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Abstract: The oxidation behavior of Super 304 H, Sanicro
25, HR3C and HR6W steels, which are recommended for
use in ultra-supercritical power plants, as well as corro-
sion resistant X2CrNiMo17-12-2 steel was studied in this
work. Oxidation tests were carried out under thermal
shock conditions in an oxygen-rich environment (con-
taining 50 vol. % water vapor) at a temperature equal to
750 °C. The investigated steels (excluding X2CrNiMo17-12-
2 steel) are characterized by good oxidation resistance
under thermal shock conditions. A highly protective
Cr,0; layer was formed in the internal part of scales
growing on the surfaces of investigated steels. The
X2CrNiMo17-12-2 steel has worse oxidation resistant prop-
erties than the other grades of steels.

Keywords: oxidation, thermal shocks, water vapor,
austenitic steels
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Introduction

The global demand for energy has increased rapidly in
the last few decades. Such a situation is the result of
improving life standards, the increasing number of
world population and fast industrialization of underde-
veloped countries. According to the most reliable predic-
tions, the energy consumption in 2030 will increase
twofold compared to the year 2000 [1, 2]. This will
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inevitably lead to an energy crisis. Therefore, scientists
are obligated, on the other hand, to intensively study the
application of alternative energy sources and, on the
other hand, to improve the efficiency of currently used
power plants [3].

It should be noted that, at present, coal is the domi-
nant source used to fulfill the global primary energy
demand [4] and it is obvious that in the near future coal
will still be the major source for energy production
despite increased utilization of alternative renewable
energy sources [5]. Unfortunately, coal plants are the
world’s largest source of carbon dioxide emissions,
which is the primary cause of global warming. Burning
coal is also a source of smog, acid rain and toxic air
pollution. As a consequence, one of the goals of the
power industry is to reduce of pollutant emissions from
coal-fired electric generating plants and improve their
thermal efficiency. One of the methods that allows for
this goal to be achieved is to increase the temperature of
steam to about 700°C in the next 30 vyears [6].
Unfortunately, ferritic or martensitic steels, commonly
used in coal plants, do not have sufficient mechanical
properties in these conditions. It has been confirmed that
new grades of steels that have been elaborated up to now
(e.g. TP91, TP92, etc.) exhibit good creep resistance.
However their corrosion resistance is not satisfactory at
temperatures higher than 550 °C in the presence of water
vapor. In addition, the degradation mechanism of these
steels has not yet been fully explained, because of its
high complexity, which is mainly the result of the com-
plex chemistry of combustion gases containing water
vapor. Consequently, great effort has been made in
many scientific centers across the world to select a
group of high-temperature materials resistant against oxi-
dation in the temperature range 700-750 °C, which could
be applied in coal-fired power plants [7-13]. The oxida-
tion resistance of these materials depends, first of all, on
chromium concentration, which should be high enough
for selective chromium oxidation and the formation of a
highly protective chromia scale (Cr,05) well adherent to
the substrate. In spite of this effort, however, there is still
a lack of adequate materials.
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Thus, the aim of the present work was to obtain
preliminary information about the oxidation resistance
under thermal shock conditions in an environment con-
taining water vapor of a number of heat resistant chro-
mium-nickel austenitic steels, which can potentially be
used in ultra-supercritical power plants, operating in the
temperature range 700-750 °C. The materials selected for
research in this work are presently used in incineration
and biomass-fired boilers at temperatures not exceeding
600 °C. However, their behavior at higher temperatures
has not been systematically tested.

Materials and experimental
procedure

Five chromium-nickel austenitic steels (X2CrNiMo17-12-2;
Sanicro 25; HR3C; HR6W; Super 304 H) have been
selected for investigation. Their chemical composition is
summarized in Table 1. Rectangular samples for corro-
sion experiments, with surface areas of about 6 cm? and
thickness equal to 1mm, have been cut from the pre-
viously mentioned materials. These samples were
grinded with emery papers (up 800 SiC) and degreased
in alcohol with the use of an ultrasonic cleaner and then
dried in air directly before oxidation tests. Oxidation tests
under thermal shock conditions were carried out in an
oxygen atmosphere, containing 50 vol. % of water vapor
in the apparatus presented schematically in Figure 1.
The realization of corrosion tests under thermal
shock conditions requires a short explanation. It should

