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Thin sheets of N155 superalloy with Inconel 718 filler metal were welded using tungsten inert gas (TIG)
process with different frequencies of the pulse current system. The present study aims to compare the hot
corrosion resistance of the weld metal of samples with different frequencies in 90% Na2SO4-10% NaCl
molten salt environment at 950±5 �C. The results of the hot corrosion test indicated that the sample with
optimal frequency (240 Hz) could form the alternate protective layers (Cr2O3 and NiO) that prevented the
interference of the iron element during the hot corrosion; therefore, the amount of damage to the substrate
was reduced, and it made the parabolic rate constant (Kp) lower (up to 6h: 1.87 and after 6h: 0.186 (310^(-
10) g2.cm-4.s-1)) than other welded specimens. In other welded specimens, due to the formation of poor and
rich areas of chromium and nickel key elements, resulting from elements segregation of welding solidifi-
cation, the weld metal surface was not uniformly corroded and the iron element created porous and brittle
Fe3O4 oxide layers.
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1. Introduction

N155 base-iron superalloy is used for many industrial
applications; for instance, air- and land-based turbine engines
and afterburner components, and some of them include aircraft
tail cones, tail pipes and nozzles (Refs 1, 2). High temperatures
with the environment that include pollutants such as sulfur,
sodium, vanadium and different halides need special attention
with regard to hot corrosion (Refs 3), which is one of the most
important phenomena that can cause significant damages to
N155 base-iron superalloys in combustion chambers and
transfer chimneys. Thus, hot corrosion investigation of this
superalloy is important in corrosive environments, especially in
sulfide environments. Superalloys have been utilized in high-
temperature applications, but they cannot provide the require-
ments of both the high-temperature erosion–corrosion resis-
tance and the high-temperature strength at the same time (Refs
4-6). Hence, metals such as refractory stainless steels and
nickel-based superalloys were developed, in which hot corro-
sion resistance is increased by adding chromium and other
elements such as molybdenum, silicon and aluminum, which
are combined with oxygen to create layers of Cr2O3, Al2O3 and
SiO2, which can protect the alloys from factors such as
oxidation, sulfidation, nitrification and even carburization at

high temperatures (Refs 7-9). Generally, hot corrosion occurs in
the environment of molten salts such as NaCl, V2O5 and
Na2SO4, which are melted at temperatures above 650 �C and
form the deposits that destroy protective or passive layers (Ref
3). The severity of hot corrosion depends on factors including
chemical composition of sediments formed on metals, atmo-
sphere, temperature and its changes, erosion, chemical compo-
sition and microscopic structure of metals. Hot corrosion can
occur when the surface of a metal is partially or completely
wetted by molten salt (Refs 10, 11). Sequeira et al. (Ref 12)
found out that adding NaCl (up to 15%) to Na2SO4 has little
effect on hot corrosion, but around 15-35% NaCl is more
effective. Gurrappa et al. (Ref 13) figured out that Mo is
primarily added for high-temperature strength in superalloys
and not for hot corrosion resistance. Smart coatings are
essential in improving hot corrosion resistance (Ref 13). Hot
corrosion studies were performed on IN718 and IN738LC
superalloys with three different salt mixture depositions of
Na2SO4, NaCl, and V2O5/NaVO3 at different temperatures,
revealing that three salt mixtures importantly accelerate the
oxidation behavior (Refs 14-18).

Some researchers tried to refine the microstructure and
enhance the properties of the fusion zone using the PC-GTAW
process. They figured out that performing the pulsed current
causes a dramatic rise in finer equiaxed dendrites instead of
columnar dendrites or cellular structure (Refs 19-21). Rahimi
et al. (Refs 22, 23) figured out that using pulse current system is
the simplest technique among different molten pool vibration
techniques that are flexible and economical in welding industry.
A sudden decrease in electric arc energy during the background
current alternation of PC-GTAW makes the weld pool temper-
ature decrease and the molten metal undergo undercooling
conditions. In this condition, surface nucleation rises and the
nuclei can be permanent due to the lower temperature in the
background current alternation (Ref 23). Kumar et al. (Ref 24)
found out that a mixed cellular structure and the columnar
dendritic structure could be seen near the fusion line, while the
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equiaxed dendritic structure was observed in the center of the
fusion zone. Jula et al. (Refs 25) figured out that the pulsed
current system caused finer and equiaxed dendrites in the fusion
zone. Moreover, the chemical analysis of the dendritic and
interdendritic zones indicated that the segregation of alloy
elements happens in the entire weld metals and that it is more
severe with the constant current.

