels and
relatively high temperature conditions have been selected, the materials have been exposed in a temperature
range 450−550°C for 500 hours. The materials have
been investigated using standard procedure including
Scanning Electron Microscope (SEM) coupled with Energy Dispersive X-Ray Spectrometry.

2. Experimental procedure
The general procedure of the sample preparation to
high temperature tests is shown below. In this work,
the selected results are shown including air oxidation,
salt mist corrosion and steam oxidation. In air and salt
mist corrosion, low alloyed steels have been tested,
whereas in steam oxidation atmosphere only highly
alloyed materials including Fe based materials have
been studied. The tested parameters and the materials
selection for high temperature testing were based on
materials limitation; low alloyed steels due to the formation of less protective scales have been tested at lower
temperatures. Prior to high temperature investigations
the samples with dimensions around 1 cm × 1 cm, and
the thickness around 0.4 cm, were cut off using a precise
cutting saw. Following the cutting process, the samples
were firstly grounded using different SiC papers and
polished with diamond suspension pastes. The polished
steel samples have been accurately measured using
a micrometer. A further step in sample preparation prior
to the high temperature tests has involved ultrasonic
cleaning for 15 min at 40°C. Finally, the steel samples
were weighted to obtain initial masses of the individual
material.

1. Ferritic steels: p < 26 MPa (260 bar), T = 545°C.

2.1 Materials

2. Ferritic martensitic steels: p = 26 MPa (260 bar),
T = 545°C.

In the study, low alloyed steels 18K (K18), 16M
(16Mo3), 15HM (13CrMo4-4) and finally 10CrMo9-10
(10H2M) have been used, chemical composition is
shown in Table 1 based on certificates delivered from
the funding body.

3. Austenitic steels: p = 29 MPa (290 bar), T =
600°C.
4. Ni based alloys: p > 35 MPa (350 bar), T > 700°C.
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different SiC papers and polished with diamond suspension pastes. The polished steel samples
have been accurately measured using micrometer. Further step in the sample preparation prior
to the high temperature tests has involved ultrasonic cleaning for 15 min at 40oC. Finally, the
steel samples were weighted to obtain initial masses of the individual material.
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Table 1. Chemical composition of low alloyed steels used in air and salt mist corrosion, wt. %

Tabela 1. Skład chemiczny stopów na bazie żelaza użytych w badaniach w powietrzu i mgle solnej, % wag.
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Figure 2. Schematic illustration of salt spray test rig containing 1% NaCl – 1% Na2SO4 salt solution
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Rys. 2. Schemat ilustrujący układ do badań w atmosferze mgły solnej zawierającej roztwór 1% NaCl – 1% Na2SO4
The low-alloyed steel samples listed in Table 1 were placed in experimental test rig and were
Transactions of FRI 2/2016
exposed to salt spray at 450, 500 and 550 oC. The salt mist conditions have created from the
salt solution containing 1% NaCl and 1% Na2SO4. Low concentrated salt spray mixture has
been used in this test in order to avoid clogging of the nozzle; the nozzle undergoes clogging
while more concentrated mixture of salt is used due to the tiny dimension of the nozzle hole.
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The low-alloyed steel samples listed in Table 1 were
placed in an experimental test rig and were exposed
to salt spray at 450°C, 500°C and 550°C. The salt mist
conditions were created from the salt solution containing 1% NaCl and 1% Na2SO4. Low concentrated salt
spray mixture was used in this test in order to avoid
clogging of the nozzle; the nozzle undergoes clogging
while more concentrated mixture of salt is used due to
the tiny dimension of the nozzle hole. The samples after
the preparation procedure described in detail previously
were placed in the hot zone of the furnace. When the
furnace reached 200°C, the compressor was turned on
in order to pump the salt solution from the container below the furnace. The salt solution was pumped from the
container by a peristaltic pump to the nebuliser where
tubing with compressed air was connected in order to
create the spray under pressure. The pressure of the
mist entering the furnace was controlled by flow meter
controllers. When the cold salt spray entered the nozzle
under pressure and reached the hot zone of the furnace
(where the samples were placed), transformation into
water steam with salt solution containing 1% NaCl –
1% Na2SO4 occurred. The salt spray under pressure
washed around the samples placed in the furnace, while
later the mist has been exhausted from the furnace by
the hole in the back flanche attached in the ceramic liner.

3. Results and discussion
This section describes the results of high temperature
exposures of low alloyed steels in air and salt spray
corrosion atmosphere for 500 hours at 450°C, 500°C
and 550°C.
3.1 Air oxidation
Figures 3A−C shows the kinetic results of high temperature air oxidation of the boiler steels in temperature
range 450−550°C.
As shown in Figures 3A−C, the highest mass gain
has been observed for the samples exposed at 550°C,
whereas the lowest mass gain has been observed at
450°C. Furthermore, the sample with the highest concentration of Cr (10H2M steel) formed the oxide scale
with poor adhesion to the substrate (Fig. 3). The sample
10H2M showed as well unstable behaviour at 500°C
and 550°C. The other steels (18K, 16M and 15HM)
showed more steady state oxidation behaviour with no
scale delamination spallation observed within 500 h. The
steels formed more adherent scale than that observed
in 10H2M material. Cross sections of the exposed materials confirm the findings from kinetic results. Figure
4 reveals that all the exposed materials developed relatively thick oxide scale at 450−550°C.
The formation of the oxide scales on the boiler steels
18K, 16M, 15HM and 10H2M with different concentra-
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Fig. 3. Mass change for the materials exposed for
500 hours at high temperatures A) 450°C, B) 500°C
and C) 550°C in air
Rys. 3. Zmiana masy dla materiałów na bazie żelaza
wygrzewanych przez okres 500 h w temperaturze
A) 450°C, B) 500°C and C) 550°C w powietrzu

