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The initial corrosion behaviors of Fe20Cr25NiNb austenitic stainless steel are
investigated at 1000�C in helium environment with different relative
humidity values. Results show that thin chromia film and small nodules are
formed for all oxidation conditions, and some white-colored large nodules are
developed for the conditions with ‡ 20% relative humidity. The number and
size of these large nodules increase slightly with the increase of relative
humidity. These small nodules are primarily composed of the pre-formed
chromia film and new-generated chromia phases, and their formation is
strongly related to the oxidation of intergranular Fe2Nb phases. The white-
colored large nodules mainly consist of three oxide layers: outer magnetite
layer, inner spinel layer and (Cr, O)-rich healing layer. An accelerated oxi-
dation is observed after the transition point for the conditions with ‡ 20%
relative humidity, which is attributed to the formation of large nodules. The
oxide growth primarily follows the linear law before the transition point and
obeys the parabolic law after the transition point for higher relative humidity.

INTRODUCTION

Advanced gas-cooled reactor is an improved Gen-
eration II gas-cooled reactor in UK, which primarily
originates from one of Generation I gas-cooled
reactors, namely the Magnox reactor.1 The
advanced gas-cooled reactors use graphite as the
neutron moderator and carbon dioxide as coolant.
The carbon dioxide coolant usually contains some
additions, such as carbon monoxide, methane, water
vapor, hydrogen and other minor constituents.2

During the operation at high temperatures, the
coolants with oxidation and carbonization compo-
nents inevitably possess an important influence on
the microstructure and service performance of the
in-pile materials in the advanced gas-cooled reac-
tors. Therefore, a lot of work has been carried out to

investigate the oxidation behaviors and properties
of structural steels and alloys for the advanced gas-
cooled reactors in the past.1–7

Fuel cladding is one of crucial materials in the
advanced nuclear reactors, which plays a role in
preventing the release of radioactive fission prod-
ucts from the fuel pellets into the primary circuit
and external environment.8 The fuel cladding must
be robust enough to prevent fission gas release and
to ensure the nuclear safety for the advanced gas-
cooled reactors.9 Compared with other structural
materials, the service conditions of fuel cladding are
almost the most severe because they are in direct
contact with nuclear fuels and experience extreme
irradiance dose and high service temperature. For
the radiation dose, the fuel cladding not only
withstands the highest neutron flux among the
structural materials, but also experiences intense
radiation damage induced by the recoil fission
fragments.10 For the service temperature, the peak
channel outlet temperature of carbon dioxide(Received March 17, 2022; accepted July 12, 2022;
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coolant is about 661�C and the maximum temper-
ature of fuel cladding is > 700�C.11,12 Conse-
quently, the oxidation behaviors and radiation
resistance of fuel cladding at high temperatures
are important factors that determine the service life
of fuel elements and the safety of the reactor
system.

In general, Fe20Cr25NiNb austenitic stainless
steel has acceptable oxidation resistance in carbon
dioxide, superior high-temperature compatibility
with fuel pellets and good structural stability in
the moderate temperatures, and therefore this steel
is currently being used as the fuel cladding in
advanced gas-cooled reactors.13,14 many experi-
ments have been performed to evaluate the service
behaviors of Fe20Cr25NiNb austenitic stainless
steel at the temperature range of 500–850�C.14–21

Many researchers focused on the oxidation behav-
iors of Fe20Cr25NiNb stainless steel in carbon
dioxide at high temperatures. Tyler et al.14 inves-
tigated the oxidation of Fe20Cr25NiNb stainless
steel in carbon dioxide at 700�C and revealed that
chromium oxides were first formed on the steel
surface and then transformed into the spinel oxides
with the extension of oxidation time. However, at
higher temperature of 800�C, the oxides first formed
on the Fe20Cr25NiNb stainless steel were spinel
oxides, which were rich in Fe with some quantities
of Cr and Mn.18 Usually, a Cr-rich oxide layer could
be preferentially formed on the Fe20Cr25NiNb
stainless steel, and the growth of oxide layer was
controlled by the diffusion of Cr atom across the
oxide layer at the first oxidation stage.19 These Cr-
rich oxides might be subjected to rupture as a result
of the large thermal stresses or growth stresses
during the growth process and resulting in the
formation of spinel oxides and magnetite oxide.13