There is a relevant research in which thin sheets of N155
alloy with austenitic nickel-base filler metal (IN 718) were
welded by different frequencies of the pulse current technique
(Refs 26, 27). Rahimi et al. (Ref 26) found out that increasing
the frequency up to the optimal level (240 Hz) expands the
region of fine equiaxed grains that include equiaxed dendrites.
Moreover, it limits the growth of epitaxial grains that consist of
columnar dendrites. Only limited published literature has been
reported on N155 superalloy (Refs 26, 27). The importance of
this study is that using parabolic graph of corrosion kinetics and
the EDS technique makes it possible to see the effect of pulse
current frequency on hot corrosion resistance of the joint as
well as that of chemical composition of N155 base-iron
superalloy as base metal and IN718 filler metal.

2. Experimental

2.1 Welding Process

In this study, thin sheets of N155 superalloy were welded
using IN718 filler metal (Table 1). The purpose of the study is
to examine the effect of frequency on the microstructure and
hot corrosion of tungsten inert gas (TIG)-welded joints. A PSQ-
400A Model was used to perform the TIG welding process. The
temperature of the samples was considered to be about 25 �C
before welding. The argon gas was used for 5 and 25 seconds
before starting the arc (pre-gas) and after applying the arc (post-
gas), respectively, to clean and protect the molten pool.
Parameters of the welding process are presented in Table 2.

In addition, four specimens with different frequencies and one
sample with a constant current (18 A) without a frequency were
joined (Fig. 1 and Table 3) (Ref 26).

2.2 Hot Corrosion Test

For the hot corrosion test, samples of the weld metal, the
filler and the base metal were cut separately, and their surfaces
were prepared to the polishing stage. The dimensions of the
specimens for the hot corrosion test were 29 0.79 0.06 cm.
The samples were cleaned in acetone, ethanol and distilled
water in sequence in an ultrasonic bath before the test. Surfaces
of the samples were smeared with 3 mg/cm2 of the supersat-
urated salt solution (90% Na2SO4-10% NaCl), which could
indicate a corrosive sulfide environment. Then, the samples
were placed into alumina boats. After that, the alumina boats
were placed in an oven at 110 �C for one hour to remove the
moisture. Both the specimens and alumina boats were weighed
by digital weighing balance Mettler Toledo-AG245 of 0.01 mg
accuracy. Next, they were placed in the furnace at 950 �C
(operating temperature range of this alloy in industry). All
samples were weighed for each time of exposure. Times of
exposure were 1, 2, 4, 6, 10, 15, 20, 24, 28, 32, 36, 40, 44 and
48 h. The kinetics of corrosion was analyzed from data of
weight change measurements. The data were divided by the
dimensions of initial surface (29 0.7 cm2) to form weight gain
per unit area (mg/cm2) versus time (h) plot (Fig. 4a) for each
sample. Then, the achieved data were squared to form the
weight gain square (mg2/cm4) versus time (h) plot (Fig. 4b).
Finally, surfaces of the corroded specimens were examined by
Hitachi SU6600 scanning electron microscopy (SEM) equipped
with energy-dispersive X-ray spectroscopy (EDS). In addition,
corrosion products of the specimens were collected to charac-
terize phase using X-ray diffraction (XRD) test. The results of
hot corrosion test can indicate the effect of pulse current
frequency on hot corrosion resistance of the joint as well as that
of chemical composition of the base metal and the filler metal.
Image J software was used in order to calculate the average
sizes of dimples.

3. Results

3.1 Visual Observations

According to Fig. 2, the cross sections of all the welded
samples can be seen that demonstrate full penetration for each
sample. It should be noted that the welded sheet was very thin
(0.6 mm), and the aim of the study is to join the thin sheets that
created low weld width.

