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The hot corrosion behavior of Ni20Cr alloy was evaluated in NaVO3 at temperatures of up to 700 �C and
compared to Inconel 600. The performance of both the alloys was evaluated using electrochemical mea-
surements, such as potentiodynamic polarization, linear polarization resistance, and electrochemical im-
pedance spectroscopy measurements, as well as a cyclic corrosion test. The results show that the Ni20Cr
alloy has better corrosion performance than the Inconel 600. The better performance of the Ni20Cr alloy
was due to its ability to develop a stable protector oxide (Cr2O3) on its surface.
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1. Introduction

High-temperature corrosion is a serious issue in power
generation systems and is influenced by the type of fuel, fuel
conditions, and design factors of the system (Ref 1). Low-grade
fuels, also known as residual fuels, are commonly used in
power generation systems due to the high cost of high-grade
fuels. However, low-grade fuels contain high concentrations of
vanadium, sulfur, and sodium impurities. These elements are
harmful because they form highly corrosive compounds during
the fuel oil combustion, such as V2O5, V2O4, Na2SO4, NaVO3,
and vanadate complexes. These compounds are deposited by
condensation as thin films of molten salts on the surfaces of
materials.

One of the most probable reactions takes place between
vanadium oxide (V2O5) and sodium sulfate (Na2SO4), which
forms sodium vanadate (NaVO3, Na4V2O7, Na3VO4) and
vanadate complexes. These compounds are among the most
corrosive due to their low melting points, low viscosity, and
acidity, which lead to accelerated dissolution of the protective
oxide layer that develops on the surfaces of metallic materials.
This accelerated attack is known as hot corrosion (Ref 2-7).
Some ways to prevent corrosive attacks of molten salts are
replacing conventional materials (stainless steel) with more

resistant alloys, such as Ni- or Co-based superalloys, using
metallic coatings that form a stable film of protective oxides,
such as Cr2O3, Al2O3, and SiO2; and using inhibitors (CaO and
MgO) that can form vanadates with high melting points
(Mg3V2O8, Mg2V2O7) (Ref 5, 7).

Superalloys are more commonly used in high-temperature
industrial process because they have good mechanical proper-
ties, such as tensile resistance, creep, and fatigue resistance, and
they maintain microstructural stability over a wide range of
temperatures (Ref 7). The high-temperature corrosion resis-
tance of superalloys is based on their ability to develop
stable protective oxide films on their surfaces, such as Cr2O3 or
Al2O3, which is due to the selective oxidation of protective
elements. Generally, Ni-based superalloys are the most popular
due to their high content of Cr, which provides excellent
corrosion resistance. This is due to the development of a
protective oxide (Cr2O3), which decreases the aggressive
effects of the corrosive species present in vanadium or sulfate
salts (Ref 2, 8, 9). The formation of a continuous protective
layer of Cr2O3 is possible as long as the chromium content of
the alloy is at least 10-15% by weight (Ref 10). Although the
formation of a protective layer of Cr2O3 increases the corrosion
resistance of the superalloys, it has been reported that the
continuous dissolution of the protective layer promotes the
formation of various oxides due to the different elements
present in the superalloys, such as NiO, Fe2O3, Al2O3, MoO3,
and CoO. The presence of multiple oxides can lead to an
acceleration of the corrosion rate because of a synergistic
dissolution process, that is, some metallic oxides can undergo
an acid dissolution process and others a basic dissolution
process. This will promote changes in the basicity of the molten
salts increasing the dissolution rate of the metallic oxides. After
that, it is possible that the molten salts can be saturated with
corrosion products, and the basicity stabilized at a value where
the metallic oxides have approximately equal solubility.
Therefore, sustained hot corrosion of the alloy does not
continue (Ref 11). However, in specific cases of corrosion by
molten salts that are rich in vanadium, if the Cr content in the
alloy is depleted, Ni can contribute to protect the alloy due to
the formation of highly stable refractive corrosion products on
the alloy surface (Ni3V2O8 and Ni2V2O7) (Ref 12).

