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Abstract: The high temperature oxidation and hot corro-
sion behavior of nickel–iron-based superalloy are studied
at 900 ° and 1000 °C. The significant role of alloying
elements with respect to the exposed medium is studied
in detail. The mass change per unit area was catastrophic
for the samples exposed at 1000 °C and gradual increase
in mass change was observed at 900 °C for both the
environments. The exposed samples were further investi-
gated with SEM, EDS and XRD analysis to study the
metallurgical characteristics. The surface morphology
has expressed the in situ nature of the alloy and its
affinity toward the environment. The EDS and XRD ana-
lysis has evidently proved the presence of protective
oxides formation on prolonged exposure at elevated tem-
perature. The predominant oxide formed during the expo-
sure at high temperature has a major contribution toward
the protection of the samples. The nickel–iron-based
superalloy is less prone to oxidation and hot corrosion
when compared to the existing alloy in gas turbine
engine simulating marine environment.
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Introduction

The hot section of gas turbine engine component will
access large amount of hot air and fuels with atmospheric
contaminants during combustion/propulsion. The corro-
sion issues are similar for all the applications [1].

In general the turbine component operates between the
temperatures of 640˚C and 1350 °C. The composition of hot
gas/flue gas which enters the turbine is the key factor for
material degradation of the turbine component.
The oxidation cannot be avoided partially or completely
by altering the environment or materials quality [2]. The air
to fuel ratio is approximately 0.12–0.18M of oxygen during
combustion that leads to highly oxidizing environment to
the metals. The sulfur from the fuel and sodium chlorides
from the ingested air (marine environment) will react to
form sodium sulfates as molten salt. The deposits of mol-
ten salt on the hot section will result in accelerated oxida-
tion or sulfidation attack on the metals [3]. Sulfidation is a
form of corrosion in which sulfur penetrates into the metal
locally to precipitate chromium [4]. Various mechanisms
have been involved while accelerated corrosion attack; the
salt fluxing model is probably the most widely accepted.
The metal oxides may dissolve in Na2SO4 as anionic spe-
cies (basic fluxing) or cationic species (acid fluxing),
depending on the salt composition. During combustion of
oil/fuel in gas turbine engine, the low melting (at 600 °C)
contaminants are formed in the combination of vanadium,
sodium and sulfur. Salt is acidic when it is high in SO3 and
basic when low in SO3. The detailed information on the hot
corrosion mechanism by salt fluxing can also be found in
gas turbine books [5].

The turbines hot gas path is made up of special
alloys to withstand high temperature application. The
oxidations of alloys are more problematic than the pure
metals. The nickel based alloys are extensively used in
gas turbine applications due to its high working tempera-
ture and aggressive environment [6]. But it undergoes
atmospheric deterioration of material resulting from ero-
sion and corrosion, especially to meet the needs of the
hot gas path components [7]. Many researchers have dis-
cussed the basic physical metallurgy of the alloy and its
research on corrosion [8, 9]. When Ni–Cr–Al-based alloys
are exposed to high temperature applications all possible
oxides are formed during incubation and thermodynami-
cally oxides protect the surface of the components. At the
lower temperatures, it has a basic character due to the
release of oxygen ions when sulfur is absorbed by the
metal. In either condition, it can attack the amphoteric
oxides, Cr2O3 and Al2O3 but Al2O3 is more resistant to acid
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fluxing and Cr2O3 is more resistant to basic fluxing. The
deep oxidation and corrosion behavior of the superalloys
are explained by many researchers for certain applica-
tions. This study differs from existing research with
respect to the material and simulating environment.

In this paper, the cyclic oxidation and hot corrosion
behavior studies on Hastelloy X were carried out at two
different temperatures (900 °C and 1000 °C). The samples
were exposed directly to (i) air and (ii) the combination of
molten salt 75% Na2SO4–25% NaCl (in wt. %). The
exposed samples were further studied with metallurgical
characterization techniques for better illustration and
discussion of the results.