Based on Fig. 3, the hot corrosion product of two samples
with green color can be seen after 48 h at 950 �C of the furnace.
It is the nickel oxide (NiO), which appears as grown green
grass. Eliaz et al. (Ref 3) found out that the dominant salt in

Table 1 Compositions of the base metal and the filler metal (wt.%)

Wt. % C Si Mn Cr Co Ni Mo W Nb Al Ti Fe

N 155 (Base metal) 0.12 1 1.5 21.5 20 21 3 2.5 1 … … Bal.
Inconel 718 (filler metal) 0.08 0.35 0.35 19 1 52.5 3.1 … 5.1 0.5 0.9 Bal.

Table 2 TIG welding parameters in this work (Ref 26)

Parameter Value

Shielding/purging gas 99.999% pure argon
Shielding gas flow rate 12 L.min-1

Purging gas flow rate 15 L.min-1

Filler rod diameter 1.6 mm
Welding electrode AWS A5.12 EWTH-2 (98% W +

2% ThO2)
Electrode diameter 1.6 mm
Polarity Direct current electrode negative

(DCEN)
Voltage 7.8 V
Welding speed 4 cm.min-1
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high temperature hot corrosion (HTHC) is Na2SO4 due to its
high thermodynamic stability. The macroscopic appearance of
HTHC is determined in many cases by severe peeling of the
metal and by important color changes (greenish tone, resulting
from the formation of NiO) in the region of the accelerated
attack (Ref 3).

3.2 Corrosion Kinetics

Figure 4(a) shows weight gain per unit area for the salt-
coated samples subjected to 950±5 �C for 48 h. The salt-coated
specimens show the parabolic behavior for all over the process
of hot corrosion. The weight gain square (mg2/cm4) versus time
(h) plot (Fig. 4b) was used to create rate law for the hot
corrosion. According to Fig. 4b, the curves of weight gain
square plot can be fitted by linear least-square procedure.
Pilling and Bedworth (Ref 28) equation, (DW/A)2 = Kp.t + C,
can be used to calculate the parabolic rate constant Kp in which
DW/A is the weight gain per unit surface area (mg/mm2), t
stands for the time of exposure, and C shows a constant.
Table 4 gives information about determined values of the
parabolic rate constant (Kp) for the hot corroded samples.

Hot corrosion includes two stages: initiation and propaga-
tion. In the initial stage, chemical composition of the superalloy
changes to pave the way for rapid corrosion. Changing the
chemical composition includes the discharge of the chromium
element from the base metal substrate, and the formation of
sulfide layers on the alloy surface by passing sulfur through the
shell, dissolving the oxides into the molten salt that expands the
growth stresses, forms the channels and cracks in the oxide
shell and creates porous oxide shells (Refs 29, 30). According

to Table 4, both stages can be seen as changing in the parabolic
rate constant (Kp) for the hot corroded samples, which vary
after specific hours for each of them.

Based on Table 4 and Fig. 4, it can be seen that parabolic
rate constants (Kp) of the hot corroded welding samples (T1 to
T5) in both stages are almost close to each other; however, Kp
of sample T3 is lower (up to 6h: 1.87 and after 6h: 0.186
(910^(-10) g2.cm-4.s-1)) than other welded specimens, and this
sample went to the second stage earlier (after 6h). In addition,
Kp of sample T5 is higher (up to 10 h: 1.99 and after 10 h: 0.22
(910^(-10) g2.cm-4.s-1)) than other welded samples. The least
amount of Kp exists for the filler metal sample (up to 6h: 1.7
and after 6h: 0.175 (910^(� 10) g2.cm-4.s-1)), while the largest
amount of Kp belongs to the base metal specimen (up to 15 h:
4.28 and after 15 h: 0.417 (910^(� 10) g2.cm-4.s-1)). For these
issues, there are some metallographic reasons that will be
mentioned in the details in the discussion part.