Table 1: Chemical composition of tested materials (mass %).
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Figure 1: Scheme of the apparatus for oxidation test of metals in an
atmosphere containing steam under thermal shocks conditions.

be noted, namely, that boilers in coal plants do not
operate under strictly isothermal conditions. During
breaks in their operating procedure, boilers are cooled
down and then rapidly heated to their working tempera-
ture. It is well known that high thermal stresses in such a
case develop in the scale-substrate system due to differ-
ent thermal expansion coefficients of both materials [14,
15] and consequently, during heating and cooling, crack-
ing and spalling of the scale is observed, which consider-
ably lowers the oxidation resistance of the utilized
materials [16, 17].

The oxidation studies carried out in this work con-
sisted of rapid heating of a given sample located in the

Material Chemical composition

C Ni Cr Si Nb Mn Fe Another

X2CrNiMo17-12-2 max 10.0-13.0 16.5-18.5 max max 2.0 bal. Mo: 2.0-2.5
0.03 1.0

Sanicro 25 < 0.1 25 22.5 0.2 0.5 0.5 bal. W: 3.6

Co: 1.5

Cu: 3.0

N: 0.23

Super 304H 0.07-0.13 7.5-10.0 17.0-19.0 max 0.3-0.6 max 1.0 bal. Cu: 2.5-3.5

0.3 N: 0.05-0.12

HR3C 0.04-0.10 17.0-23.0 24.0-26.0 max 0.2-0.6 max 2.0 bal. N: 0.15-0.35
0.75

HR6W 0.10 bal. 21.5-24.5 1.0 0.1-0.35 1.5 20-27 Ti: 0.05-0.2

W: 6.0-8.0

B: 0.0005-

0.0006
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reaction chamber of the apparatus shown in Figure 1
from room temperature to 750 °C. The sample was then
treated at this temperature for two hours and subse-
quently cooled down rapidly (quenching) to room tem-
perature. The duration of the heating time was
approximately equal to 1 min. The cooling (quenching)
time, in turn, proceeded in air atmosphere for about 2
min. These experiments were performed to determine the
mass changes of corroded samples as a function of the
number of thermal shocks. Mass changes of the investi-
gated materials were determined once per day using a
laboratory balance (Radwag model AS60 with sensitivity
equal to 10 pg). The heating temperature equal to 750 °C
was chosen to simulate the most sever conditions, cur-
rently required in coal-fired boilers with supercritical
parameters and the number of applied thermal shocks,
equal to 100, is comparable with the average number of
operating breaks of coal-fired boilers during their life-
time in the power industry.

The interpretation of the conducted corrosion tests
is as follows. If corroded samples gradually lose their
masses as the number of successive thermal shocks
increases, it denotes that formed scales crack and spall
off from oxidized materials due to thermal stresses.
From these experiments it follows that the higher the
mass losses of a given sample are, the worse the scale
adherence and protective properties of the scale. On the
other hand, if the mass of the sample does not virtually
change as the number of shocks increases, it means that
in spite of thermal stresses generated in the scale-
metallic core system, the scale does not crack and
spall off from the substrate surface due to its very
good adherence. Consequently, such a scale satisfacto-
rily protects the oxidized material against high tempera-
ture corrosion.

After terminating the oxidation tests, scale morphol-
ogy was examined via an optical microscope (Olympus
GX71), as well as a scanning electron microscope (Hitachi
S-4200). Chemical composition analysis of the oxidation
products was performed using SEM-coupled with a X-ray
energy dispersive spectrometer (EDS) Thermo NORAN
(System Seven). The phase composition of the scales
was studied by the electron backscatter diffraction
(EBSD) technique. EBSD analysis was performed using
standard conditions for this method, i.e. accelerating
voltage of 20 KeV, fixed glancing angle of 70° and dis-
tance between detector and sample equal to 20 mm. The
penetration depth of the electron beam was in the range
25um. Crystalline structures in selected micro-regions
were identified using INCA HKL Nordlys II with Channel
5 software.
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Results and discussion

The results of thermal shock experiments carried out in
an oxygen-rich atmosphere containing 50% of water
vapor are presented in Figure 2.
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Figure 2: The results of thermal shocks of all materials under
investigation (Am/S - mass changes of the oxidized samples per
unit surface area).

