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Abstract. The aim of this study is to investigate the high-temperature corrosion behavior of 304L stainless
steel in the environment of various molten salt mixtures in the temperature range of 550–850C. Weight change
measurement has been done and characterization of corroded specimen was carried out using XRD, SEM/EDS
techniques. Findings indicate that high chloride concentration salts affect the corrosion resistance adversely. The
protective behavior of Cr2O3 layer deteriorated and its passivation is hindered at higher temperature owing to the
chlorination-oxidation process. Fe2O3 and (Fe, Cr)xOy were found to be the major phases in the corrosion
product. The salts were found to signiﬁcantly affect the corrosion of 304L stainless steel in the following order:
K2SO4 ? 60% NaCl [ Na2SO4 ? 50% NaCl [ 40% K2SO4 ? 40% Na2SO4 ? 10% KCl ? 10%
NaCl [ Na2SO4 ? 60% V2O5 [ Air.
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1. Introduction
India possesses a sufﬁcient amount of coal resources to be
used as the primary source of energy and efforts are being
made to switch to a clean coal-based power generation.
Clean coal-based power generation helps to produce a
higher efﬁciency of a coal unit and lower CO2 emission.
The steam parameters need to be optimized to improve
efﬁciency. To operate with superheated steam at a temperature more than 550 C and pressure 22-29 MPa there is
a demand of material which should have certain properties
like ﬁreside corrosion resistance, steamside corrosion
resistance and creep strength. Austenitic stainless steel is
one of the candidate materials, which possesses such
properties containing more than 8% nickel along with high
chromium content (* 18%) ensuring corrosion resistance
up to 700 C and commonly used in superheater and
reheater tubing [1–4]. Most materials (metals) experience
accelerated corrosion when a layer of fused salt is applied
on their surfaces under a gaseous atmosphere at elevated
temperature. Fluxing of the protective oxides because of
exposure to molten or fused salts is known as hot corrosion
[5–7].
Most of the alloys utilize the Cr2O3 scale to achieve
oxidation resistance at higher temperatures. Stable and
slow-growing oxide scale, like Cr2O3, Al2O3, and SiO2
helps alloys to attain better corrosion resistance. Steels

*For correspondence

containing high Cr content can provide a Cr rich scale
which acts as a protective coating against oxidation [8–12].
The hot corrosion behavior of 12Cr1MoV superheater
tube in molten salts at 650C was studied by researcher. It
was observed that the alloy experienced higher corrosion
when exposed to the salts containing NaCl-50%NaCl.
SS304L steel exposed to different corrosive environments
containing dry oxygen and molten salt (NaCl-50%Na2SO4)
at a temperature of 700C for 10 hours. It was observed that
the specimen exposed to molten salt in combination with
dry oxygen showed higher corrosion rate. Cr2O3 layer was
not detected on the surfaces of the specimen as expected by
the XRD analysis [13]. In the initial cycles, a signiﬁcant
increase in the oxidation rate was observed when Superni75 alloy exposed under fused salt mixture Na2SO4-V2O5 at
a high- temperature of 900 C. The oxide spalling was
observed and due to the uniform, adherent and homogeneous nature of the Cr, Ni oxide scaling better oxidation
resistance of the alloy was observed [14]. Hot corrosion
behavior of SS304 and AISI 430 was examined by
researchers. These steels were affected by the temperature
above 1100 C and also by corrosion time. AISI 430 steel
has smaller activation energy compared to AISI 304 at
studied temperatures. Therefore, the AISI 430 steel was
more susceptible to corrosion at high-temperatures in a
given environment. Hematite and magnetite were found to
be the main phases for AISI 430 steel whereas hematite and
a spinel-like phase constitute the main phases for AISI 304
steel at a high temperature near 1100 C [15].