Materials and methods

The Hastelloy X is the candidate material for oxidation
and hot corrosion studies. The alloy X is widely used in
jet engine tailpipes, afterburner components, cabin hea-
ters, nuclear reactors and other aircraft parts [10–14].
The nominal composition of the material is as follows:
Ni – 47%, Cr – 22%, Mo – 9%, W – 0.60%, Fe – 18.50%,
Si – 1%, C – 0.1% and traces of Mn, Al, Ti, Cu, P, B & S.
The samples are sliced to a dimension of 10 × 10 × 3mm
using wire electrical discharge machining. Subsequently,
the samples were cleaned and polished through conven-
tional metallographic methods. The samples after metal-
lographic preparation were exposed to elevated
temperatures at 900 ° and 1000 °C with and without salt
environment. The salt environment was simulated in the
combination of Na2SO4 and NaCl [75% Na2SO4 + 25%
NaCl (in wt. %)] for hot corrosion studies. The concentra-
tion of 3–5mg/cm2 of salt as a paste was applied on the
surface area of the samples [15–18]. Then the samples

were kept on the ceramic boats to preheat (upto 250 °C)
and to eliminate the moisture content in the salt for an
hour in a furnace. Cyclic oxidation studies were carried
out in air after sample preparation. The samples are
exposed at 900 ° and 1000 °C for 10 cycles repeatedly
for 5 hours (as soaking time) each completing 50 h.
After every cycle, the samples were air cooled and
weighed for mass change. The same procedure was
repeated for all samples.

The high-resolution scanning electron microscope
(Make: Zeiss) fitted with Energy Dispersive Spectroscopy
(Make: Brukers, GmbH) for compositional analysis.
Further, the presence of predominant oxides is confirmed
through the X-ray diffraction with CuKα radiation (λ=
1.541 nm) (Make: Brukers).

Results and discussion

Oxidation and hot corrosion

The oxidation and hot corrosion behavior of the Hastelloy
X were studied at 900 ° and 1000 ° C. Figure 1 shows the
photo image of the samples exposed at 1000 °C to molten
salt and atmospheric air for hot corrosion and oxidation
studies. It is clear to note that the surface of the sample
exposed to molten salt has been prone to trivial deteriora-
tion under molten salt; however in air, the sample has
good resistance to oxidation.

At each and every cycle the changes in mass changes
were recorded and plotted for each samples in the graph
(Figure 2). The samples have undergone minor changes
in mass change per unit area ( ≤ 1mg/cm2) for fifty hours
during the hot corrosion and oxidation studies at 900 °C.

(b)(a)

Figure 1: The photo image of the samples exposed to 1000 °C to (a) Na2SO4 and NaCl [75% Na2SO4+ 25% NaCl (in wt. %)] and
(b) atmospheric air.
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In the early literature, the researchers have reported that,
at 900 °C the change in mass is gradual and the changes
are gradual without any fluctuation for all the nickel-
based superalloys [15, 19]. On other hand, the behavior
of the same samples at 1000 °C has wide variations in
mass changes at the beginning and matured over the
subsequent cycles. The average mass change per unit
area is 2mg/cm2. The change in variation might be due
to the high impact of electrochemical kinetic reactions of
Cr and Fe at elevated temperatures. During the inception,
the transportation of iron and chromium ions prevailed
over the surface of the samples through oxide scale for-
mation. The occurrence of change in mass was observed
at the beginning and dwells at 20 h. With reference to
Figure 1(a), the fissure on the surface of the exposed
sample at 1000 °C might be the evidence for change in
mass. The experimental results are studied in detail
through SEM, EDS and XRD analysis in the following
sections.

SEM and EDS analysis

Figures 3 and 4 show the SEM micrograph of the alloy
exposed at 900 ° and 1000 °C for oxidation studies. The
exposed surface has deteriorated slightly which can be
observed only under higher magnification of microscope.
Enze [20] reported the same morphology for the DZ68
superalloy exposed at 900 °C. However, in other nickel-
based superalloys the surface morphology was observed
in the form of agglomerates and precipitates on the sur-
face of the samples exposed at same temperature [21, 22].
The oxide formation depends on various factors and the

reaction mechanism is quite different. The oxidation
starts with adsorption of the oxygen molecules from the
atmosphere and then followed the nucleation of oxides
over the surface of the samples (Figure 5). This reaction
occurs naturally on prolonged exposure of the samples at
elevated temperatures. Severe oxidation will also lead to
scale formation and spalling of the oxides on prolonged
exposure. Even after fifty hours of exposure there is no
such vulnerable kinetic reactions existed on the surface
of the sample Hastelloy as reported by other researchers
on nickel-based superalloy.