Corrosion by molten salts is an electrochemical process
since molten salts are excellent ionic conductors and show acid/
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base behavior. Hence, the corrosion rate can be determined
using electrochemical techniques (Ref 13). Cyclic corrosion
tests are also important for determining the behavior of the
protective oxide layer (Ref 14). A previous investigation
carried out cyclic corrosion tests on different coatings of
Cr3C2–NiCr, NiCrBSi, Stellite-6, or Ni-20Cr on Ni-based
superalloys (Superni 75). The evaluations were made in a
mixture of salts (Na2SO4-60%V2O5) at 900 �C and revealed
that the Ni20Cr coating had the highest corrosion resistance.
This result was attributed to the formation of oxides and spinels
of Ni and Cr (Ref 15).

Thus, the goal of the present study was to evaluate the
performance of Ni20Cr alloy and Inconel 600 in NaVO3 at
700 �C. Another objective was to observe if the corrosion
phenomena mentioned above will take place (synergistic
dissolution and formation of vanadates) and how they affect
the corrosion behavior of each alloy. The corrosion evaluations
were taken using electrochemical techniques and cyclic corro-
sion tests. In addition, SEM and DRX analysis were used to
support the results obtained. It is well-known that the Inconel
600 is a commercial superalloy commonly used in such
systems.

2. Experimental Procedure

2.1 Testing Materials

Ni20 (wt.%) Cr alloy was made from commercial Ni20Cr
powder using a quartz crucible in an induction furnace. Inconel
600 alloy was used as a reference material, which contained 16
Cr, 8 Fe, 1.5 Mn, 0.5 Si, 1.0 Cu, and 0.15 C (wt.%), which are
balanced with Ni (according to the manufacturer Goodfellow).
Both alloys were cut into samples measuring 8 9 5 9 6 mm.
The samples were ground with 600 grade emery paper.

2.2 Corrosion Test

The corrosion resistance of the materials was evaluated
using electrochemical techniques and cyclic corrosion tests.
Electrochemical measurements were taken using conventional
three-electrode electrochemical cells where either Ni20Cr or
Inconel 600 was the working electrode. Platinum wire was used
as the reference electrode and counter electrode. The working
electrode was made by spot welding the alloy of interest
(Ni20Cr or Inconel 600) to a Ni20Cr wire. To protect the wire
from the corrosive environment, it was inserted in a mullite
tube, and the space left between the ceramic tube and sample
was sealed with refractory cement. The corrosive salt used was
sodium metavanadate (NaVO3) at a temperature of 700 �C in
static air. The corrosive salt was contained in an aluminum
crucible and heated in a tubular electric furnace until it reached
the test temperature. The arrangement of electrodes was then
submerged in molten salt and stabilized for 30 min before
starting the test.

Potentiodynamic polarization curves were obtained by
applying polarization from � 400 to 1400 mV with respect
to the corrosion potential (Ecorr) at a scan rate of 1 mV/s. Linear
polarization resistance measurements (LPR) were performed by
polarizing the working electrode at ± 10 mV with respect to
open-circuit potential (OCP) at a sweep rate of 10 mV/min.
Electrochemical impedance spectroscopy measurements (EIS)
were performed at OCP by applying a sinusoidal signal with an

amplitude of ± 10 mV in a frequency range of 10,000-
0.01 Hz.

Cyclic corrosion tests were carried out by applying a
corrosive salt film to the alloys. This was done by mixing
NaVO3 powder with distilled water to form a paste, which was
added to the surface of the alloys using a brush. The samples
coated with the corrosive salt were dried at room temperature
and then heated to 250 �C for 2 h until a constant weight was
reached. An average of 5 mg/cm2 of the NaVO3 was added to
the surfaces of the samples. The cyclic corrosive tests were
done in triplicate.

Once the alloys were coated, they were placed in aluminum
crucibles and put in an electric furnace at 700 �C. The cyclic
corrosive tests were done using 100 cycles, where each cycle
consisted of one to 24 h. After that, data were recorded every
3 h until the end of the test. The changes in mass of the alloys
were recorded using a digital balance with a sensitivity of
0.0001 g. The samples were cooled down to room temperature
before recording the mass.