199

Page 2 of 12

Sådhanå

Hot corrosion experimentations were conducted on ferritic steels (P22 & P91) and austenitic steel (SS304L) at
High-temperatures (550C-950C) exposed to different salt
mixtures. It concluded that as temperature increases the hot
corrosion resistance of the ferritic steels decreased abruptly
under the inﬂuence of the molten salts containing chlorides.
Ferritic steel P91 experience 70 times more weight gain
when operated at 950C compared to 550C under the
exposure of alkali sulfate salts containing 60% NaCl. Better
oxidation resistance was observed for the steel containing
higher chromium content when exposed to a molten salt.
Alloys experienced more corrosion when chlorine and
vanadium pentoxide was added to the alkali sulfates
[16, 17]. Corrosion behavior of the alloys affected due to
the presence of molten chlorides because molten chlorides
are the main reason, which induces cracks and pits on the
alloy surface.
Na2SO4 and K2SO4 are essential elements to hot corrosion. Sodium vanadyl vanadate is a common salt in boiler
steel operation and its melting point is too low (* 550 C)
[18]. Mostly plants consume sea water which contains NaCl
and produce highly corrosive environment for the materials
due to its low ﬁrst melting temperature. Hot corrosion
behavior of 304L stainless steel by introducing the different
environment of various salt mixtures. Corrosion scaling
was analyzed using X-Ray Diffraction and SEM/EDS
techniques to ﬁnd the different phases present.

(2020) 45:199

20 minutes at room temperature to complete one cycle.
Fifty cycles were performed to complete this study. A
similar procedure was repeated to the specimen without
applying molten salt paste are called specimen exposed to
air. Weight was recorded after every cycle including crucible and spalled scale if any.

3. Results and discussion
3.1 Scale spallation and visual examination
For 304L stainless steel substrate exposed to air not having
any salt layer, at 550 C, the polished surface turns into a
bluish shining surface. Small cracks also localized onto the
surface, after the 30th cycle. However, negligible oxidation
observed in the specimen heated at 550 C, and the weight
gain analysis also support these observations. As the temperature increased to 850 C, a ﬁne and thin layer of oxides
formed which tends to peel off from the surface. Specimen
subjected to SM1 turned dark brown after the 2nd cycle due
to the yellowish tint of V2O5. At a temperature higher than
650 C, it was observed that the salt layer was fused covering the whole specimen. As the number of cycles
increases, a shining metallic particle starts to accumulate on
the surface and localized over some area from which the
oxide scaling tends to peel off and fall into the crucible
(ﬁgure 1). Similar behavior of the oxide layer depletion
observed in SM4 environment. In the case of SM2 and
SM3, as the temperature and number of cycles increased,
the oxide scaling layers produced become thicker and get
depleted. For the initial 10-15 cycles, there is considerable
weight gain observed, and big cracks and spallation also
found in the specimens. However, after the 23rd cycle,
there was very little spallation on the scale. The color of the
scaling appeared Grey with brownish tint during initial
cycles and then turned into the greyish dark during the ﬁnal
cycles. There were no big cracks and pores seen in the
specimen, which allows the oxygen and other gases to
diffuse through.

2. Experimental procedure
The chemical composition of SS304L presented in Table 1.
TGA analysis of these salt mixture was performed using
Perkin Elmer STA 6000 apparatus. Different salts used in
this study and their properties, shown in table 2.
All the faces of the specimen with a dimension of
20 mm 9 15 mm 9 5 mm were polished using grinding
and polishing machine. Alumina crucibles were heated at
250C for one hour to remove the moisture and impurities.
Specimen were cleaned with acetone and prepared salt
mixtures were applied using a camel hairbrush. Application
of salt mixture should be near 3-5 mg/cm2 in weight.
Specimens were heated for 3 hours at 110 C in an oven.
After 3 hours of baking, the specimen was allowed to cool
down to the room temperature so that the weight of the
crucible including specimen can be recorded. These specimens were then operated at different temperatures. Specimens were then heated for 1-hour and allowed to cool for

3.2 Oxidation kinetics
Figure 2 presents the weight gain Vs. number of cycles
plots. Materials containing higher chromium content generally follows parabolic behavior at higher temperature
when exposed to molten salt mixtures. Equation (1) is used
to ﬁt these evolution‘s [19]:

Table 1. Elemental chemistry (wt%) of 304L stainless steel used.
%C
304L stainless steel

0.025

%Cr
18.2

%Mn

%Ni

%Si

1.6

8.5

0.5

%P
0.045

%Fe
Bal.

%S
0.030

%N
0.1
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Table 2. Salt mixtures with their thermal properties.
Salts Notation
SM
SM
SM
SM

1
2
3
4

%Na2SO4

%K2SO4

40
–
50
40

–
40
–
40

%NaCl
–
60
50
10

%KCl
–
–
–
10

%V2O5
60
–
–
–

Tg (C)
242.311
234.656
243.202
233.653

Tm (C)
571.117
522.872
612.801
602.348

Figure 1. Images of the 304L stainless steel specimen exposed to No salt, SM 1, SM 2, SM 3 and SM 4 at temperature 850 C for
cycles 1, 10, 20 and 50.