When the Cr concentration is below a critical value
in the Cr-depleted matrix of stainless steel, the Cr-
rich healing layer could not be rapidly formed on the
steel surface after the rupture of Cr-rich oxides,
resulting in the formation of Fe-rich and Ni-rich
oxides.20,21

Therefore, the initial corrosion behaviors of
Fe20Cr25NiNb stainless steel, especially involving
the transition process of oxide layer from Cr-rich
oxides into Fe-rich and Ni-rich oxides, are very
important for understanding the oxidation behav-
iors at high temperatures. On the other hand, under
extreme conditions or accident conditions, the tem-
perature of cladding steel in advanced gas-cooled
reactors may quickly reach 1000�C or even higher.13

However, there are only a few studies investigating
the corrosion behaviors of Fe20Cr25NiNb stainless
steel at higher temperatures (‡ 1000�C). Recently,
Chen et al.13 performed the oxidation experiment of
Fe20Cr25NiNb stainless steel in an oxidizing envi-
ronment at 1000�C and found the transition process
of oxide layer at exposure time of about 1.5 h, but
the influence of oxygen content (such as relative
humidity, oxygen partial pressure or others) on the

initial corrosion behaviors of Fe20Cr25NiNb stain-
less steel at higher temperature is still unclear at
present. In this study, the initial corrosion behav-
iors of the Fe20Cr25NiNb stainless steel with
different relative humidity values will be investi-
gated in isothermal helium environment at 1000�C,
and the influence of relative humidity on the initial
corrosion behaviors will be emphatically discussed
in the present study.

EXPERIMENTAL PROCEDURE

The Fe20Cr25NiNb austenitic stainless steel was
supplied by University of Science & Technology
Beijing. This steel was produced by the method of
vacuum induction melting and directional solidifi-
cation, followed by rolling and solution treatment.
For the corrosion testing, square specimens with a
size of 10 mm 9 10 mm 9 1 mm were cut from the
steel plates by the electro-spark machining method.
A hole with diameter of 2 mm was drilled near one
end of the specimens for hanging the testing
specimens during the high-temperature corrosion.
Before the corrosion experiments, the surfaces of
corrosion specimens were mechanically ground up
to 1000 grit SiC papers, followed by ultrasonically
cleaning in acetone for 5 min and drying by drier.

The corrosion experiments were performed in the
simultaneous TGA&DTA/DSC thermal analyzer
(Setsys Evo, Setaram). In each individual experi-
ment, a specimen was hung on a platinum wire and
then slowly dropped into the reaction furnace of the
simultaneous thermal analyzer. To remove the
residual air, pure helium with 99.999% purity was
first introduced into the thermal analyzer system
before heating up the furnace. Then, the pure
helium was introduced into a controlled humidity
generator (Wetsys, Setaram) with flow rate of
20 ml/min. Subsequently, the helium gas carried
trace amounts of water vapor into the reaction
furnace of thermal analyzer. The pressure of helium
gases with small amount of water vapor was always
maintained at one atmosphere in the humidity
generator and thermal analyzer. The amounts of
water vapor were controlled by setting the relative
humidity at the temperature of 50�C in the humid-
ity generator before the helium gases were intro-
duced into the reaction furnace of thermal analyzer.

During the corrosion testing, the specimens were
slowly heated to 1000�C with heating rate of 10�C/
min. The isothermal corrosion tests were conducted
at 1000�C for 4 h. During the entire corrosion
process, the temperature, relative humidity and
weight change of corrosion specimens were moni-
tored in real time by the simultaneous thermal
analyzer and the photoelectric microbalance with a
high gravimetric resolution of 0.02 lg. In different
corrosion tests, the relative humidity was main-
tained at 0%, 20%, 40%, 60% and 80%, respectively.
The recorded relative humidity data had higher
stability and accuracy (± 0.2% RH) for all corrosion
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tests, as shown in Fig. S1 (refer to online supple-
mentary material). When the isothermal corrosion
tests were finished, the corrosion specimens were
cooled down with cooling rate of 10�C/min. After the
corrosion experiments, the microstructure and
chemical distributions of the oxidized specimens
were examined by an FEI NOVA NanoSEM400
scanning electronic microscope (SEM) equipped
with an Oxford energy-dispersive spectrometer
(EDS). In addition, the microstructure and phases
of the un-oxidized specimens were also examined by
SEM and JEOL JEM-2100 transmission electron
microscopy (TEM). Based on the SEM and TEM
images, a dimensional measurement software
(Mias, developed by Sichuan University) was used
to measure the grain size of austenitic stainless
steel and the size of the second phases. The oxide
phases were examined by PANalytical X’pert Pro
MPD x-ray diffraction (XRD) in the 2h range of 20�–
100� with a diffraction rate of 5�/min.