From this Figure it follows that data obtained for all
studied materials do not significantly differ. In fact, the
masses of all studied samples, excluding the X2CrNiMo
17-12-2 steel sample, are virtually constant. This means
that the adherence of growing scales to steel surfaces is
very good. In the case of all these steels, excluding
X2CrNiMo17-12-2 steel, the scales were compact, well
adherent to the metallic core and did not spall off from
the samples. These conclusions based on kinetic results
were in full agreement with the morphological observa-
tions described below. On the other hand, the X2CrNiMo
17-12-2 steel sample starts to lose its mass after about 50
thermal shocks. Mass losses are not high, but they denote
that adherence of scale to the X2CrNiMo 17-12-2 steel is
worse compared to those observed for all other materials
in this work.

Kinetic results presented in Figure 2 remain in good
agreement with observations of scales of oxidized materi-
als. It has been found, namely, that in the case of the
X2CrNiMo17-12-2 steel, scale spallation can be easily
observed (Figure 3). It should be noted that not the entire
scale but only its external layer falls off (Figure 3(b)).
Such a situation is the result of different thermal expan-
sion coefficients of Fe;0, (1.5x107> K™) [18] and Cr,05
(5.86 x107® K™ [19] oxides, which form the external and
internal part of the oxide scale, respectively. A
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Figure 3: Morphology of the scale formed on the X2CrNiMo17-12-2
steel during oxidation under thermal shock conditions: (a) scale
surface (b) cross-section of oxidized sample.

continuous and compact Cr,03 protective layer forms on
materials consisting of at least 20 mass % Cr. In this case,
the layer constitutes a barrier against outward iron diffu-
sion. Therefore, as a rule, the formation of Fe;0, is not
observed on these materials. X2CrNiMo17-12-2 steel con-
sists of 16.5-18.5 mass % chromium, i.e. the lowest
amount of that element among the studied steels. Thus,
it is impossible for a continuous Cr,0; layer that blocks
outward Fe diffusion to form. As a consequence, the
presence of Fe;0, is observed on this steel. The formation
of Fe;0, is also assisted by a relatively small (compared
to the remaining types of steel) amount of nickel, an
element which increases Cr diffusion in the steel and
thereby facilitates the formation of a continuous Cr,053
layer. The X2CrNiMo17-12-2 steel also contains a relatively
large amount of manganese, the influence of which on
the formation of Cr,05 is opposite to that of nickel. In
contrast to results obtained for this steel, adherence of
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scales growing on all other materials is much better and
no cracking or spallation are observed. In order to illus-
trate such a situation, in Figure 4 images of the scale
surface and cross-section of oxidized Super 304H steel
are presented.

S-3400N x100 SE

Figure 4: Morphology of the scale formed on the Super 304H steel
during oxidation under thermal shock conditions: (a) scale surface
(b) cross-section of oxidized sample.

All the studied steels exhibit very good resistance against
oxidation under thermal shock conditions and the
X2CrNiMo17-12-2 steel exhibits relatively good resistance
due to advantageous phase composition of scales growing
on the surface of investigated materials. Using the EBSD
technique it has been found, namely, that the internal part
of the scales growing on all studied steels is composed of
highly protective Cr,03 chromium oxide. For illustration,
the results obtained during investigation of the internal
part of the scales formed on the surfaces of the
X2CrNiMo17-12-2 and Super 304H steels are presented in
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Figures 5 and 6, respectively. The diffraction analysis of
back scattered electrons has been carried out in micro-
regions presented in Figures 5(a) and 6(a). Obtained
images of Kikuchi lines are shown in Figures 5(b) and 6
(b). The crystalline structure in selected micro-regions,
identified using INCA HKL Nordlys II with Channel 5 soft-
ware, corresponds to Cr,O; oxide, Figures 5(c) and 6(c).

The detailed EBSD analysis of oxidized X2CrNiMo17-
12-2 steel samples indicates that in the internal part of the
scale, in addition to Cr,05 oxide, the (Cr, Mn, Fe)O, phase
is also present (Figure 7). Both these oxides are covered
by FeCr,0,, (Figure 8), on the surface of which Fe;0, is
formed (Figure 9).