2.3 Scanning Electron Microscopy (SEM) and X-Ray
Diffraction (XRD)

The corroded samples were encapsulated in epoxy resin and
then ground with emery paper and polished with a 0.3-lm
aluminum suspension. To avoid the dissolution of the corrosion
products in water, the grinding and polishing stages were done
using ethanol. The encapsulated and metallographically pre-
pared samples were observed with a JEOL JSM-IT500
scanning electron microscope, and microchemical analysis
was performed with a Bruker Flash 6|30 energy disperse
spectrometer attached to it.

X-ray diffraction analyses were carried out using a Rigaku
diffractometer with Cu Ka radiation in order to the compounds
present in the alloys. The analysis done before the corrosion
test was performed on only bulk Ni20Cr alloy. However, after
the corrosion test, the corrosion products were determined with
powder obtained at the interface of both alloys evaluated for
100 cycles. The compounds were identified using the Match
software and the PDF-2 database.

3. Results and Discussion

3.1 Potentiodynamic Polarization Curves

Figure 1 shows the potentiodynamic polarization curves for
both Ni20Cr and Inconel 600 alloys evaluated in NaVO3 at
700 �C in static air. The anodic branches of both materials
showed active behavior toward potentials that were slightly
above their corrosion potential. That is, the anodic current
density increased rapidly with a small increase of potential in
the noble direction (Ref 16). This behavior is a consequence of
continuous dissolution of the alloy elements due to the high
affinity of V for Cr and Ni (Ref 17-19).

Subsequently, both materials showed an increment in the
slopes of their anodic branches. This behavior can be associated
with the formation of more stable corrosion products (Ni
vanadates) with better protective properties than those of Cr2O3

(Ref 12). Table 1 shows the electrochemical parameters
obtained from the polarization curves. In general, the two
alloys showed similar behavior, but the Ni20Cr alloy showed a
more noble corrosion potential and lower corrosion current
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density. This suggests the formation of corrosion products
(Cr2O3, NiO and Ni vanadates), with better protective charac-
teristics than the ones formed by the Inconel 600 (Ref 20).
Additionally, it has been reported that the corrosion resistance
of Ni-based alloys (Inconels) is related to its chemical
composition, mainly with its chromium content (Ref 21).
Probably, the highest content of Cr and Ni of the Ni20Cr alloy
compared with Inconel 600 promotes a faster growth of the
corrosion-product layer that reduces the attack by molten salt of
the alloy surface.

3.2 Open-Circuit Potential (OCP) Measurements

Figure 2 shows the open-circuit potential (OCP) of the
Ni20Cr and Inconel 600 alloys. The Ni20Cr alloy exhibited a
shift in OCP toward more active values during the first 4 h of
immersion but then shifted toward slightly nobler values and
reached quasi-stable behavior. This result suggests that a
process of continuous dissolution of the protective oxide
occurred during the first 4 h of immersion, and then more
stable corrosion products tended to form (Ref 22). The passive
layer could correspond to Cr oxide or corrosion products that
prevent the diffusion of aggressive species into the metal
surface (Ref 12-19).

The OCP for Inconel 600 showed an abrupt shift toward
nobler values during the first 6 h of immersion and shifted
toward more active values after 14 h. After that, it reached an
apparent steady state. This behavior suggests that Inconel 600
rapidly developed a passive layer. However, this layer was not
stable and was easily dissolved by the corrosive environment,
which led to the formation of non-protective corrosion

products. The apparent steady state could be caused by the
accumulation of corrosion products that hindered the diffusion
of NaVO3 into the metal surface.

Inconel 600 showed more active behavior, which was
possibly due to its low content of Cr and the presence of non-
protective elements Fe, Mn, and Cu. The greater content of Cr
and the absence of other alloying elements in the Ni20Cr alloy
promoted the development of a more stable protective layer of
Cr2O3 that is denser and thicker that the one that developed on
Inconel 600. This resulted in a more noble potential for the
Ni20Cr alloy (Ref 23).