RESULTS AND DISCUSSION

Characterization of the Un-oxidized
Fe20Cr25NiNb Stainless Steel

The chemical composition of the as-received
Fe20Cr25NiNb austenitic stainless steel was ana-
lyzed by inductively coupled plasma mass spec-
troscopy, and the results are presented in Table S1
(refer to online supplementary material). This
chemical composition is very similar with 310S
stainless steel with more Ni content and less Cr
content. In fact, the Fe20Cr25NiNb stainless steel is
developed on the basis of 310 stainless steel.22 The
purpose of reducing Cr content is to mitigate the
precipitation of brittle r phases and increasing Ni
content to improve the toughness of stainless steel.
Moreover, it also can be found that the Fe20Cr25-
NiNb stainless steel contains higher Mo content and
a certain amount of Nb. Mo is added to improve the
high-temperature strength and creep resistance,
while Nb is added to enhance the strength by
forming the niobium carbides with free carbon and
to increase the sensitization resistance of austenitic
stainless steels. In general, austenitic stainless
steels are vulnerable to the intergranular corrosion
at the temperature range of 420–850�C, because the
Cr-depletion regions in the matrix are easily formed
near the grain boundaries as a result of the
precipitation of chromium carbides at the grain
boundaries.23 Nb can serve as a stabilizer to capture
free carbon and to relieve the formation of Cr-
depleted regions.14

Figure 1a shows the SEM microstructure of the
un-oxidized Fe20Cr25NiNb stainless steel. The
grain size of austenitic stainless steel is � 25.0 ±
4.6 lm, and some annealing twins are observed in

the grains of stainless steel, indicating that this
stainless steel has relatively lower stacking fault
energy and twin boundary energy. More impor-
tantly, a large amount of second phases with

submicron size is observed adjacent to the grain
boundaries, as indicated by the white arrows in
Fig. 1a. Further TEM micrograph reveals that
these second phases are entirely localized at the
grain boundaries, as shown in Fig. 1b. The size of
these second phases is � 146 ± 28 nm, measured
by the dimensional measurement software (Mias).
The EDS results in Fig. 1d illustrate that the
intergranular phases are rich in Fe and Nb. Com-
bined with the selected area electron diffraction
pattern of the intergranular phases shown in
Fig. 1c, it can be confirmed that these intergranular
second phases are Fe2Nb Laves phases. This result
is in accordance with the description of Refs. 24, and
25 which pointed out that the Fe2Nb Laves phases
were preferentially precipitated at the grain bound-
aries in the many Nb-bearing stainless steels. These
intergranular Fe2Nb Laves phases may act as free
carbon traps to form the niobium carbides during
the corrosion in high-temperature carbon dioxide
environment.14

Microstructure of the Oxidized Fe20Cr25NiNb
Stainless Steel

Figure 2 shows the surface microstructures of
Fe20Cr25NiNb stainless steel oxidized at 1000�C
for 4 h with different relative humidity values.
Although the steel specimens are covered by the
oxides after the corrosion testing, some parallel
scratches can be observed on the steel surface for all
conditions, indicating that the thickness of oxide
film formed on the steel surface is too thin to
completely cover the original scratches generated
during the grinding process.26 For the condition
with 0% relative humidity, many small nodules
with size of � 10 lm are formed on the oxide film,
as shown in Fig. 2a. It also can be found that the
thin oxide film has been subjected to the spallation,
and some fresh steel regions are present on the
matrix surface of Fe20Cr25NiNb stainless steel, as
indicated by the white arrows in Fig. 2a. When the
relative humidity reaches 20%, except the thin
oxide film and small nodules, some large nodules
with white-colored contrast in SEM micrograph are
also generated, as shown in Fig. 2b. With the
further increase of relative humidity, it can be seen
from Fig. 2b and e that the number and size of these
white-colored large nodules increase slightly. This is
because the oxygen partial pressures in the high-
temperature environment increase with the
increase of relative humidity (presented in sec-
tion ‘‘Effect of Relative Humidity on the Corrosion
Behaviors’’); more oxides can be formed under
higher oxygen partial pressures.27 The following
will focus on the detail analysis of the small nodules
and the white-colored large nodules.