DW
¼ kp tn þ C
A

ð1Þ

where DW/A is the weight gain/unit area (mg/cm2), Kp is
the oxidation rate constant, t is the oxidation time, n is the
oxidant exponent and C is a constant
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Figure 2. Weight Gain for 304L stainless steel at a different temperature when exposed to (a) SM1, (b) SM2, (c) SM 3, (d) SM4 and
(e) Air.

Oxidation response of pure metals was found out to be
parabolic, logarithmic, or linear. The surfaces of pure metal
covered by the oxide layers during oxidation. Oxidation
kinetics is described by the oxidation exponent ‘n’ in
equation (1). The development of the oxide layer is independent of its thickness and constant as the time increases,
it is called linear kinetics (where n = 1). If n = 0.5 in
equation (1), which means the oxidation kinetics follows
the parabolic behavior and the growth of a protective oxide
layer decreases with increase in time. So, the calculations
of the oxidation exponent are important to observe the

Table 3. Value of oxidation exponent for SS304 stainless steels
specimens under different environments.
550C
Salt Mixtures
SM1
SM 2
SM 3
SM 4
Air

n

2

(R )

0.98
0.37
0.36
0.84
0.79

(0.91)
(0.87)
(0.94)
(0.91)
(0.84)

650C
n

2

(R )

0.95
0.45
0.67
0.85
0.95

(0.96)
(0.88)
(0.97)
(0.96)
(0.93)

750C

850C

n

2

(R )

n

(R2)

0.74
0.5
0.53
0.93
1.07

(0.96)
(0.96)
(0.94)
(0.98)
(0.98)

0.64
0.57
0.64
0.94
0.74

(0.95)
(0.86)
(0.97)
(0.98)
(0.96)
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oxidation behavior of alloys under the inﬂuence of molten
salt mixtures [19]. Using the curve ﬁtting method oxidation
exponent (n) and Coefﬁcient of determination (R2) was
calculated by ﬁtting the experimental data into equation (1)
shown in table 3. The goodness of the ﬁtted curve is represented by term R2. It can be noticed from table 3 that

Page 5 of 12

199

specimen exposed to air and SM4 where the rate of oxidation is too low and constant with very thin oxide scaling,
the oxidation behavior bends towards linear kinetics as the
‘n’ values are ranging from 0.74 to 1.07. Specimen exposed
to SM2 and SM3 operated at different temperatures exhibit
a parabolic rate behavior as the values of n are ranging from

Figure 3. XRD Patterns for the 304L stainless steel at (a) 750C and (b) 850 C.
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0.37 to 0.67 which satisfy the conditions of the parabolic
rate behavior by the curve ﬁtting, as signiﬁcant corrosion
was observed under these salt mixtures where the weight
was increased signiﬁcantly for the initial cycles and then
decremented as the exposure time increases. Alloys oxidation is a complex process as compared to that of pure
metals. This makes deviation from theoretical models
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possible. Different factors such as grain boundaries, lattice
defects, interstitial spaces, diffusion trajectory makes ﬁtting
of ideal models a difﬁcult task. Thus, deviation is
inevitable and commonly observed [16–19].
Figure 2(a-e) present the weight gain operated at different temperatures exposed to different salt mixtures. It is
observed that the weight gain in all the specimens increases

Figure 4. BSI image with line scan map of SS304L stainless steel at 850 C (a) SM1 and (b) SM2.
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Figure 5. BSI image with line scan map of SS304L stainless steel at 750 C (a) SM1 and (b) SM2.

rapidly during the initial cycles. The weight gain of a
specimen exposed to SM2 at 850 C was observed highest
amongst the other environments (* 4.923 mg/cm2). It also
observed that the total weight change of SS304L stainless
steel after the 50 h study, specimen operated to temperature
550 C experienced lesser weight gains as compared to the

specimen subjected to higher temperatures. Additionally,
the total weight gain was lowest as 0.04 mg/cm2 for
specimen exposed to air. Apart from this, when the temperature was increased from 650 C to 750 C, abrupt
weight gain was observed. At 650 C and 750 C, specimen exposed to SM2 gained weight of 3.436 mg/cm2 and
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Figure 6. SEM images and EDS analysis of SS304L stainless steel at 850 C exposed to SM1.