3.3 Linear Polarization Resistance (LPR) Measurements

Figure 3 shows the corrosion current density (icorr) of
Ni20Cr and Inconel 600 alloys in NaVO3 at 700 �C. The icorr
values were obtained from the LPR measurements by using the
Stern–Geary equation (Ref 24):

icorr ¼
babc

2:3Rp ba þ bcð Þ ðEq 1Þ

where Rp is the polarization resistance, and ba and bc are the
anodic and cathodic Tafel slopes, respectively (Table 1). The
Ni20Cr alloy showed the lowest icorr values with a constant
decrease during the 12 h of immersion, but after that time, it
remained steady until the end of the test. This behavior could be
associated with the low reactivity of Cr in the presence of
NaVO3 in free corrosion conditions (Ref 19), as well as the
formation of protective corrosion products with refractory
characteristics due to the reaction between the Ni and vanadium
salts (Ref 12).

The tendency of icorr for Inconel 600 is consistent with the
more active behavior observed in the OCP measurements.
Inconel 600 showed the greatest corrosion current density with a
decrease for the first 6 h of immersion and then a slight increase.
Stable behavior occurred in the last 6 h of the test. This behavior
could be associatedwith the low content of Cr and the presence of
other elements (Fe,Mn, andCu) that are unable to formprotective
oxides. The presence of multiple oxides can lead to a synergistic

Table 1 Electrochemical parameters of Ni20Cr alloy and
Inconel 600

Material Ecorr, mV Icorr, mA/cm2 Ba Bc

Ni20Cr � 225 0.447 98 45
Inconel 600 � 286 0.612 133 177

Fig. 1 Potentiodynamic polarization curves of Ni20Cr alloy and Inconel 600 in NaVO3 at 700 �C in static air

Journal of Materials Engineering and Performance Volume 28(8) August 2019—5049



dissolution process that decreases the corrosion resistance of the
materials (Ref 6, 21, 25). The icorr values observed by both alloys
are similar to those reported for pure Cr in similar test conditions
(Ref 3). However, the better performance of Ni20Cr alloy could
be because the alloy is formed from only two elements. Cr
showed the lowest reactivity in NaVO3, and the Ni formed
stable and protective corrosion products.

3.4 Electrochemical Impedance Spectroscopy (EIS)
Measurements

Figure 4 and 5 show the evolution of the impedance spectra
(Nyquist and Bode format) for Ni20Cr and Inconel 600 alloys
in NaVO3 at 700 �C. The Nyquist diagram of the Ni20Cr alloy

(Fig. 4) showed two capacitive, depressed semicircles, one at
high and intermediate frequency and a second one at low
frequencies. The second capacitive semicircle increased in
diameter as the immersion time increased, which indicates an
increase in the corrosion resistance (Ref 26). This is consistent
with the phase angle format of the Bode diagram, which
showed the formation of two time constants. The first was
observed around 0.1 Hz at 0 h and at higher frequencies (1-
10 Hz) as time passed. The second time constant was observed
at lower frequencies of 0.1 Hz with an increment in phase angle
of 16�-40� over time. The formation of two time constants
indicates the presence of two interfaces. The first one is
associated with the interface of the corrosion products and

Fig. 2 Open-circuit potential of Ni20Cr alloy and Inconel 600 in NaVO3 at 700 �C in static air

Fig. 3 Corrosion current density of Ni20Cr alloy and Inconel 600 in NaVO3 at 700 �C in static air
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Fig. 4 Impedance spectra of Ni20Cr alloy in NaVO3 at 700 �C in static air
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Fig. 5 Impedance spectra of Inconel 600 in NaVO3 at 700 �C in static air
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molten salt, while the second is associated with the interface
between the protective oxide and corrosion products.

In the impedance module format of the Bode diagram (|Z|),
the charge transfer resistance increased over time in the low-
frequency region, which is consistent with the evolution of the
second time constant and the capacitive semicircle observed in
the Nyquist diagram. The absence of the low-frequency plateau
indicated that the charge transfer resistance is higher than the
last one obtained. This is a consequence of the formation of two
protective layers on the alloy surface, which reduced the ion
transport and thus the corrosion rate of the alloy (Ref 27).