Figure 3 shows the enlarged microstructure and
EDS results of Fe20Cr25NiNb stainless steel oxi-
dized at 1000�C for 4 h with 0% relative humidity.
Figure 3b shows that some cracks are formed on the
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top of the small nodules. The formation of cracks is
primarily attributed to the volume mismatch
between the steel matrix and oxides during the
oxide growth. It is well known that larger growth
stresses can be developed at the oxide/matrix inter-
face during the corrosion process, and the stresses
are compressive state in the oxide layer and tensile
state in the steel matrix.28 Under the compressive
stresses, the buckling of oxide layer may occur,
resulting in the formation of small nodules and
micro-cracks.13 EDS results show that the chemical
composition of small nodules (micro-zone 1 in
Fig. 3b) is similar to the thin oxide film (micro-zone
3 in Fig. 3b), as presented in Table I. These small
nodules and thin oxide film are rich in chromium
and oxygen, and the atomic ratio of chromium and
oxygen is approximately 2:3, indicating that these
oxides are probably chromia (Cr2O3). Figure 4 pre-
sents the XRD patterns of the oxidized Fe20Cr25-
NiNb stainless steels with 0% relative humidity;
these XRD results verify that the small nodules and
oxide film are primarily composed of Cr2O3. At the
spallation regions, many white particles are
observed in the steel matrix, as shown in Fig. 3c.
The EDS results in Table I indicate that the Nb
content in the region with white particles (micro-
zone 2) is higher than the original matrix content.
Considering the size of these white particles is too
small, the EDS values are the mixture of white
particles and underlying matrix. Therefore, it can
be speculated that these white particles are rich in

Nb. Combined with the microstructural results of
the un-oxidized Fe20Cr25NiNb stainless steel in
Fig. 1, these white particles are comparable in size
to Fe2Nb Laves phases. Based on the chemical
compositions and particle size results, it can be
inferred that these white particles are Fe2Nb Laves
phases and/or their oxides.

Figure 5 shows the enlarged microstructure of the
oxidized Fe20Cr25NiNb stainless steel with 20%
relative humidity. These white-colored large nod-
ules are primarily composed of many small oxide
crystals, as shown in Fig. 5b. The EDS results
(Table I) show that these oxide crystals (micro-zone
4 in Fig. 5a) are rich in iron and oxygen and their
atomic ratio is approximately 3:4, combining with
the XRD patterns shown in Fig. 4, so it can be
concluded that these oxide crystals are mainly
magnetite (Fe3O4). At the regions with thin oxide
film, the spallation of chromia layer is also observed,
as presented by the red arrows in Fig. 5a. This
phenomenon indicates that the thin oxide film is
always falling off during the corrosion process even
after the large nodules are formed. In addition,
some small nodules also can be found on the surface
in the regions of thin oxide film, and the micro-
cracks are also presented on the top of these small
nodules, as shown in Fig. 5d. These results indicate
that the micrograph and phases at the regions with
thin oxide film are the same as the specimen
oxidized with 0% relative humidity, except for the
formation of white-colored large nodules.

Fig. 1. Microstructures and phases of the un-oxidized Fe20Cr25NiNb stainless steel. (a) SEM micrograph; (b) TEM micrograph of the
intergranular phases; (c) selected area electron diffraction pattern of the intergranular phases in (b); (d) EDS results of the intergranular phases
in (b).
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As mentioned above, the corrosion products
formed on the Fe20Cr25NiNb stainless steel include
the thin oxide film, small nodules and white-colored
large nodules. In the following, the cross-sectional
microstructures of these corrosion products will be
presented and analyzed. Figure 6 shows the cross-
sectional microstructures of the regions with thin
oxide film of the oxidized Fe20Cr25NiNb stainless
steel with different relative humidity values. For all
conditions, the thicknesses of oxide layer at the
regions with thin oxide film are between 1 lm and
2 lm; there is no direct relationship between rela-
tive humidity and thickness of oxide layer, i.e., the
relative humidity seems to have little effect on the

thickness. In general, the higher the oxygen partial
pressure, the more oxides will be formed on the alloy
surface.29 However, the thickness of the oxide film
does not significantly increase with the increase of
oxygen partial pressure (relative humidity) in the
present study. This phenomenon can be explained
by the reason that the oxygen partial pressure at
lower relative humidity is sufficient for the forma-
tion of chromia, and the growth of chromia layer is
mainly controlled by the diffusion of Cr cations and
O anions through the oxide layer at higher temper-
atures.30 Therefore, all the oxidized specimens have
the similar thickness of oxide layer because of the
same corrosion temperature and exposure time.