4.32 mg/cm2. Slight weight loss in the specimen at higher
temperature was also observed for some cycles. Mohanty
(2004)17 also observed the similar kind of trends at high
temperature and suggested that at high temperatures,
sodium chromate is likely to form, and this chromate is
highly soluble in molten salt. Molten salt corrosion is a
two-step process: specimen oxidation and oxide ﬁlms dissolution. As the corrosion layer gets separated from the
substrate, Fe and Cr in the corrosion products reacts with
the mixtures and accelerates its dissolution into the molten
salts. This reaction leads to mass loss at an accelerated rate.
Similar observations have also been reported by authors
and published elsewhere [8, 13].
It can be observed that there was a negligible mass gain
for the specimen at 550 C ranging from - 0.26 to 0.55
mg/cm2 after loading for 50 cycles. As the temperature
increases, the weight gain of the specimen increases due to
the formation of metal oxides on the surface of the substrate. Salt 2 and salt 3 produced a more corrosive environment as can be seen from the weight gain analysis
(ﬁgure 2). The diffusion of ions through the sulfates is
faster as compared to that in oxides. Active oxidation of
chlorine occurs on the steel surface devoid of the protective
layer, thereby accelerating the oxidation rate. The salts

containing chlorides leads to the crack initiation and concentrated pores which extensively deteriorate the material‘s
structure and results in the exfoliation of layers from the
substrate [8, 20–22]. The reactions involving the active
oxidation mechanism of steels summarized as a cyclic
reaction is given in equations (2)–(5), where M represents
alkali metal such as sodium (Na) and potassium (K)
[23–25].
1
2MCl þ Fe2 O3 þ O2 ! M2 Fe2 O4 þ Cl2
2

ð2Þ

5
4MCl þ Cr2 O3 þ O2 ! 2M2 CrO4 þ 2Cl2
2

ð3Þ

Fe þ Cl2 ! FeCl2

ð4Þ

3
2FeCl2 þ O2 ! Fe2 O3 þ 2Cl2
2

ð5Þ

According to the above equations, Cl2 has the signiﬁcant
driving force to penetrate through the surface and corrosion
layer, which leads to the concentrated pores and cracks. At
the surface of the scales, where the oxygen potential is
high, the chlorides may be re-oxidized. Thus, it can be
concluded that the presence of Cl2 in the molten salt is the
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main reason for the difference in SM2 and SM3 with the
former containing more Cl2 accelerating the oxidation of
the substrate. There was a sudden burst in the oxide layers
observed, which might be due to the difference in COTE
(coefﬁcient of thermal expansion) between the steel and the
oxide scale. This phenomenon also contributes towards the
decrease in weight of the alloy as oxide scale produced may
be sputtered out of the crucible due to a sudden cooling
from high temperature to room temperature. NaCl in
combination with sulphates made the Cr2O3 layer porous
which leads to more corrosion of the alloy [21].

3.3 XRD analysis
XRD patterns for 304L stainless steel at a temperature of
750 C and 850 C for 50 cycles described in ﬁgure 3(a-b). As
indicated by the XRD patterns Fe2O3, NiCr2O4 and (Cr, Fe)2O3
were present as the main phase along with the minor existence
of Fe3O4, FeS, FeS2 and MnO2 oxides. Previous studies also
observed these phases as the main phases [24]. In some of the
specimen, Cr2O3 found as a minor phase present, which is a
protective barrier to oxidation and deteriorated in the presence
of chloride salts. At higher temperature, NiFe2O4, FeS2,
CrNi2O4, Ni3S2, and Mn2O3 found under the exposure of the
salt ﬁlm. At 550C, very little oxide formation was observed.
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3.4 SEM/EDS analysis of corrosion scale
3.4.1 Post
corroded
specimen
EDS
analysis Specimen were cut along the cross-section to
study the elemental variations of 304L stainless steel
specimen subjected to different temperatures for 50 cycles
under various alkali molten salt ﬁlms.
Figures 4, 5 represent the backscattered SEM images
of the SS304L stainless steel exposed to SM1 and SM2
operated at temperatures 850 C and 750 C, respectively. The oxide scale thickness was higher at 850 C
(44.8 lm) as compared to 750 C (14.5 lm) when
exposed to SM1. It also observed that oxide scale
thickness for the SM2 specimen was much higher than
SM1 specimen at 850 C (128 lm). XRD results indicate Fe2O3 to be the signiﬁcant corrosion product and
also conﬁrmed by EDS analysis. Moreover, the scale
found on the molten salt specimen was discontinuous
and ﬁbrous with cracks and voids in it. It had hematite
and magnetite as its main components observed by
XRD. As move from scale towards the center of the
specimen, the reduction in oxygen content while the
content of Fe, Ni, and Cr increases. Thick products with
the porous structure were seen in specimens exposed to
SM2 and SM3, while hard oxide scale without pores
was found in SM1 and SM4.