Figure 5 presents the impedance spectra over time for
Inconel 600, for which the behavior is similar to that of Ni20Cr
alloy. The Nyquist diagram shows two capacitive semicircles,
of which the diameter increased over time. The phase angle
format of the Bode diagram also presented two time constants,
with the first one located at 0.1-1.0 Hz at the beginning of the
test, which was displaced around 200 Hz over time. The second
one was observed at frequencies less than 0.1 Hz and then
changed to frequencies around 0.1-0.3 Hz over time. The
displacement of the time constants at higher frequencies is
associated with an increment in the thickness of the layer of
corrosion products (Ref 28).

Similarly, the impedance module diagram showed an
increase in the charge transfer resistance, which is associated
with the increase in the maximum phase angle of the second
time constant. The magnitude of the maximum phase angle is
associated with a more capacitive behavior of the protective
oxide. Therefore, this behavior may correspond to the growth
of a protective oxide or the accumulation of corrosion products,
which restricted the diffusion of the corrosive agent. The
impedance spectra show that Inconel 600 had poorer perfor-
mance than Ni20Cr alloy, which is consistent with the
electrochemical tests.

Figure 6 and 7 show the cross sections and microchemical
element mapping for both alloys after 24 h of immersion in
NaVO3 at 700 �C. In Ni–Cr alloys, Cr has a greater oxygen
affinity than Ni. Thus, it forms a passive layer based on Cr and
spinels ofNi–Cr oxides on the alloy surface (Ref 29-32). Figure 6
shows that the Ni20Cr alloy has corrosion-product scales on the
surface. The element mapping indicated the high densities of Cr,
V, and O. There was no evidence of a protective film of Cr2O3,
which suggests that it was dissolved by NaVO3, with a non-
protectiveCrVO4film forming according to reaction (2) (Ref 19):

Cr2O3 þ 2NaVO3 ¼ 2CrVO4 þ Na2O ðEq 2Þ

Fig. 6 Cross sections and element mapping of Ni20Cr alloy after being exposed to NaVO3 at 700 �C for 24 h
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According to this previous reaction, the dissolution of
protective oxide is associated with an increment in the basicity
of the melt (Na2O), resulting in lower corrosivity (Ref 6).

The microchemical element mapping of Inconel 600 is
shown in Fig. 7. There was a layer of corrosion products rich in
Cr, Fe, O, and V. Once again, there was no evidence of a
protective oxide based on Cr, which suggested a continuous
dissolution process of the oxides that developed on the alloy
surface. Another important feature is the alloy profile, which
suggests that a localized corrosion process took place. This is
contrasts with the one observed on the Ni20Cr alloy, which
presented a homogenous corrosion process according to the
profile of the alloy.

In addition, there were zones that were depleted of Cr and
enriched in Ni in the alloy, which suggests that the Cr content
of the alloy was not able to regenerate the protective oxide
layer. Thus, the corrosion of the alloy was accelerated by
elements with low protection capacity, such as Fe. This
suggests that the degradation of Inconel 600 occurred through
the dissolution of Cr2O3 (Eq 2) along with the dissolution of
Fe2O3 according to the following equation:

Fe2O3 þ 2NaVO3 ¼ 2FeVO4 þ Na2O ðEq 3Þ

In the case of the Ni20Cr alloy, the dissolution reactions of
the oxides caused an increase in basicity of the melt and
decreased its corrosivity. However, due to the depletion of Cr
on the surface of the alloy, less stable and less protective oxides
(Fe2O3) were formed, which favored the degradation of the
alloy.