Fig. 2. Surface microstructures of Fe20Cr25NiNb stainless steel oxidized at 1000�C with different relative humidity values. (a) 0%; (b) 20%; (c)
40%; (d) 60%; (e) 80%.
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Figure 7 shows the cross-sectional microstructure
and corresponding EDS results of the regions with
small nodules of the oxidized Fe20Cr25NiNb stain-
less steel with 20% relative humidity. It can be
clearly seen that some new oxides are generated
between the oxide film and the steel matrix, and
these new-generated oxides are rich in chromium
and oxygen, as shown in Fig. 7a. Obviously, it can
be inferred that their chemical compositions are
similar to the chromia layer, and these oxides are
Cr2O3. In addition, an interesting thing is that some
Nb-rich phases are located at both sides of the new
formed oxides, as shown in the Nb mapping image of
Fig. 7a and the Nb scanning line results of Fig. 7b.
In fact, the Nb-rich phases are observed near almost
every region with small nodules on the oxidized

Fe20Cr25NiNb stainless steel. This indicates that
the formation of this new-generated Cr2O3 is
strongly related to the Nb-rich phases. Considering
the fact that many intergranular Fe2Nb phases are
distributed in the steel matrix (Figs. 1 and 3c), some
Fe2Nb Laves phases inevitably meet the matrix/
oxide interface during the corrosion process and
these Fe2Nb Laves phases can transform into the
niobium pentoxide (Nb2O5) by reaction with oxy-
gen.31 A large volumetric expansion will occur at the
oxide interface under these regions with Fe2Nb
Laves phases because of the large Pilling–Bedworth
ratio of Nb2O5 (� 2.67),32 which can result in the
buckling of oxide film and the formation of micro-
cracks. Furthermore, the micro-cracks can serve as
rapid channels for the oxygen diffusion from the

Table I. EDS results of chemical compositions (at.%) of the micro-zones marked by red numbers 1–5 in Figs. 3
and 5

Micro-zones O Cr Fe Ni Mn Mo Nb Possible phases

1 57.49 38.25 2.67 0.48 1.11 – – Cr2O3

2 – 13.74 55.16 27.74 0.29 1.32 1.75 Matrix
3 56.92 37.63 2.95 1.24 0.86 - 0.40 Cr2O3

4 51.86 3.42 40.55 3.31 0.37 – 0.49 Fe3O4

5 59.75 34.63 3.61 1.37 0.56 – 0.08 Cr2O3

Fig. 3. Enlarged microstructure and EDS results of the oxidized Fe20Cr25NiNb stainless steel with 0% relative humidity. (a) SEM micrograph; (b)
and (c) are the enlarged micrographs of the rectangular regions marked by ‘‘B’’ and ‘‘C’’ in (a), respectively; (d) EDS results of small nodules and
white particles in (b) and (c) (Color figure online).
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outer environment into the oxide interface, promot-
ing the formation of the new-generated Cr2O3.13

Figure 8 shows the cross-sectional microstructure
and corresponding EDS results of the regions with
white-colored large nodules of the oxidized
Fe20Cr25NiNb stainless steel with 20% relative
humidity. It can be found that the thickness of the
oxide layer at the regions with large nodules
(> 10 lm) is obviously larger than the thin oxide
film (1–2 lm) and the small nodules. This oxide
layer is primarily divided into three layers. The
outer layer is composed of some oxide crystals and is
rich in oxygen and iron, as shown in the Fe and O
mapping images of Fig. 8a and the scanning line
results of Fig. 8b. Combining with their morphology
and chemical compositions, it can be inferred that
these oxide crystals are Fe3O4, as same as the small
oxide crystals in Fig. 5b. The inner layer has a
darker color comparing with the outer layer, and
the chemical compositions of the inner layer mainly
consist of iron, oxygen, nickel and chromium, as
shown in Fig. 8b. Usually, the duplex oxide layer
with outer Fe3O4 layer and inner (Fe, Cr, Ni)3O4

