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Abstract. In this study, a thin molten sulfate film was formed on the metallic samples and
their corrosion processes have been monitored by electrochemical impedance technique
under thermal cyclic condition. Inconel 600, nickel and aluminide diffusion coatings were
used as samples. 50 mol%Na2SO4- 50 mol%Li2SO4 was used for preparing the molten
sulfate film. Two kinds of specially designed electrochemical cells have been used in this
study. One is three-electrode configuration and another is two-electrode configuration.
Electrochemical impedance measurements were used for monitoring the degradation
processes for all samples tested. It was found that both corrosion resistance and the change
of molten sulfate film have been monitored successfully during 6 thermal cycles. In every
thermal cycle, the corrosion resistance increased when the temperature shifted to lower
values and decreased with the rising of temperature. Also, A drastic increase in corrosion
resistance and the resistance of the molten salt film was observed when the temperature
decreased below the melting point of the mixed molten sulfate film. Although both threeelectrode and two-electrode configurations were usable for electrochemical measurements
under molten sulfate film, it was concluded that the newly designed two-electrode
configuration is more suitable under thermal cyclic condition.
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1. Introduction
Hot corrosion occurs on the metallic components of jet engines, gas turbines, boilers and waste burning
furnaces [1, 2]. It is a kind of accelerated corrosion caused by the existence of molten salt on the surface of
metallic materials. Recently, materials used for certain components of new type nuclear reactor (Molten Salt
Reactor, MSR) and electrode materials for Molten Carbonate Fuel Cell (MCFC) also encounter accelerated
corrosion caused by molten salts [3, 4]. Since molten salt is electrolyte, the mechanism of hot corrosion is
considered to be an electrochemical process. Therefore, electrochemical methods such as potential dynamic
polarization (Tafel extrapolation), open potential measurement and electrochemical impedance measurement
have been used by researchers to study hot corrosion or to evaluate hot corrosion resistance of materials [510]. However, most of the studies have been conducted in bulk molten salt which is not the exact situation
encountered in real environments. Hot corrosion happens when a molten salt thin film forms on the surface
of metallic component. There are many different aspects between bulk molten salt and thin molten salt film
such as the diffusion rates of environmental gases to the surface of metallic components, the changes in
chemical composition of molten salt film or even the decomposition of molten salt due to the rapid changes
of gas pressure. Also, corrosion products can be carried away from the corrosion spots in the case of bulk
molten salt by convection or diffusion and it may have effect on the sequential degradation process of metallic
materials. Consequently, it is questionable for conducting studies of hot corrosion with electrochemical
methods in bulk molten salt. On the other hand, not all electrochemical methods are suitable for studying
hot corrosion mechanism especially for monitoring hot corrosion process. It is well known that
electrochemical impedance technique is very useful for monitoring corrosion process and for understanding
the characteristics of interfaces between metals and electrolytes. Compared to other electrochemical
techniques, one of its advantages is that by applying a small amplitude of AC signal, it gives almost no damage
to the tested corrosion process and thus long-term monitoring of corrosion process can be achieved.
Electrochemical impedance technique has been widely used for different type of corrosion in aqueous
solutions [11-13]. However, due to some difficulties for setting up electrochemical cell suitable for
measurements under molten salt conditions at high temperature, application of electrochemical impedance
to study of hot corrosion especially under molten salt film conditions has been rarely reported.
The corrosion of heat resistant alloys and protective aluminide coatings under molten salt film condition
has been carried out in our lab with electrochemical techniques such as measuring changes in corrosion
potential (Ecorr), Tafel extrapolation from polarization curves and electrochemical impedance [14-21]. In our
previous researches, corrosion behavior and corrosion rates of alloys were investigated by potentiodynamic
polarization under molten sulfate film condition. It was found that the oxygen partial pressure had a
significant effect on polarization behavior of alloys under molten sulfate film condition. Corrosion rates of
alloys changed greatly with the change in oxygen partial pressure. We also applied electrochemical impedance
technique to the monitoring the impedance behaviors and corrosion resistance of alloys or protective coatings
under molten salt film condition with an electrochemical cell designed especially for electrochemical
measurements under molten salt condition [20]. Furthermore, in order to simulate the operating conditions
for alloys and protective coatings more practically, the degradation processes of Inconel 600 and aluminide
diffusion coatings were monitored by electrochemical impedance measurements under molten sulfate film
with two thermal cycles [21]. In this study, up to 6 thermal cycles were applied for confirming the possibility
and credibility of the electrochemical cell especially designed for measurements under molten salt film. Also,
a new two-electrode configuration cell for electrochemical impedance monitoring was developed and applied
to evaluating the degradation processes of metallic materials under molten sulfate film with thermal cycles.