3.5 Cyclic Corrosion Tests

Figure 8 shows the mass gain kinetics of both Ni20Cr and
Inconel 600 alloys exposed to cyclic corrosion in NaVO3 at
700 �C for 100 cycles in static air. The Ni20Cr alloy presented
a fast mass increase during the firsts 12 cycles of the test. Then,
there was a marked decrease in the mass gain rate during the
rest of the test. The marked decrease in the slope of the mass
gain curve of the Ni20Cr is probably due to the formation of a
stable protective oxide layer or the accumulation of dense and
adherent corrosion products on the metal surface, which result
in a decrease in the corrosion rate (Ref 33). In contrast, Inconel
600 showed a higher mass gain with a marked increasing trend

Fig. 7 Cross sections and element mapping of the Inconel 600 after being exposed to NaVO3 at 700 �C for 24 h
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during the entire test without visible evidence of reaching a
stationary state. The higher mass increase for Inconel 600 could
be related to the constant growth of a non-adherent and porous
oxide layer, which allows a higher diffusion of corrosive
species into the metal surface.

The kinetic parameters of the mass gains were determined
by fitting the data using a parabolic rate law. This made it
possible to determine the parabolic rate constant, kp. Different
procedures can be used to calculate kp. One consists of relating
the mass gain (Dw/A) and the exposition time (t) according to
equation, Dw

A

� �
¼

ffiffiffiffiffi
kp

p
tn. According to this equation, strictly

parabolic behavior occurs when n = 0.5.

In Fig. 8, the continuous lines correspond to the fitting of
the experimental data. According to the fitting, the n values for
Ni20Cr and Inconel 600 alloys are 0.4053 and 0.6324,
respectively. Both values showed a deviation from the parabolic
model. Ni20Cr alloy had a kp value of 0.7111 mg2 cm�4 h�1,
whereas that for Inconel 600 was 1.3512 mg2 cm�4 h�1. The
lower value obtained for the Ni20Cr alloy indicates better
performance (Ref 33).

Another way to determine kp is using a linear least square

algorithm as a function in the form of Dw
A

� �2¼ kpt (Ref 34, 35),
where kp is obtained from the slope of the line obtained by
graphing (Dw/A)2 versus t. In this case, the model strictly
agrees with the fitted parabolic when n = 0.5. The fitting of the

Fig. 9 Mass gain parabolic behavior (mg/cm2)2 vs. time for Ni20Cr alloy and Inconel 600 in NaVO3 at 700 �C during 100 cycles

Fig. 8 Kinetics of mass gain of Ni20Cr and Inconel 600 under a cyclic corrosion process in NaVO3 at 700 �C and fitting of the data using a
parabolic law (Eq 4)
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kinetic data using this model is shown in Fig. 9. The value of
kp for Ni20Cr alloy was 0.3103 mg2 cm�4 h�1, whereas that
for Inconel 600 was 4.1468 mg2 cm�4 h�1. Once again, the
Ni20Cr alloy showed the lowest value of kp.

Figure 10 shows the behavior of the instant parabolic rate
constant, kpi, for Ni20Cr and Inconel 600 alloys according to

equation, kpip ¼
d Dw

Að Þ2
dt (Ref 34). The Ni20Cr alloy showed

higher kpi at the beginning of the test, which indicates a higher
corrosion rate. However, after ten cycles, the values tended to
reach a quasi-stable state with lower perturbations. This could

be due to the development of a stable protective layer on the
surface, which restricted the diffusion of the corrosive species.
In contrast, Inconel 600 alloy showed higher kpi without a
tendency to reach steady state during the entire test. The
instabilities observed in the kpi could be related to the
formation of a non-protective oxide layer on the surface (Ref
21).

In addition, the better performance of Ni20Cr alloy could be
related to its higher content of Cr than Inconel 600 (Ref 21, 36).
Inconel 600 contains a significant amount of Fe (8 wt.%),
which can cause the formation of the iron oxides or mixed

Fig. 10 Instant parabolic rate constant (kpi) of Ni20Cr alloy and Inconel 600 in NaVO3 at 700 �C during 100 cycles

Fig. 11 Comparison between Kp of coatings and Ni-based alloys with different temperatures and molten salt environments
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oxides on the protective layer of Cr2O3. The formation of
protective layers based on more than one metal can cause
synergetic dissolution, which accelerates the corrosion process
of the alloy (Ref 6, 37). In general, the Ni20Cr alloy showed an
average kpi of 0.3462 mg2 cm�4 h�1, whereas that for Inconel
600 was 4.3793 mg2 cm�4 h�1. This indicates that Inconel 600
has a higher mass gain during the cyclic corrosion process.