spinel layer can be formed on the stainless steels at
high temperatures after the pre-formed chromia
film is subjected to spallation.13,33 Consequently,
this inner layer should be the (Fe, Cr, Ni)3O4 spinel
oxides in the present study. In addition, a (Cr, O)-
rich healing layer with thickness of about 2 lm can
be observed near the steel matrix, and the (Cr, O)-
rich healing layer should be mainly composed of
Cr2O3. This healing layer is usually formed at the
oxide/matrix interface by the inward diffusion of

oxygen from the outer environment and the out-
ward diffusion of chromium from the steel matrix.20

Weight Gains of Fe20Cr25NiNb Stainless Steel
During Corrosion Process

Figure 9 shows the weight gains of Fe20Cr25-
NiNb stainless steel oxidized at 1000�C for 4 h with
different relative humidity values. For all corrosion
conditions, the weight gains of Fe20Cr25NiNb
stainless steel progressively increase with the
increase of exposure time, and the higher the
relative humidity, the greater the weight gains, as
shown in Fig. 9a. It also can be found that the
transition point occurs in the weight gain curves for
the conditions with ‡ 20% relative humidity. The
transition times of Fe20Cr25NiNb stainless steel
with 20% relative humidity, 40% relative humidity,
60% relative humidity and 80% relative humidity
are � 2.5 h, � 1.64 h, � 1.32 h and � 1.27 h,
respectively. In other words, the higher the relative
humidity is, the shorter the transition time. After
the transition point, the accelerated corrosion can
be clearly observed from the weight gain curves,
and the corrosion kinetics has changed before and
after the transition point, as shown in Fig. 9. In
general, the corrosion kinetics of steels at high
temperatures can be calculated by the following
Eq.:13

DWð Þn¼ K � t ð1Þ

where DW is the weight gain per unit area (mg/cm2),
n is the power exponent for representing the
corrosion kinetic, K is the corrosion rate constant
(mgn/cm2n/h), and t is the exposure time.

By fitting the weight gain results with the above
equation, the kinetic parameters can be obtained
from the fitted curve. The fitted kinetic parameters
of Fe20Cr25NiNb stainless steel oxidized at 1000�C
before and after the transition point are summa-
rized in Table II. Before the transition point, the
power exponent n is between 1.16 and 1.45, and its
value decreases generally with increase of relative
humidity. After the transition point, the power
exponent n increases to 1.56 for the condition with
20% relative humidity and reaches � 2 for the
conditions with higher relative humidity. In gen-
eral, the corrosion kinetics of steels and alloys at
high temperatures generally fall between two
extreme cases: a linear law (n = 1) and a parabolic
law (n = 2). For the linear law, the formation rate of
oxide film is directly proportional to exposure time,
and the corrosion reaction is so fast that the metal
atoms will react with oxygen as long as the metal
meets oxygen. For the parabolic law, the corrosion
reaction is diffusion-controlled, and the reaction
rate is equal to the diffusion rate of the reactants
through the oxide layer.34 Therefore, it can be
inferred that the oxide growth of Fe20Cr25NiNb
stainless steel primarily follows the linear law
before the transition point in view of the smaller
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power exponent (n< 1.5). After the transition
point, the oxide growth for the condition with 20%
relative humidity may obey the mixture of linear
law and parabolic law considering the intermediate
power exponent (n � 1.5), and the corrosion growth
for the conditions with higher relative humidity
obeys the parabolic law (n � 2).

In addition, it can be found that the corrosion rate
constant K increases generally with the increase of
relative humidity when the corrosion primarily
follows the linear law (before the transition point),
and the similar phenomenon also can be observed
when the corrosion obeys the parabolic law (after
the transition point, relative humidity ‡ 40%), as
presented in Table II. It is widely accepted that
when the corrosion rate constant is larger for the
similar corrosion condition, the corrosion of steels
and alloys at high temperature is more severe.35

This indicates that more corrosion products are
generated on the steel surface at higher relative
humidity because of the higher oxygen partial
pressure in the oxidizing environment.