Fig. 1 Plots of typical pulse characteristics (Current versus. Time plot) at different frequencies; (a) low frequency (60 Hz), (b) high frequency
(480 Hz)

Table 3 Values of the pulse frequency (F) of the welded
samples (Ref 26)

Sample
Ip,
(A)

Ib,
(A)

tp,
(s)

tb,
(s)

F= Pulse frequency,
(Hz)

T1 20 10 0.5 0.5 60
T2 20 10 0.5 0.5 120
T3 20 10 0.5 0.5 240
T4 20 10 0.5 0.5 480
T5 18 18 … … …

Fig. 2 Image of the cross sections of the welded specimens
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Fig. 3 Image of hot-corroded samples in alumina boats; (a) sample T3 (240 Hz), (b) sample T5 (constant current (18 A))

Fig. 4 Plots of hot corroded specimens exposed for 48 h at 950±5 �C; (a) weight gain/area versus duration of exposure plot, (b) (weight gain/
area)2 versus duration of exposure plot

Table 4 Values of the parabolic rate constant (Kp)

Samples T1 T2 T3 T4 T5 FM BM

Kp (910^(-10)
g2.cm-4.s-1)

1.91 (up to 10h) 1.9 (up to 10h) 1.87 (up to 6h) 1.93 (up to 10h) 1.99 (up to 10h) 1.7 (up to 6h) 4.28 (up to 15h)
0.192 (after 10h) 0.2 (after 10h) 0.186 (after 6h) 0.21 (after 10h) 0.22 (after 10h) 0.175 (after 6h) 0.417 (after 15h)

Journal of Materials Engineering and Performance Volume 30(10) October 2021—7497



3.3 XRD Analyses

The peaks related to Fe3O4 can be seen in the XRD analysis
of the corrosion products of T1 and T2 (Fig. 5). Sample T3

shows peaks related to Fe3O4 phase with less intensity as well
as NiO phase with high percentage that indicates the dominant
phase of the corrosion product. Apart from that, most corrosion
products of the two samples T4 and T5 contain iron oxide phase
that indicates the involvement of the iron element in the hot
corrosion due to the weak protection of chromium and nickel
oxide layers (NiO and Cr2O3). A high amount of the brittle
oxide layer of Co(Cr2O4) can be observed in the X-ray
diffraction analysis of the corrosion products of the base metal
sample.

4. Discussion

According to Fig. 6a and b, the large columnar dendrites can
be seen at 60 and 120 Hz while increasing the frequency up to
the optimal level (240 Hz) expands the region of fine equiaxed
dendrites (Fig. 6c) (Ref 26). The presence of more equiaxed
dendrites indicates a large dendritic fragmentation (Ref 25).
Rising the frequency above the optimal level (480 Hz) leads to
a lack of uniformity of microstructure in the weld metal
(Fig. 6d). In fact, at high frequency, the thermal fluctuation and

the domains of the oscillations induced in the molten pool are
extremely decreased (Ref 26). Using constant current (18 A)
with higher heat input (136 J/mm) causes the expansion of the
columnar dendrites (Fig. 6e) (Ref 26).

Filler metal and welded samples T1 to T5 have higher
amounts of nickel element (about 50%) than the N155 base
metal (about 20%) due to the use of Inconel 718 filler metal for
welding. Instead of that, the base metal has a higher amount of
cobalt element (about 20%), and the amount of chromium
element as the main component of the Cr2O3 protective layer is
approximately similar to that in the welded samples (see
Table 1). Thus, the elements mentioned in the chemical
composition of the samples play an important role in the
formation of oxide layers, and differences in their amounts can
also lead to differences in the hot corrosion resistance of the
specimens in the same corrosive environment.

According to Table 1, since the base metal and filler metal
have small amounts of refractory elements such as molybde-
num and tungsten (about 2-3%), acidic fluxing of refractory
oxides does not happen; since they also have negligible
percentages of aluminum and niobium components, these
elements do not affect hot corrosion in this study. Goebel et al.
(Ref 31) reported that acidic fluxing is affected by alloy, and
acidic conditions in the salt are characterized by the dissolution
of alloying agents that have a great desire to be combined with
(O2-) or Na2O. This acidic fluxing is usually the result of the

Fig. 5 X-ray diffraction (XRD) analysis of the hot corrosion products of the welded samples after 48 hours at 950±5 �C

7498—Volume 30(10) October 2021 Journal of Materials Engineering and Performance



dissolution of refractory metal oxides in sodium sulfate (such as
molybdenum, tungsten and vanadium, which form molybdate,
tungstate and vanadate, respectively), which reduces the
concentration of oxygen ion (O2�) in the molten salt (Ref 31).