The SEM–EDS analysis report along with the image
mapping of the samples that were exposed at 900 °
and 1000 °C are shown in Figures 6 and 7. As indicated
in the SEM micrographs the oxide scale formation
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Figure 2: Mass change per unit area with respect to exposed tem-
perature and environment.
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Figure 3: SEM micrograph of Hastealloy X exposed to air at 900 °C
(Insert: nucleation of oxides observed under higher magnifications).

Figure 4: SEM micrograph showing oxidize nucleation on Hastealloy
X exposed to air at 1000 °C.
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Figure 5: Sequence of oxide scale formation of a metal during high temperature oxidation.

Element wt. % 

Ni – 27.23 

Cr – 22.11 

Fe – 10.83 

Mo – 09.97 

O – 21.93  

Figure 6: The SEM, EDS and image mapping of the sample exposed to air at 900 °C.

Element wt. % 

Ni – 22.31 

Cr – 27.71 

Fe – 08.78 

O – 31.01 

Figure 7: SEM, EDS and image mapping of the alloy X exposed to air at 1000 °C.
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is slow and distribution of the oxides is uniform.
Image mapping reproduces the elements/oxide formed
over the exposed surface of the samples at 900 ° and
1000 °C. The image mapping indicates the distribution
of major alloying elements Ni, Cr and Fe after oxidation.
It also shows that oxygen the main element distributed
over the exposed surface. At 1000 °C the surface of
the alloy has undergone uniform oxidation and oxides
are in the form of agglomerates/precipitates compared
to the sample at 900 °C. The oxide elements weight
percentage varied with respect to the exposed tempera-
ture. In both the situation the oxygen distribution
is strong than alloying elements. The formation of chro-
mium oxide is relatively fast than the nickel and
iron oxides at elevated temperatures. On prolonged
exposure the protective Cr2O3 (Chromia) will react with
other metal oxides (metal ‘M’ may be Ni, Fe or Co) to
form spinel (for example Nichromite–NiCr2O4) and
partial dissolution occurs with molten salt at elevated
temperature [18–21]. The Brukers–EDS spectra analysis
report has revealed that Cr oxide is the most dominating

(Cr2O3 – 40%) oxide compared to the oxides of nickel
and iron (NiO – 28% and FeO – 11.3%) for the sample
exposed at 1000 °C and mere changes for the sample
at 900 °C.

Figure 8 shows the surface morphology of the sam-
ple with Na2SO4–NaCl (75 + 25wt.%) salts exposed at
1000 °C for fifty hours. The oxides are not uniformly
distributed on the surface and it is in the form of whis-
kers nucleating in the structure of broccoli. On pro-
longed exposure continuous micro pores has lead to
micro crack and spalling of oxides scales. Many
researchers have reported that the surface oxides of
the superalloys at elevated temperatures on prolonged
exposure will be observed in the form of precipitates
and agglomerates [23, 24]. However, for Hastelloy under
higher magnification, the structure of oxide reveals like
an outcropping of metal as a flakes in a shape of poly-
crystalline (Figure 9). This has not been observed in any
report of early research of any superalloys or metals
exposed at elevated temperatures with a molten salt
for hot corrosion studies. The pegging of oxides in the

oxides with 
micro cracks

Figure 8: SEM micrograph indicating the oxides in the form of whiskers and micro cracks on the surface of the exposed samples.