The variation of kp with the different fitting methods
indicated that both alloys did not strictly follow the parabolic
oxidation law. This is caused by the molten salt, which
accelerates the corrosion process of the alloy. The obtained kp
values were compared with those reported in other studies (Ref
14, 38-48) for different corrosive environments, such as
mixtures of Na2SO4-60%V2O5, Na2SO4-25%K2SO4, and
75%Na2SO4-25%NaCl (see Fig. 11).

The kp values obtained for Inconel 600 in NaVO3 are within
the same order of magnitude as those reported for other Ni-
based super alloys, such as Superni 76, 750, 75, 718, and 600,
as well as for Inconel 718 in a mixture of Na2SO4-60%V2O5.
The kp values of Ni20Cr alloy in NaVO3 were higher than
those for the same alloy but manufactured by a thermal spray
technique and tested in Na2SO4-60%V2O5 at 900 �C, where

Na2SO4 and V2O5 react to form NaVO3 (Ref 40, 49). V-
containing salt mixtures at temperatures higher than 700 �C
produce higher Cr2O3 dissolution, which decreases the alloy�s
corrosion resistance (Ref 19). This could be the reason why the
Ni20Cr alloy exhibited better corrosion resistance in the present
study.

The kp values for Inconel 600 in V-free mixtures such as
Na2SO4-25%K2SO4 were compared, and lower results were
obtained for Inconel 75 and 718 alloys. This result is related to
the formation of chromate since molten Cr2O3 in sulfates reacts
with oxygen to form 4CrO4

2�. This prevents the dissolution of
any protective oxide (Ref 41, 50). However, the kp values for
Ni20Cr and Ni10Cr alloys were very similar to each other but
lower than those for pure Ni in 75%Na2SO4-25%NaCl. In
addition, the hot corrosion kinetics in NaCl/Na2SO4 mixtures
showed higher mass gain than those in the Na2SO4/V2O5 melts.
This occurred because sulfur leads to the formation of sulfides
(CrS3) and chlorides (CrCl3) in the alloy, thus preventing the
formation of any protective oxide (Ref 45, 51).

Additionally, it has been reported that chromium contents
lower than 10% are not enough for a continuous layer of Cr2O3

to be formed. Thus, S or Cl can diffuse into the alloy (Ref 52).

Fig. 12 Cross sections and element mapping of the Ni20Cr alloy at the end of the cyclic corrosion test
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Therefore, in all cases, kp for Ni20Cr alloy in NaVO3 is lower
than those reported for different Ni-based alloys, regardless the
type of melt, testing time, and temperature.

Figure 12 shows a micrograph of the cross sections and
microchemical element mappings of the Ni20Cr alloy at the
end of the cyclic corrosion test. The micrograph shows a layer
that is rich in Cr and Ni oxides on its surface, above which there
is corrosion-product scale that is rich in V, Ni, and Cr. The high
amount of Ni in the corrosion-product layer could be caused by
an initial process of metallic dissolution before a Cr-rich
protective layer was established. This can be associated with
the mass increase in the first 10 h of the cyclic corrosion test
(Fig. 10).

The initial corrosion process of the Ni20Cr alloy favored the
formation of Ni vanadates, which decrease the aggressiveness
of NaVO3 and subsequently favor the development of a
protective layer that is rich in Cr and Ni on the alloy. In the
presence of vanadium salts, the Ni forms refractory compounds
with higher melting points than 700 �C, such as Ni2V2O7,
Ni3V2O8, and Ni(VO3)2 according to the following reactions
(Ref 12):