According to SEM images of corroded cross sections and
EDS linear analysis (Fig. 7a and b), it can be seen that in
specimens T1 and T2 with pulse frequencies of 60 Hz and 120
Hz, the two key elements of chromium and nickel made the
internal protective adhesive oxide layers (Cr2O3 and NiO) and
the iron element created porous and brittle Fe3O4 oxide layers
(Fig. 5). There is an important point that the amount of Cr in the
superalloy was not enough to cover the whole surface with
continuous Cr2O3 layer. Due to the external layer of other

oxides, like FeO, internal precipitates of Cr2O3 were created in
other regions of the superalloy surface (Ref 32, 33).

Sample T3 has a uniform metal–shell interface with smooth
and dense oxide shells that are NiO and Cr2O3, respectively,
and there is no trace of porous and brittle outer shell of Fe3O4

(Fig. 5 and 7c). It should be noted that the existence of Cr2O3

sharply speeded up the dissolution of Fe2O3. Therefore, the
kinetics of dissolution of Cr2O3 in the presence of Fe2O3 was
much quicker than that for Cr2O3 alone (Ref 33), which is
consistent with the analysis of the kinetics of hot corrosion of
the welded samples (Fig. 4). Thus, synergistic dissolution could
be seen clearly for these oxides. An even more intensive result
should be expected for co-presence of very acidic oxides in

Fig. 6 Microstructure of the weld metal, HAZ and interface of: (a) T1 (60 Hz), (b) T2 (120 Hz), (c) T3 (240 Hz), (d) T4 (480 Hz), (e) T5
(constant current (18 A))
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combination with very basic oxides (Ref 34). Moreover, it can
be shown that the Cr-depletion area is characterized clearly near
the inner corrosion layer. The variation between two layers can
be described as the oxide dissolution/re-precipitation mecha-

nism [35]. The corroded cross section of sample T4 (480 Hz),
like those of samples T1 and T2, has an outer porous shell of
Fe2O3 with internal protective adhesive oxide layers of Cr2O3

and NiO (Fig. 7d). Welded specimen of T5 with the constant

Fig.7 SEM image of the corroded cross section of welded specimens after 48 hours of the hot corrosion test at 950±5 �C with the EDS linear
analysis; (a) T1 (60 Hz), (b) T2 (120 Hz), (c) T3 (240 Hz), (d) T4 (480 Hz), (e) T5 (constant current (18 A)), (f) filler metal
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current (18 A) also has an uneven metal–shell interface that has
an outer porous curved shell consisting of Fe3O4 and NiO
phases, which make the sulfur and oxygen corrosive elements
penetrate into the metal (Fig. 7e).

Based on Fig. 7c-e, as Cr and Fe oxides developed, the
noble Ni component could be taken out and hence was enriched
at the alloy/scale interface. Next, a layer, rich in Ni but depleted
in Cr, was created as the sublayer, close to the oxide layer. The
creation of oxides of Cr, Fe and other minor oxidizable
elements decreased the activity of oxygen, which caused an
increase in sulfur activity and speeded up a decrease in sulfur
from Na2SO4 (Ref 36) as a result. In addition, increase in
thickness of oxide layers made the rate of corrosion increase for
T4 and T5 samples (Fig. 4).

Figure 4 and 7f shows that the corrosion product of the filler
metal sample is the spinel phase of NiCr2O4, which has a
significant effect on the hot corrosion resistance. Pettit et al.
(Ref 37) reported that the spinel (NiCr2O4) phase is formed
between Cr2O3 and NiO layers and can prevent oxygen
penetration into the substrate, thus reducing the rate of hot
corrosion (Fig. 4). Due to the presence of this protective spinel
layer, the sulfur and oxygen elements could not penetrate into
the grain boundaries of the filler metal sample; however, the
formation of the iron and nickel sulfide layers (FeS and NiS)
may be considered a substrate. Kamal et al. (Ref 38) found out
that the spinel oxide NiCr2O4 provides corrosion resistance to
the coated superalloy IN825. El-Awadi et al. (Ref 39) figured
out that the formation of adherent oxides of Cr2O3 and NiCr2O4

provided some resistance to oxidation.
According to Fig. 7e and f, it should be noted that Cr

element was selectively oxidized during the initial stage of
oxidation due to its higher activity to create stable Cr2O3

compared to NiO. In comparing the corroded cross section of
the BM sample (Fig. 8) with the other samples, it can be found
that the corrosion rate of the BM was very high (Fig.4) so that
the final thickness of 255 lm remained from the initial
thickness of 600 lm after 48 hours of hot corrosion.