EBSD analysis of scales growing on the Super 304H,
HR6W and Sanicro 25 steels shows that these scales are
composed only of Cr,05 oxide. In the case of the HR3C
steel, the scale contains two crystalline phases: Cr,05 and
(Fe,Cr);0,. Details of the phase compositions of scales
growing on the investigated steels are summarized in
Figure 10. It can be seen in Figure 10 that the Cr,0Os
oxide scale grown on Sannicro 25 steel is compact and
continuous. The same result was obtained for all Sanicro
25 steel samples.

As already mentioned, all the studied steels exhibit
very good resistance as a result of the formation of
highly protective Cr,05 oxide within the scales growing
on the surfaces of these steels. However, in spite of this
fact, the protective properties of the scale growing on
the X2CrNiMo17-12-2 steel are worse than those observed
for all other materials in this work. As can be seen in
Figure 10, in the case of the X2CrNiMo17-12-2 steel, the
thickness of the oxidation product layer formed above
Cr,0;5 oxide is at least one order of magnitude higher
than that recorded for other steels. This means that the
Cr,05 layer growing on the surface of the X2CrNiMo17-12-
2 steel does not constitute as good a barrier for outward
diffusion of iron and manganese, as the analogous
layers observed in the case of the remaining steels.
Thus, the question arises: what is the reason for such
a situation?

First of all, it should be mentioned that the investi-
gated steels have different chemical compositions (see
Table 1) and, as a consequence, various protective prop-
erties of Cr,03 oxide can be a result of the dopping effect.
It should be noted, however, that thermal shock tests
were conducted at a relatively low temperature, consti-
tuting about 38 % of the Cr,03 melting point. Experiments
were then carried out at a temperature lower than
Tammann’s temperature for Cr,0s. This means that the
dopping effect according to the Hauffe-Wagner theory of
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Figure 5: The results of EBSD analysis of the internal part of the
oxide scale growing on the surface of the X2CrNiMo17-12-2 steel
sample: (a) cross-section of oxidized steel sample with marked
micro-region, in which the EBSD analysis has been performed (b) an
electron backscatter diffraction pattern (c) results of simulation of
indexed planes for crystalline Cr,0s3.
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Figure 6: The results of EBSD analysis of the internal part of the
oxide scale growing on the surface of the Super 304H steel sample:
(@) cross-section of oxidized steel sample with marked micro-region,
in which the EBSD analysis has been performed (b) an electron
backscatter diffraction pattern (c) results of simulation of indexed
planes for crystalline Cr,0s5.
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Figure 7: The results of EBSD analysis of the internal part of the
oxide scale growing on the surface of the X2CrNiMo17-12-2 steel
sample: (a) cross-section of oxidized steel sample with marked
micro-region, in which the EBSD analysis has been performed (b) an
electron backscatter diffraction pattern (c) results of simulation of
indexed planes for crystalline (Cr, Mn, Fe)O,.
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Figure 8: The results of EBSD analysis of the central part of the
oxide scale growing on the surface of the X2CrNiMo17-12-2 steel
sample: (a) cross-section of oxidized steel sample with marked
micro-region, in which the EBSD analysis has been performed (b) an
electron backscatter diffraction pattern (c) results of simulation of
indexed planes for crystalline FeCr,0,.
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Figure 9: The results of EBSD analysis of the external part of the
oxide scale growing on the surface of the X2CrNiMo17-12-2 steel
sample (a) cross-section of oxidized steel sample with marked
micro-region, in which the EBSD analysis has been performed (b) an
electron backscatter diffraction pattern (c) results of simulation of
indexed planes for crystalline Fe30,.
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Figure 10: Cross-sections of oxidized materials with marked phases
constituting growing scales.
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doping [20] cannot be responsible for the higher oxida-
tion rate of the X2CrNiMo17-12-2 steel.