Effect of Relative Humidity on the Corrosion
Behaviors

Combining the microstructural results with the
weight gains of Fe20Cr25NiNb stainless steel

oxidized at 1000�C, it can be concluded that the
accelerated corrosion after the transition point is
attributed to the formation of white-colored large
nodules, because the white-colored large nodules
have been observed on the oxidized specimens with
accelerated corrosion (‡ 20% relative humidity)
while only thin oxide film and small nodules are
formed on the specimens without accelerated corro-
sion (0% relative humidity), as shown in Figs. 2 and
9. As mentioned above, the regions with white-
colored large nodules possess a thicker oxide layer
(> 10 lm) compared with the thin oxide film (1–
2 lm) and small nodules; this thick oxide layer
provides an additional and significant weight gain
of Fe20Cr25NiNb stainless steel, which is presented
in the form of accelerated corrosion after the
transition point on the weight gain curve. In
general, the formation of these large oxide nodules
is usually associated with the cracking and spalla-
tion of pre-formed chromia film when the chromia-
forming stainless steels are oxidized at high tem-
peratures.13,36 In the present study, the spallation
of pre-formed chromia film is observed on the
regions with thin oxide film for all corrosion condi-
tions, while the white-colored large nodules are not
formed on the steel surface for the condition with
0% relative humidity. This indicates that the

Fig. 5. Enlarged microstructure of the oxidized Fe20Cr25NiNb stainless steel with 20% relative humidity. (a) SEM micrograph; (b), (c) and (d) are
the enlarged micrographs of the rectangular regions marked by ‘‘B’’, ‘‘C’’ and ‘‘D’’ in (a), respectively.
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formation of white-colored large nodules is not only
associated with the spallation of chromia film, but
also has an important relationship with the relative
humidity.

The relative humidity is closely related to the
oxygen partial pressure, and the oxygen partial
pressure directly determines the behaviors of many
oxides.37 In the present study, the content of water
vapor was maintained at the target relative humid-
ity at the temperature of 50�C in the steam gener-
ator before the helium gas was introduced into the
reaction furnace. The pressure of the helium gas
was always maintained at one atmosphere in the
steam generator and reaction furnace during the

entire corrosion process. Therefore, the oxygen
partial pressure can be calculated based on the
relative humidity values. The saturated water
vapor pressure is about 1.218 9 10–1 atm at the
temperature of 50�C according to the computation of
Murray.38 Therefore, the partial pressure of water
vapor in the reaction furnace can be estimated in
the present study, as presented in Table III. At
higher temperatures, the water vapor will decom-
pose into hydrogen and oxygen by the decomposition
reaction H2O ¼ H2 þ 1=2O2, and the standard free
energy change of this decomposition reaction is a
function only of temperature, which is given by
Eq. 2:28

Fig. 6. Cross-sectional microstructures of the regions with thin oxide film of Fe20Cr25NiNb stainless steel oxidized at 1000�C with different
relative humidity values. (a) 0%; (b) 20%; (c) 40%; (d) 60%; (e) 80%.
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DG� ¼ 246440 � 54:8T J=mol ð2Þ

where DG� is termed the standard free energy
change. T is thermodynamic temperature. Accord-
ing to the thermodynamic relationship between
metals and gases,28 the equilibrium oxygen partial
pressure can be calculated by Eq. 3:

Kp ¼ exp �DG�

RT

� �
¼

pH2
p

1=2
O2

pH2O
ð3Þ

where Kp is the equilibrium constant at fixed total
pressure, R is the gas constant, and pH2O, pO2

and
pH2

are the partial pressure of water vapor, oxygen
and hydrogen in the oxidizing environment, respec-
tively. Considering that the helium gases with
water vapor are constantly updated and only a
small amount of water vapor is decomposed into

oxygen and hydrogen, it can be roughly estimated
that the hydrogen partial pressure is twice the
oxygen partial pressure and partial pressure of
water vapor has not changed after the decomposi-
tion reaction in the furnace of thermal analyzer.
Based on the above assumptions and equations, the
oxygen partial pressure can be easily calculated in
the present study, as presented in Table III.