The outer shell of the sample with the optimal frequency
(240 Hz) is a dense NiO oxide layer, which is morphologically
different from the formed thick outer shell of Fe3O4 in sample
T2 (120 Hz); therefore, it can prevent the diffusion of oxygen
and sulfur elements into the metal better (Fig. 7b and c). In fact,
dissolution of the NiO oxide shell in the molten salt causes the

salt to penetrate into the shell–metal interface and makes the
shell rise and separate from the substrate. According to the
colorful analysis maps of sample T3 (Fig. 9), the accumulation
of chromium and nickel elements can be observed in the inner
shell and the metal–shell interface, indicating the formation of
alternate resistant oxide layers, which are able to prevent the
penetration of sulfur and oxygen elements into the grain
boundaries of the weld metal and restrict the corrosive elements
in the outer shell of corrosion products. The analysis map of the
filler metal (Fig. 10) shows the accumulation of chromium and
nickel elements in the shell and in the metal–shell interface; by
forming alternate protective oxide layers and spinel phase
between them, it could prevent the penetration of sulfur and
oxygen elements and exhibit the least amount of destruction
among other samples. Figure 11 shows cobalt with purple color
in the metal–shell interface, which indicates the strong presence
of cobalt to reduce the hot corrosion resistance of the BM
sample. Moreover, lack of formation of the dense and sticky
oxide layer (Cr2O3) made the sulfur element easily pass through
it and penetrate into the grain boundaries of N155 superalloy
and form sulfide compounds there.

Although the chemical composition of the weld metal and
corrosive environment conditions of the specimens are identi-
cal, the differences in the morphology and chemical compo-
sition of the corrosion products of the welded specimens can be
attributed to the difference in the frequency of pulse current,
which causes the difference in the microstructure and distribu-
tion of the alloying elements in the weld metal.

There is a research in which thin sheets of N155 superalloy
with austenitic nickel base filler metal (Inconel 718) were
welded by different frequencies of the pulsed current system
(Ref 26). The results of the research illustrate that the pulse
current frequency could have a significant effect on the
microstructure, the mechanical properties of the joint, and the
distribution of alloying elements in the fusion zone (Ref 26).
Based on this research, the optimum frequency (240 Hz) in
sample T3 caused fine grains, non-segregation, and uniform
distribution of alloying elements in the fusion zone among
other samples (Ref 26). Liu et al. (Ref 40) figured out an
improvement in the corrosion resistance of Ni50.5Ti49.5 and
Ni45.6Ti49.3Al5.1, which are obviously both crystalline alloys
due to having grains, in NaCl electrolytes because of decreas-
ing grain size. In fact, they realized that enhancements in

Fig. 8 SEM image of the corroded cross section of the base metal sample after 48 hours of the hot corrosion test at 950±5 �C with: (a)
measured thickness and (b) the EDS linear analysis
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Fig. 9 Distribution of alloying elements by the EDS analysis maps of sample T3 (240 Hz) after 48 hours at 950±5 �C
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Fig. 10 Distribution of alloying elements by the EDS analysis maps of the filler metal sample after 48 hours at 950±5 �C
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Fig. 11 Distribution of alloying elements by the EDS analysis maps of the base metal sample after 48 hours at 950±5 �C
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corrosion resistance were related to a high density of grain
boundaries, which allow faster diffusion and oxide creation
(Ref 40). Any modification or grain refinement that changes the
reactivity of a surface will influence the corrosion performance
(Ref 41). The main reason for enhancements in corrosion
resistance for grain-modified materials is connected to a
progress in passive film creation and adhesion because of
increased grain boundary density (Ref 41). Thus, the weld
metal of sample T3 with a uniform chemical composition in the
face of hot corrosion phenomenon could provide a uniform
metal–shell interface, but in other welded specimens, due to the
formation of poor and rich areas of chromium and nickel key
elements, resulting from elements segregation of welding
solidification, the weld metal surface was not uniformly
corroded, which is non-smooth.