2. Experimental
Inconel 600 alloy, pure nickel (99.9%) and aluminide diffusion coatings on Inconel 600 (3 mm in width, 0.5
mm in thickness and 100 mm in length) were used in this study. The chemical composition of Inconel 600 is
shown in Table 1. Aluminide diffusion coatings on Inconel 600 were prepared by pack cementation method.
Inconel 600 was used as the substrate for aluminide diffusion coatings. After being polished by sanding paper
to 2000 grit, it was cleaned with acetone in an ultrasonic bath. Then, it was put into a ceramic boat with a
mixture powder of Al, Al2O3 and NH4Cl (Al2O3 75 wt%，Al 20 wt%，NH4Cl 5 wt%). The aluminide coating
was obtained by heat treatment at 800˚C for one hours under argon atmosphere. In order to fit the specially
designed electrochemical cell, all samples used in this study were fabricated into an “L” shape [21].
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Table 1. Chemical composition of Inconel 600.
Fe
6-10

Ni
>72

Cr
15.7

Mn
<0.1

C
<0.15

A mixture of 50 mol% Na2SO4 -50 mol% Li2SO4 was used as the molten sulfate resource for forming
molten salt film. The melting point of the sulfate mixture was confirmed as 470˚C by Differential Thermal
Analysis (DTA) in our previous study [21]. Up to six thermal cycles were applied during the electrochemical
impedance measurements. In order to monitor the behavior of both alloys and molten salt film itself,
temperature range for thermal cycle was set from 450˚C to 800˚C (450˚C to 700˚C for nickel). The raising
and lowering rate for temperature were 3˚C/min and 1.6˚C/min, respectively (Fig. 1).

Fig. 1. Schematic diagram of thermal cycle. Temperature range: 450˚C~800˚C, raising rate: 3˚C/min,
lowering rate: 1.6˚C/min, holding time at 800˚C: 30min (60 min for the first cycle).
The monitoring of hot corrosion processes of Inconel 600 and aluminide diffusion coating was
conducted by electrochemical impedance measurement. Two types of electrochemical cell arrangement were
designed especially for electrochemical impedance measurements under molten salts film. One is threeelectrode configuration. Figure 2 shows the schematic diagram of the specially designed three-electrode
configuration cell. Reference electrode, which is Ag/Ag-1 electrode sealed in a mullite tube, was installed on
the surface of working electrode and the platinum wire was wrapped on the reference electrode as the counter
electrode. Another type of electrochemical cell used in this study is two-electrode configuration. Two same
samples were used in this configuration. One is served as working electrode, another is served as both counter
electrode and reference electrode. For both cell configurations, before starting the measurements of
electrochemical impedance, the crucible filled with molten sulfate was manually raised up in order to let the
electrodes be immersed into molten sulfate for a few seconds. Then the crucible was lower down and a
molten salt film was formed on the electrodes. Impedance measurements were conducted within a frequency
range from 2x104 Hz to 10-1 Hz. The amplitude of AC voltage applied is 10 mV.