tion of Cr showed limited oxidation resistance at high
temperatures. The oxide scales developed at high temperatures showed poor adhesion to the metallic substrate, a number of cracks have been observed as well
perpendicular to the metal surface, suggesting that the
formed oxide scales are brittle and may easily exfoliate
from the metallic substrate under thermal cycling, when
the temperature is unstable. High concern has been
found while 18K boiler steel showed the cracked formed
through the grain boundaries under high temperature
regime. The observed crack can seriously accelerate
degradation of the material especially in the harsh environment where different conditions are met. Moreover
it has been found, that the number of steels have been
contaminated by sulphur phases (EDX confirmed), the
impurity zones are indicated by the white circles on SEM
pictures presented in Figure 4. The low-alloyed steels
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examined under an EDX analyser showed very similar
chemical representations. In general the top layer of
the oxide scale has been invaded by hematite (Fe2O3),
the innermost layer has been occupied by magnetite
(Fe3O4), and the steels with Cr content in the range of
1−2.5 wt. % (15HM, 10H2M) showed the formation of
tiny islands rich in Cr between the substrate and the
oxide scale. The observations and findings are well
confirmed by previous experiments conducted by Wright
et Pint [6], Lépingle et al. [7] and other researchers
[8, 9, 10]. The formation of oxide layers is governed
mainly by Gibbs free energy formation and partial pressure of oxygen in the ambient atmosphere. Since FeO
is unstable at 550°C and other temperatures in this
study, therefore the oxide scale consisted of two main
compounds, Fe3O4 (magnetite) and Fe2O3 (hematite),
the formation of Fe3O4 is slightly more stable than Fe2O3
due to more negative Gibbs free energy formation, up
to 570°C. Furthermore, at this temperature Fe3O4 undergoes a dissociation process.
Fe(s) + O2(g) → "FeO"(unstable below 570°C)

(1)

2"FeO" + O2 → 2Fe3O4(s) (unstable above 570°C) (2)
Fe3O4(s)

ΔGo = -624420 + 250.2T

4Fe3O4(s) + O2(g) → 6Fe2O3(s)
Fe2O3(s)

ΔGo = -517810 + 307.9T

(3)
(4)
(5)

Dissociation of Fe3O4 phase at the interface with the
inner and outer layer of the released iron ions may diffuse to the oxide-gas interface to react and form new
oxide [11]. According to Fujii et al. [12, 13], the inner layer
(Fe3O4) dissociates according to the reaction shown
below:
Fe3O4(s) ↔ Fe3+ + Fe2+ + O2-

(6)

The dissociation of magnetite released iron ions,
which feed and accelerate development of FeO which
is more stable at higher temperatures than Fe3O4 (magnetite). Nevertheless, in this work, formation of FeO is
omitted, since experiments have been conducted up
to 570°C.
3.2 Salt spray corrosion
Figures 5A−C shows the kinetic results of the low
alloyed steels exposed for salt spray atmospheric corrosion using 1% NaCl – 1% Na2SO4 solution for 500
hours at 450−550°C.
In contrast to the results presented in Figure 4 oxidation kinetics in the solution of 1% NaCl – 1% Na2SO4
showed different influences on the exposed steels. At
450°C for 500 h only 15HM alloy presented accept-
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Fig. 5. Mass change for the materials exposed for
500 hours at high temperatures A) 450°C, B) 500°C
and C) 550°C in salt spray corrosion
Rys. 5. Zmiana masy dla materiałów na bazie żelaza
wygrzewanych przez okres 500 h w temperaturze
A) 450°C, B) 500°C and C) 550°C w atmosferze mgły solnej