According to the EDS linear analysis of the samples, a
higher percentage of nickel and chromium elements in sample
T3 was able to form the alternate protective layers (Cr2O3 and
NiO) that prevented the interference of the iron element during
the hot corrosion process; hence, the amount of damage to the
substrate was reduced. Cr basically provides two purposes:

creating solid-solution strength and enhancing the corrosion
and oxidation resistance. It has excellent oxidation resistance,
good high temperature strength and flexibility (Ref 42).

In general, hot corrosion can be divided into two types: the
first and second types depend on the environment temperature
of superalloys application. In the first type of hot corrosion, the
working temperature of a superalloy is about 850-950 �C,
which is present in environments such as gas turbines or the oil
and gas industry (Refs 10, 43). Sodium sulfate salt (Na2SO4) is
highly corrosive and melts at about 880 �C in these environ-
ments (Refs 11, 43). Type II of hot corrosion occurs in the
temperature range of 650-800 �C, which is lower than type I
(Refs 44-46). Sodium sulfate salt (Na2SO4) is combined with
other elements to form a eutectic compound that reduces the
melting temperature of the salt, causing a hot corrosion attack.
For example, it has been reported that cobalt is combined with
Na2SO4 to form CoSO4-Na2SO4, which has a melting point of
about 565 �C (Refs 44-46).

According to Fig. 8a, the cracks can be detected on the
surface, and some corrosion products are laminated off, which
is consistent with the analysis of the kinetics of hot corrosion

Fig.12 SEM image of the hot corrosion products after 48 hours at 950±5 �C with the EDS spot analysis of; (a) T3 (240 Hz), (b) filler metal
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(Fig. 4). Based on the EDS linear analysis of corroded cross
section of the base metal (Fig. 8b), type II of hot corrosion can
be considered because of the high percentage of cobalt element
that has an important effect on the hot corrosion mechanism. It
should be noted that type II of hot corrosion occurs in the
temperature range of 650 to 750 �C, but the smeared samples
by the salt spent the necessary time to achieve the temperature
of 950±5 �C in the furnace; therefore, some effects of cobalt
can be explained by the introduced Luthra mechanism (Ref 47)
in which cobalt first reacts with sodium sulfate Na2SO4 to
create the eutectic compound of Na2SO4-CoSO4 with a melting
point of about 565 �C. Then, it is melted in the furnace
temperature; after decomposition of CoSO4, Co

2 + ions are
released and penetrate toward the metal–shell interface, and it
prevents the formation of the protective layer of Cr2O3 (Ref
47). Zhao et al (Ref 48) found out that the elements of Co and
Cr enhanced the corrosion resistance of Inconel alloy 740, and
the rapid depreciation of corrosion resistance of the superalloy
could be attributed to the dissolution of the protective oxide.
Cobalt base alloys require at least 25% of chromium element to
resist hot corrosion (Ref 3).

According to the images of the corroded cross sections at 48
hours (Fig. 7a-f and 8), it can be seen that the corrosion
products consist of two layers: the thick outer porous layer and
the inner thin dense layer that cover the surfaces. The typical
microstructure for high-temperature hot corrosion indicates the
formation of sulfides and a corresponding depletion of the
reactive component in the alloy substrate. The external
corrosion products often include oxide precipitates dispersed
in the salt film [32, 49].

There is a general agreement that condensed alkali metal
salts including (especially) Na2SO4, which is a prerequisite to
hot corrosion (Ref 50). The salt used in this study consisted of
90% Na2SO4 and 10% NaCl. The purpose of using NaCl salt

was to increase the hot corrosion rate due to the relative
resistance of the filler metal and to reduce the melting point of
the salt solution. However, due to the low resistance of the BM
to hot corrosion in the sulfide environment, low NaCl content
was used. One of the most important effects of this salt on the
alloy is to increase the tendency of the oxide shells to flake and
crack, which results in the rapid pick-up of chromium greatly
accelerating the propagation stage. Other features include the
formation of large cavities on the alloy surface; however,
according to the EDS linear analysis of all the samples, due to
the very low percentage of NaCl salt, its effect is not clearly
observed.