3NiOþ 2NaVO3 ¼ Ni3V2O8 þ Na2O ðEq 4Þ

2NiOþ 2NaVO3 ¼ Ni2V2O7 þ Na2O ðEq 5Þ

NiOþ 2NaVO3 ¼ NiðVO3Þ2 þ Na2O ðEq 6Þ

Similarly, Fig. 13 shows a cross-sectional micrograph
together with the microchemical element mapping of Inconel
600 at the end of the cyclic corrosion test. The surface has
oxide scale that is rich Cr, Ni, and Fe, as well as V oxide. This
indicated low protective capacity due to the presence of
multiple metallic oxides, which favored a synergistic dissolu-
tion process that promoted the corrosion process of the alloy
(Ref 6, 37). Corrosion-product scale that is rich in V, Cr, Ni,
and Fe was observed on the oxide layer. It was also observed
that phases rich in V and Ni (vanadates of Ni) were not able to
form a protective layer on the alloy. Due to the continuous
metallic dissolution process, a depletion of Cr and Fe and
enrichment of Ni were observed on the alloy. These charac-
teristics have been observed in the corrosion process in molten

Fig. 13 Cross sections and element mapping of the Inconel 600 at the end of the cyclic corrosion test

5058—Volume 28(8) August 2019 Journal of Materials Engineering and Performance



salt, where the alloy is not capable of developing a protective
oxide (Ref 21, 53-56).

3.6 X-ray Diffraction Analysis

Figure 14 shows the X-ray diffraction pattern (XRD) of the
as-received Ni-20Cr alloy. The highest peak can be observed at
2h = 44.26�, which is in agreement with the results reported in
another works. This result indicates that there might be a
superposition of two peaks that correspond to Ni (1 1 1)
(2h = 44.505� according to ICDS, Inorganic Crystal Structure
Database) and Cr (1 1 0) (2h = 44.390�). This suggests the
formation of a solid solution of Cr in Ni. The amount of Cr in
Ni also increased the crystal lattice parameters, as reported

previously (Ref 57). In addition, it has been reported that c-
NiCr is the main phase found in Ni–Cr alloys (Ref 58).

Figure 15 shows the XRD patterns of the corrosion
products for Ni20Cr after the corrosion tests in molten
NaVO3 at 700 �C for 100 cycles. A Cr2O3 layer as well as Ni
and Cr (NiCr2O4) spinel were found. Additionally, Cr
(CrVO4) and Ni (Ni3V2O8, Ni2V2O7) vanadates were also
identified, which reduced the corrosion rate due to the
formation of Ni refractory vanadates. XRD patterns for the
corrosion-product layer that formed on top of Inconel 600
showed the presence of Cr2O3, Fe2O3, Ni, and Cr spinels, and
vanadates of Fe and Ni (see Fig. 16). The corrosion products
identified for both alloys have been observed in other studies

Fig. 14 XRD pattern of the Ni20Cr alloy

Fig. 15 XRD pattern of the corrosion products obtained from the interface of Ni20Cr alloy coated with NaVO3 salt at 700 �C for 100 cycles
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that evaluated Ni-based alloys in molten salts with the
addition of vanadium (Ref 48, 59, 60).

4. Conclusion

Ni20Cr alloy had better electrochemical and mass gain
performance than Inconel 600 in NaVO3 at 700 �C. Electro-
chemical tests such as LPR and EIS showed that Ni20Cr alloy
had lower corrosion current density and higher charge transfer
resistance than Inconel 600 alloy. This indicates better corro-
sion resistance due to the formation of a protective Cr oxide
layer, which has better protective characteristics than the ones
that formed on Inconel 600. In addition, the contents of
different elements (Cr, Fe, Ni, Cu, and Mn) in Inconel 600
helped to accelerate the corrosion process. Protective layers
based on different oxides lead to a synergetic dissolution
process that accelerates the corrosion process.

The cyclic corrosion tests showed that Ni20Cr alloy had a
lower parabolic rate constant and thus a higher corrosion
resistance than Inconel 600. SEM and XRD analyses showed
that a protective layer of Ni vanadates was formed on the
surface of Ni20Cr alloy. These refractory compounds protected
the alloy by preventing the diffusion of corrosive species.
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