able behaviour where lack of scale delamination has
been observed. The 10H2M alloy with the highest Cr
content in the bulk steel after 200 hours of the exposure showed lowering in mass change, this decrease
can be explained by the scale of delamination spallation. Two other materials 18K and 16M showed lack of
protectiveness in the beginning of the high temperature tests, where spallation occurred, however later
the alloys showed steady oxidation kinetics where no
spallation has been observed at 450°C. Under slightly
higher temperature (500°C), the 10H2M steel showed
mass increases upon high temperature exposure, however after 100 h, its mass decreased to m = 1 mg/cm2
showing the constant mass up to end of the test (500
hours). Such behaviour of the 10H2M alloy indicates
high thermodynamic stability of the system upon salt
spray at 500°C. The exposure in the highest tempera-
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ture revealed that the addition of a tiny amount of Cr
to the bulk steel shows some positive effect. Two low
alloyed steels 18K and 16M showed poorer behaviour
under test conditions where mass dropped in the beginning of the test and reached – 3 mg/cm2. However,
the alloys with 1 and 2.5 wt. % addition of Cr (15HM,
10H2M respectively) indicate a positive effect where low
mass gain has been observed with lack of delamination
spallation of the external oxide scale.
3.2.1 Cross section investigations
Similarly, to the air oxidation experiment, the samples
exposed to salt spray corrosion atmosphere have been
cross-sectioned in order to evaluate corrosion degradation, oxide thickness developed at high temperatures.
The results are shown in Figure 6.
Similar to air oxidation exposures, the low alloyed
steel exposed in an atmospheric salt spray environment
developed mainly Fe3O4 and Fe2O3 within the scale
at high temperatures 450−550°C. The scale developed upon salt spray mixture solution with 1% NaCl –
1% Na2SO4 showed formation of oxide scale where the
top layer was mostly occupied by hematite (Fe2O3) with
some spots of magnetite (Fe3O4). Due to the high degree
of porosity observed throughout the SEM investigations,
the oxide scale underwent the formation of elongated
cracks. The inner part of the oxide scale contained large
amounts of Fe3O4. Further, EDX analyses performed
on the cross-sectioned samples showed that sulphur
and other salty compounds were delivered to the oxide
scale through the decomposition of the salts under high
temperature. The low concentrated salty compounds in
the oxide scale originate due to the low concentrated
salt solution used in this work. Due to low concentration
of the salt mixture in salt spray corrosion tests at high
temperatures, the enrichment of S or Cl on the exposed
surfaces has not been detected via EDX analyses, however presence of S and Cl has been found, furthermore,
it has been found under EDX analyses, that within the
oxide scale areas with S and Cl presence have been
observed. The behavior suggests that despite low concentrated salt spray, activity of both S and Cl was high
enough to diffuse inside the oxide scale throughout the
defects. It is well known, that phases based on Fe-S
and Fe Cl structures are subjected to high defect ratio
[14, 15] and secondly Fe-Cl phases are extremely unstable [16]. Such behavior may greatly influence the
formation of the layered structures observed under salt
spray corrosion, where local formation of defected Fe-S
like phases and Fe-Cl like phases have developed.
Moreover, it has been found, that the addition of a small
portion of salt mixture to the deionized water invokes
the formation of the oxide scale with completely different morphology, than that observed in air oxidized low
alloyed steels. The salt spray corrosion experiment revealed, that the presence of tiny amounts of salt invokes
Transactions of FRI 2/2016

the oxide scale developed at high temperatures which
showed much poorer adhesion, more cracks and more
layered structures formed in every part of the exposed
material. The findings confirm kinetic results, where
spallation occurred, the spallation and exfoliation of the
oxide scale occurs when coefficient of thermal expansion (CTE) between two different layers or phases. In
this case, cross-sectioned images shown, the materials
indicate layered structures, where mainly Fe3O4 and
Fe2O3 have been found, however the layers consisting
of different ratio of Fe2O3 to Fe3O4 and vice versa, as
shown via reactions 1−6. Hence the structures formed
under salt spray corrosion are similar in terms of phase
constituents, nevertheless, the addition of tiny amounts
of salt changes oxide scale structures and behavior for
more brittle and less protective that under air oxidation
conditions unstable in terms of thermal exposure and
expansion. It is important to note, that the amount of
Cr in the bulk steel showed no influence on general
corrosion behavior, the thickness of the oxide scale
developed on the 10H2M steel showed similar value as
that formed on the steel with the lowest concentration
of Cr (18K). Due to the relatively low salt concentration
in the mist, the mechanism of oxide scale formation can
be adopted from the air oxidation process.

4. Conclusions
The coupons of boiler tubes underwent severe corrosion degradation at high temperatures in the atmosphere of atmospheric air under 1 bar pressure. Due
to the similarity in chemical composition of the alloys
used in the tests, the materials developed oxide scales
containing a mixture of hematite (Fe2O3) and magnetite
(Fe3O4). The innermost layer of the formed oxide scale
presents mainly forms in the magnetite phase (Fe3O4).
The formation of wustite (FeO) was not observed, the
wustite phase (FeO) forms at higher temperatures than
that carried out in the following research, wustite phase
(FeO) is stable at temperatures above 570°C. The
formed oxide scales showed porosity and poor adhesion
to the metallic substrate; the 18K alloy underwent stress
corrosion cracking under a high temperature regime at
500°C with a length of 50 µm. The coupons under salt
spray corrosion atmosphere developed as well thick,
non adhesive structures containing traces of chlorine
and sulphur; these elements have been found on their
surfaces and at the oxide scale/metallic substrate interface. In addition, the oxide scales show the same phase
structures however layered structures observed under
salt mist corrosion contained a different ration of Fe2O3
and Fe3O4, leading to thermal stress development due
to the different coefficient of thermal expansion (CET).
The 10H2M steel with the highest Cr content (2.5 wt. %)
showed development of islands rich in Cr at the oxide
scale interface with concentration up to 4 wt. %.
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