3. Results and Discussion
Monitoring of degradation processes for alloys and aluminide protective coatings under molten sulfate film
with 6 thermal cycles has been conducted with both three-electrode and two-electrode configuration
electrochemical cells. Results obtained with three-electrode and two-electrode configuration cells will be
discussed, respectively.
3.1. Results with Three-electrode Configuration
3.1.1. Impedance behaviors of Inconel 600 and aluminide coatings
Figure 3 shows the impedance behavior for Inconel 600 and its change with temperature under molten sulfate
film at the second thermal cycle. It can be seen that the impedance within the tested frequency range increased
with the decreasing of temperature. It was also found that impedance behaviour at 450˚C differs greatly from
those observed at higher temperature. At 450˚C, much higher impedance value at high frequency was
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observed. As reported before, the abrupt increase of impedance value is due to the solidification of molten
sulfate film since its melting point was confirmed as 470˚C [21]. Similar changes in impedance behavior with
temperature were observed in every thermal cycle.

Fig. 2. Electrochemical cell designed for electrochemical measurements under molten salt film condition.

Fig. 3. Impedance behavior for Inconel 600 and its change with temperature under molten sulfate film
during the second thermal cycle. The test was conducted with three-electrode configuration electrochemical
cell.
The impedance behavior of aluminide diffusion coating on Inconel 600 and its change with temperature
under molten salt film at second thermal cycle was shown in Fig. 4. Similar to Inconel 600, impedance
increased with the decreasing of temperature and a large increase of impedance was observed when the
196

ENGINEERING JOURNAL Volume 23 Issue 4, ISSN 0125-8281 (http://www.engj.org/)

DOI:10.4186/ej.2019.23.4.193

temperature was lowered to 450˚C. However, different from Inconel 600, a relatively large phase shift
occurred at high frequency area. The impedance at high frequency area is also higher than that of Inconel
600 and increased with the temperature shifting to lower value. Our previous studies [9, 20] on aluminide
coatings confirmed that the impedance component at high frequency area represents the characteristics of
aluminum oxide formed on the surface of aluminide diffusion coating. The phase shift at high frequency is
due to the capacitive properties of the aluminum oxide formed on the coating surface. The higher impedance
value compared to that for Inconel 600 alloy at high frequency area represents not only the solution resistance
Rs but a total of Rs and the resistance of aluminum oxide film Rf. Therefore, in the case of aluminide diffusion
coating, information about the electrochemical reaction (corrosion resistance Rc) and the aluminum oxide
layer can be obtained at the same time by monitoring the changes in impedance at different frequency areas.

Fig. 4. Impedance behavior for aluminide diffusion coating on Inconel 600 and its change with temperature
under molten sulfate film during the second thermal cycle. The test was conducted with three-electrode
configuration electrochemical cell.
3.1.2. Monitoring of corrosion processes for Inconel 600 and aluminide coatings
In the case of Inconel 600, the impedance at low frequency represents the corrosion resistance R c and the
impedance at high frequency represents the molten film solution resistance Rs according to the results of
Fig.3. Therefore, by monitoring the impedance changes at different frequency areas, information about the
change of corrosion resistance (low frequency), solution resistance or the change about molten salt film itself
(high frequency) can be obtained. Figure 5 shows the monitoring result of corrosion process for Inconel 600
during 6 thermal cycles under molten sulfate film. Every thermal cycle started from 800˚C. In every thermal
cycle, corrosion resistance Rc kept on increasing gradually with the dropping of temperature. There was an
abrupt increase of the corrosion resistance Rc when the temperature was lower than 470˚C. On the other
hand, solution resistance Rs remained almost constant within the temperature range from 800˚C to 470˚C.
However, when temperature shifted to a value lower than 470˚C, a big increase of Rs was observed. When
temperature started to increase, Rs began to decrease greatly and became the same order of value finally as
that before the abrupt increase. Same phenomenon occurred in every thermal cycle. As mentioned in the
experimental, the melting point for the mixture of sulfate used in this study was confirmed to be 470˚C by
DTA. Therefore, the abrupt increase of Rs is because the molten salt film changed from liquid state to solid
state. The rapid increase of Rs is also the reason for the big increase of corrosion resistance R c at the same
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temperature. Therefore, by checking both Rc & Rs at the same time, not only corrosion resistance but also
the information about molten salt film itself can also be obtained, which is very helpful for a better
understanding about the whole degradation process.