The corrosion products of sample T3 can be seen as
geometrical morphologies of the prism and pyramid (Fig .12a).
Based on the atomic percentages of EDS point analysis at
various points (Fig. 12a), at point 1, it shows a high percentage
of NiO and a little CoO and other elements like chromium and
iron also have small percentages. At point 2, the high
percentage of sodium element can indicate the sodium oxide
phase of Na2O and a small percentage of the nickel and cobalt
oxide phases that are present in this compound as well. At point
3, similar to point 2, a high percentage of Na2O is present with
a small percentage of sulfur oxide. Overall, it can be concluded
that, as mentioned above, NiO is found as the dominant product
with geometrical morphologies of the prism and pyramid, and
the percentage of iron in the product is minor.

The SEM image of the corrosion products of the filler metal
sample (Fig. 12b) indicates that the morphology of the phases is
quite different from that of sample T3, and the corrosion
product is seen as layered. According to the atomic percentage
of EDS point analysis (Fig. 12b), point 1 shows a high
percentage of Na2O with sulfur oxide. Point 2, similar to point
1, indicates very small amounts of iron, chromium and nickel
oxides, which determine the high resistance of the oxide layers

Fig.13 SEM image of the hot corrosion products of the base metal sample after 48 hours at 950±5 �C with the EDS spot analysis
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(Cr2O3 and NiO). The corrosion products of the base metal
sample (Fig. 13) have unique morphologies; for example, the
particular component was indicated at 4000 times magnifica-
tion, resembling a cauliflower.

5. 5 Fractography analysis

According to Fig. 14a-e, the fracture surfaces of all
specimens are soft fracture, and different dimples in size and
depth can be seen (Table 5) (Ref 26). According to Fig. 14
(a,b,d,e), the fracture zones of samples T1 (60 Hz), T2 (120 Hz),

T4 (480 Hz) and T5 (constant current (18 A)) show ductile
dimple tearing and trans-granular cleavage facets with tear
ridges. In samples T3 (240 Hz) and base metal, small size
dimples (10 ± 0.4 and 8 ± 0.3 lm, respectively) were noticed
compared to the other samples (Table 5). Moreover, the large
area of ductile dimples with the almost negligible amount of
cleavage facets could be seen in the fracture zone of samples T3
(240 Hz) and base metal. Pandey et al. (Ref 51) found that
connection of micro-voids leads to equiaxed dimples on tensile
fracture surface normal to the loading axis, indicating the
spherical and equiaxed dimples on a flat crater bottom loaded in
tension test and elongated ellipsoidal dimples on the shear lips
directed to 45�.

6. Conclusion

The hot corrosion exanimations in the molten sodium sulfate
salt at 950±5 0C revealed that

• The weld fabricated in the optimum frequency (240 Hz)
exhibited alternate resistant oxide layers (NiO and Cr2O3),
which are able to prevent the penetration of sulfur and
oxygen elements into the grain boundaries of the weld
metal and restrict the corrosive elements in the outer shell

Fig.14 SEM images of the fracture surface of (a) T1 (60 Hz), (b) T2 (120 Hz), (c) T3 (240 Hz), (d) T4 (480 Hz), (e) T5 (constant current (18
A)), (f) base metal

Table 5. Measurements related to the average size of
dimples by Image-J software (Ref 26)

Sample The average size of dimples, (lm)

T1 15 ± 0.6
T2 16 ± 0.7
T3 10 ± 0.4
T4 15 ± 0.7
T5 15 ± 0.8
BM 8 ± 0.3
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of corrosion products.
• In other welded specimens, due to the formation of poor

and rich areas of chromium and nickel key elements,
resulting from elements segregation of welding solidifica-
tion, the weld metal surface was not uniformly corroded,
which is non-smooth.

• The strong presence of cobalt element in the base metal
specimen caused lack of formation of the dense and sticky
oxide layers (NiO and Cr2O3), which made the sulfur ele-
ment easily pass through it and penetrate into the grain
boundaries of N155 superalloy and form sulfide com-
pounds there.

• In the filler metal sample, due to the presence of the spi-
nel (NiCr2O4) phase formed between Cr2O3 and NiO lay-
ers, the sulfur and oxygen elements could not penetrate
into the grain boundaries.
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