Figure 7. SEM images and EDS analysis of SS304L stainless steel at 850 C exposed to SM2.
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Figure 8. SEM images and EDS analysis of SS304L stainless steel at 750 C exposed to SM1.

A thin non-adherent oxide layer is visible on 304L
stainless steel surface. This layer is mainly composed of
Iron (Fe), Oxygen (O), and (Ni, Fe) spinels. EDS analysis
ascertains the presence of Fe, Cr, Ni, O, and other reacting
species. Surface morphology of 304L stainless steel
exposed to salt mixtures was found to be porous and
irregular [27]. XRD analysis also reveals the non-protective
scale of Fe. Also, from visual observation, it can be
observed that the areas with Cl2 as dominant salt, oxide
scale was thicker and adherent as compared to the sulfate
salts. Chlorine-containing salts result in exfoliation and
cracking of the scale which accelerate the corrosion.
Weight gain analysis also shows the multistage corrosion
kinetics of 304L stainless steel when exposed to molten salt
mixtures.
SEM images (ﬁgures 4, 5, 6, 7, 8, 9) show the portion of
voids at the metal/scale interface. This points to the
chemical reaction occurring between chloride salt and
metal, resulting in the formation of transition metal chlorides. Literature suggests similar observation by previous
researchers explaining active oxidation as a cause of
extensive corrosion associated with chlorine-induced corrosion [20]. The results of EDS spectra shows the amount
of element present at given spectra (1, 2 or 3) ﬁgures 6, 7,

8, 9. It was observed that oxygen was abundant in the scale
region (Spectra 1) and lowest in the substrate (Spectra 3).
As we move from substrate to metal/scale interface, there
were abrupt changes in elemental composition. Fe reduces,
and oxygen increases signiﬁcantly. Less chromium was
found in the scale at a higher temperature than at lower
temperature specimen, which conﬁrms higher oxidation of
the substrate. Cl2 also observed in the molten salt specimen
where the scale spalled with a porous region having cracks
and voids, leading to higher oxidation. From the EDS
analysis, the weight% of different elements observed for all
the specimens. For all the specimens, Fe/O ratio was calculated, which will give us the information about the
presence of iron oxides. Fe/O ratio [28] for specimen
exposed to salt 1 at temperature 850C was 1.04, which
means the major phase found was FeO. Other specimens
shown in ﬁgures 4 and 5 were having a Fe/O ratios are
0.61, 0.57, and 0.68, respectively, which expressed the
Fe2O3 was a major phase. Presence of Cr % was higher as
the temperature increases which explain the existence of
protective oxides and leads to parabolic behavior of oxidation in the alloys at a higher temperature.
Specimen exposed to SM1 and SM4 possesses less
oxygen than SM2 and SM3, which conﬁrms more oxidation

Sådhanå

(2020) 45:199

Page 11 of 12

199

Figure 9. SEM images and EDS analysis of SS304L stainless steel at 750 C exposed to SM2.

of the surface products. From the XRD plots given in ﬁgure 3, it can be observed that at 2h = 33.25 and 35.55
represents the highest intense peaks of Fe2O3 and Fe3O4
which indicated the presence of these oxides as major
constituents of scaling at the outer surface. EDS analysis
also showed that the amount of oxygen and iron was high in
the outer surface of specimens when exposed to high
temperature. Nickel chromate spinels formed at a temperature above 600 C which decreases susceptibility to corrosion appreciably. XRD plots and EDS conﬁrms the
presence of these spinels.

4. Conclusion
• Salt mixtures with higher alkali chlorides are more
corrosive as compared to alkali sulphate containing
ones.
• Due to the high surface potential of oxygen at the
surface of scale metal, chlorides transport in the liquid
salt phase, which can destroy Cr2O3.
• Scaling induced by salt mixture K2SO4 ? 60% NaCl
was more than salt mixture Na2SO4 ? 50% NaCl.
• The corrosion rate of 304L stainless steel exposed to
different environment at high-temperature follows the

following order: SM 2 [ SM 3 [ SM 4 [ SM
1 [ Air.
• 304L stainless steel exhibits better corrosion resistance
at 550 C and 650 C. At 750 C or above, alloy
exhibits parabolic oxidation kinetics.
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