In fact, the actual oxygen partial pressure for the
condition with 0% relative humidity is higher than
the calculated oxygen partial pressure (0 atm),
because trace amounts of oxygen-containing impu-
rities are inevitably present in the helium gases. It
is well known that the equilibrium dissociation
pressure of Cr2O3 at 1000�C is extremely low (� 10–22

atm39), and the actual oxygen partial pressure for the
condition with 0% relative humidity should be higher
than the dissociation pressure of Cr2O3. Therefore,
the chromia film and small nodules can be formed on

Fig. 7. Cross-sectional microstructure and corresponding EDS results of the regions with small nodules of the oxidized Fe20Cr25NiNb stainless
steel with 20% relative humidity. (a) Cross-sectional microstructure and corresponding EDS mapping images; (b) EDS scanning line results.
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the oxidized Fe20Cr25NiNb stainless steel. However,
the equilibrium dissociation pressures of iron oxides
at 1000�C increase significantly (2.8 9 10–12 atm for
Fe3O4 and 1.7 9 10–6 atm for Fe2O3

30), and it should
be obviously larger than the actual oxygen partial
pressure for the condition with 0% relative humidity;
hence, the white-colored large nodules with iron
oxides cannot be formed on the oxidized Fe20Cr25-
NiNb stainless steel with 0% relative humidity even
if the chromia film has been spalled. For the condi-
tions with ‡ 20% relative humidity, the calculated
oxygen partial pressure is around � 10–8 atm, which
is several orders of magnitude higher than the
dissociation pressure of Fe3O4 (2.8 9 10–13 atm30)
and much lower than the dissociation pressure of
Fe2O3 (1.7 9 10–6 atm30). Consequently, the Fe3O4

is successfully developed at the regions with white-

colored large nodules, and the Fe2O3 cannot not be
observed certainly in the present system.

CONCLUSION

The initial corrosion behaviors of Fe20Cr25NiNb
stainless steel were investigated in isothermal
helium environment at 1000�C for 4 h, and the
influence of relative humidity on the initial corro-
sion behaviors was discussed in the present study.
Based on the experimental analysis and discussion,
the following conclusions can be drawn:

(1) Thin chromia film and small nodules are
formed on the oxidized steel surface for all
corrosion conditions. For the conditions with ‡
20% relative humidity, some white-colored

large nodules are developed, and the number

Fig. 8. Cross-sectional microstructure and corresponding EDS results of the regions with white-colored large nodules of the oxidized
Fe20Cr25NiNb stainless steel with 20% relative humidity. (a) Cross-sectional microstructure and corresponding EDS mapping images; (b) EDS
scanning line results.
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Fig. 9. Weight gains of Fe20Cr25NiNb stainless steel oxidized at 1000�C for 4 h with different relative humidity values. (a) Overall weight gains;
(b) 0%; (c) 20%; (d) 40%; (e) 60%; (f) 80%.

Table II. The fitted kinetic parameters of Fe20Cr25NiNb stainless steel before and after the transition point

Relative humidity (%) State K (mgn/cm2n/s) n

0 Before transition 2.16 9 10�2 1.45
After transition – –

20 Before transition 3.27 9 10�2 1.3
After transition 2.5 9 10�2 1.56

40 Before transition 4.97 9 10�2 1.18
After transition 8.96 9 10�3 2.08

60 Before transition 6.79 9 10�2 1.16
After transition 1.3 9 10�2 1.96

80 Before transition 6.5 9 10�2 1.18
After transition 1.5 9 10�2 1.92
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and size of these large nodules increase
slightly with the increase of relative humidity.

(2) The small nodules are primarily composed of
the pre-formed chromia film and new-gener-
ated chromia phases, with some Nb-rich
phases. The formation of small nodules is
strongly related to the oxidation of intergran-
ular Fe2Nb phases. The white-colored large
nodules mainly consist of three oxide layers:
outer magnetite layer, inner spinel layer and
(Cr,O)-rich healing layer at the oxide/matrix
interface.

(3) The weight gains progressively increase with
the increase of exposure time, and the higher
the relative humidity, the greater the weight
gains. For the conditions with ‡ 20% relative
humidity, an accelerated corrosion is clearly
observed after the transition point and the
accelerated corrosion is attributed to the for-
mation of white-colored large nodules. The
oxide growth primarily follows the linear law
before the transition point and obeys the
parabolic law after the transition point for
higher relative humidity.

(4) The oxygen partial pressure directly determi-
nes the formation of oxides. For the condition
with 0% relative humidity, the actual oxygen
partial pressure should be higher than the
dissociation pressure of chromia and lower
than that of magnetite, resulting in the
formation of chromia film and small nodules
and the absence of white-colored large nod-
ules. For the conditions with higher relative
humidity, the large nodules with magnetite
can be successfully developed because of the
higher oxygen partial pressure.
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