Figure 9: Structure of oxides observed under high magnification of the sample exposed with molten salt at 1000 °C.
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form of flakes may be due to the reaction of alloying
elements with the molten salt. Figure 10 shows the SEM,
EDS and image mapping of the hot corrosion sample.
Based on alloy sulfidation, the Ellingham-type phase
stability diagram indicates that the role of M – O – Na
– S (where, ‘M’ can be Ni, Co, Fe, Cr and A) reacts
through grain boundaries and form metal oxides and
metal sulfides [25]. In present study the predominant
oxide formations are Cr2O3 – 40.50%, NiO – 28.39%
and FeO – 11.30% along with minor traces. With refer-
ence to the oxide solubilities [22], the NiO and FeO are
basic oxides and Cr2O3 the acid oxide which was found
balanced. Thus the surface of the metal oxides prone to
protect the alloy from further degradation and the same
has been evidently proved from the graph Figure 2. To
study in detail, the oxides are removed/cleaned from the
surface of the sample with acetone and further sub-
jected to superficial analysis. Figure 11 expresses the
presence of micro pores and voids over the adjunct
layer of the exposed alloy. It proves that the metal
oxides in the form of polycrystalline have been drawn
out due to the chemical affinity. The behavior of the
alloy was found uniform and chronic. Further the sam-
ples were subjected to elemental analysis with the help
of EDS and reported in Figure 12. The variation in oxide
formation is noticed as Cr2O3 – 35.35%, NiO – 26.83%
and FeO – 34.70%. It is clear to infer that the Cr (wt.%)
is less in fall and this is due to acidic fluxing cum
dissolution of protective oxides. Graham [26] and Guo
[27] reported a similar observations for superalloys
exposed to mixed salt environment at elevated tempera-
tures and vaporization kinetics for Cr2O3.

XRD analysis

Figure 13 shows the formation of predominant oxides
during the oxidation and hot corrosion behavior of
Hastelloy exposure at 900 °C and 1000 °C. The XRD
results are similar to Hastelloy exposed to both
the temperatures at different environments. The predo-
minant oxides such as NiO, Cr2O3 and Fe2O3 from the
EDS analysis are evidently proved through XRD peak. It
is also confirmed that the chromium oxides have been
reacted with the iron and nickel to form spinels in the
form of Nichromite and Chromite. The XRD analysis
reports spinel oxide score 14 (Ref: 98-001-7318 for

Element wt. % 

Ni – 46.55 

Cr – 24.98 

Fe – 1.93 

O – 25.17 

Figure 10: SEM, EDS and Image mapping of the alloy X exposed at 1000 °C with Na2SO4–NaCl (75+ 25 wt. %) salts.

Figure 11: Surface morphology of the exposed sample after removal
of oxides.
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Nichromite Cr2 Ni1 O4) and 6 (Ref: 98-005-0990 for
Chromite Cr2 Fe1 O4) respectively. The addition of
iron to high nickel and chromium alloy will result in
precipitate oxides in the form of crystal while exposed
above 850 °C for 2 days and the FeCr2O4 will nucleate
from the grain boundary oxide region where alloy
will disappear [28–30]. Thus the alloy grain changes
to grain oxides as shown in Figures 10 and 12.
The presences of dense spinel may be protecting the
surface from severe corrosion/oxidation at elevated
temperatures.

Conclusions

The high temperature oxidation and hot corrosion studies
were carried out at 900 ° and 1000 °C for fifty hours. The
high temperature oxidation studies were performed in
atmospheric air (without salt environment) and hot corro-
sion with a molten salt (Na2SO4 +NaCl) environment.
1. There is no significant variation in oxidation and hot

corrosion at 900 °C. However, at 1000 °C the sample
shows catastrophic behavior of the alloy due to its
affinity toward the molten salt.

2. During oxidation, the nucleations of oxides are uniform
along the grain boundaries in size less than a micron.

3. The oxides in the form of polycrystalline shape are
observed on prolonged exposure of the samples with
molten salt exposed at elevated temperatures. The
oxides are in the form of precipitates due to the
electrochemical behavior of iron and sulfur at ele-
vated temperatures.

4. The XRD analysis also proved the presence of spinels
in the form of Nichromite and Chromite along with
the major oxides. The presence of dense spinels will
be the barrier to protect the adjunct layer of the alloy
from oxidation and corrosion.
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Figure 12: SEM, EDS and image mapping of the exposed sample after removal of oxides.
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