On the other hand, relatively fast outward diffusion of
iron and manganese under the applied experimental con-
ditions could proceed via short circuit diffusion paths, such
as dislocations or grain boundaries. It has been recently
reported that a Cr,0; oxide layer, formed in conditions
analogous to those applied in this work, has an extremely
fine-grained structure [21]. This fine crystalline Cr,05 oxide
layer thereby exhibits a relatively low concentration of
dislocations and a very large density of grain boundaries.
As a consequence, it can be concluded that grain boundary
diffusion should be responsible for the relatively fast
degradation rate of the X2CrNiMo17-12-2 steel. In the case
of scales formed on the surface of the X2CrNiMo17-12-2
steel samples, the internal scale layer is not only composed
of Cr,0s, but consists of two oxide phases: Cr,05 and (Cr,
Mn, Fe)O, (see Figure 7). As the protective properties of
oxide spinel phases containing iron are generally worse
compared to those of pure Cr,0s, the presence of the (Cr,
Mn, Fe)O, oxide may increase the outward grain boundary
diffusion of iron and manganese through the internal layer
of the oxide scale on the X2CrNiMo17-12-2 steel.

It should be mentioned, that the presence of the (Cr,
Mn, Fe)O, oxide in the internal part of scale is not the
only potentially possible explanation of the faster degra-
dation rate of the X2CrNiMo17-12-2 steel. In spite of the
phase composition results obtained by EBSD and pre-
sented in Figure 10, the detailed chemical analysis of
scales performed using EDS clearly indicates, namely,
that the internal layer of the scales formed on all studied
steels is enriched in iron. For illustration, some of the
obtained results using the EDS technique are presented in
Figure 11. The amount of iron in the internal part of the

Cr-K Mn-K
379 29 543

2.1 43 20.0

0.4 724 25 23.1

152 0.5 69.5 9.4 17

20.1 0.7 68.4 79 21

0.4 143 70.6 104 34

Super 304H

Figure 11: Microphotographs of cross-sections of oxidized steel
samples with marked regions in which the EDS analysis has been
performed and the results of such analysis (expressed in at. %).
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scale growing on the X2CrNiMo17-12-2 steel reaches about
32 at.%, while in the case of other steels it changes in the
range of 3-20 at. %. These values are too high to be a
result of experimental error and the lack of oxide phases
containing iron at the steel-scale interface should be
explained. It is relatively easy to explain such a situation
in the case of the X2CrNiMo17-12-2 steel, due to the pre-
sence of the (Cr, Mn, Fe)O, oxide in internal part of the
scale. However, according to EBSD analysis the internal
part of scales formed on all remaining steels was com-
posed only of Cr,0s. This apparent disagreement in the
results obtained using EBSD and EDS methods can be
explained as being caused by the presence of glassy
oxide phases. Using the EBSD technique, crystalline
oxide phases have been detected, while EDS analysis
can give information about the chemical composition of
crystalline and amorphous phases. The possibility of
glassy phases formation in the internal part of the scales
growing on Sanicro 25 steel has been recently reported
[21]. As the diffusion rate in crystalline and amorphous
materials can differ significantly, the presence of non-
crystalline oxide phases in investigated scales can be
potentially treated as an important factor that increases
the diffusion rate of reactants. The influence of the pre-
sence of (Cr, Mn, Fe)O, oxide, grain boundaries, as well
as glassy phases in formed oxide scales on the degrada-
tion rate of investigated steels requires further detailed
studies. It should be noted that all investigated materials
are austenitic steels, which means that the size and dis-
tribution of the grains were comparable in each case.
Therefore, the different oxidation rates of the individual
steels should not be caused by the microstructures of
these steels, but by their different chemical compositions.

Conclusions

One of the most important conclusions, resulting from
this work is that all steels under investigation have good
resistant properties under thermal shock conditions. This
is due to the formation of a highly protective Cr,05 layer
in scales growing on the surfaces of studied steels. It has
been demonstrated, however, that the X2CrNiMo17-12-2
steel has the lowest oxidation resistance among all the
studied materials. The relatively fast degradation rate of
this steel was tentatively explained as a result of the
presence of short circuit diffusion paths in (Cr, Mn, Fe)
0, oxide, which was detected only in the internal part of
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the scales growing on the X2CrNiMo17-12-2 steel. From a
practical point of view, it may be then concluded that
coal-fired boilers in ultra-supercritical power plants
should not be manufactured in the future using the
X2CrNiMo17-12-2 steel.

Funding: The results presented in this paper were
obtained in the research work co-financed by the
National Centre of Research and Development in the
framework of contract PBS2/B4/8/2013 — Programme of
Applied Research, PBSII: DUO-BIO — Low-carbon innova-
tive technologies for modernization of 200 MW coal-fired
power units.
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