Fig. 5. Monitoring results for Inconel 600 during 6 thermal cycles under molten sulfate film with threeelectrode configuration cell. Rc: corrosion resistance, Rs: solution resistance of molten sulfate film.

Fig. 6. Monitoring result for aluminide diffusion coating on Inconel 600 during 6 thermal cycles under
molten sulfate film with three-electrode configuration cell. Rc: corrosion resistance, Rf: resistance of
aluminum oxide layer, Rs: solution resistance of molten sulfate film.
The monitoring result for aluminide diffusion coating on Inconel 600 during 6 thermal cycles under
molten sulfate film is shown in Fig. 6. Similar to the result for Inconel 600 (Fig. 5), corrosion resistance Rc
increased with the decreasing of temperature and decreased with the increasing of temperature in every
thermal cycle. Since the impedance value at high frequency area represents a total amount of resistance from
aluminum oxide film Rf and solution resistance of molten salt Rs, mixed information was obtained from Fig.
6. During the temperature range from 800˚C to 470˚C, the relative higher value of resistance compared to
that of Inconel 600 (Fig. 5) is due to the resistance of aluminum oxide film formed on coating surface. When
temperature was lowered below the melting point of the molten salt, the value of Rf+Rs increased greatly,
meaning the salt film changed from liquid to solid. It is also can be seen that Rf+Rs did not remained constant
as Inconel 600 did (Fig. 5). It is considered that the change of impedance value with temperature at high
frequency area (Rf+Rs) is due to the changing of Rf with temperature. Figure 7 shows the changes in corrosion
resistance for Inconel 600 and aluminide diffusion coating with thermal cycle at 800˚C. For both Inconel 600
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and aluminide diffusion coating, corrosion resistance decreased slightly at first thermal cycle and then
remained constant during the other 5 thermal cycles. From the above results, it is concluded that the
degradation process for Inconel 600 and aluminide diffusion coating was successfully monitored and the
specially designed three-electrode electrochemical cell by us is stable enough for evaluating hot corrosion
process under molten salt film with up to 6 thermal cycles.

Fig. 7. Changes in corrosion resistance Rc at 800˚C during 6 thermal cycles test for Inconel 600 and
aluminide coating under molten sulfate film. The test was conducted with three-electrode configuration.
3.2. Results with Two-electrode Configuration
The electrochemical cell with three-electrode configuration which was designed by us has been played an
important role for evaluating and monitoring the degradation processes of alloys and protective coatings
under molten salt film conditions. It also showed the possibility and some credibility even under molten salt
film with thermal cyclic conditions. However, it is difficult to use it under more aggressive thermal conditions
because the weakness of ceramic tube used for reference electrode and the deformation of whole electrode
setting due to the different thermal expansion that every electrode has. In order to improve the
electrochemical cell to be more suitable for measurements under molten salt with more severe thermal cycles,
two-electrode configuration electrochemical sell was designed and applied to monitoring the corrosion
process of Inconel 600 and aluminide diffusion coating under molten sulfate film with 6 thermal cycles.
3.2.1. Impedance behaviors of Inconel 600 and aluminide coatings
Figure 8 and Figure 9 show the impedance behaviors and their changes for Inconel 600 and aluminide
diffusion coating under molten sulfate film at second thermal cycle, respectively. It can be seen that similar
results were obtained compared to those obtained with three-electrode configuration. It means that under
molten sulfate film with thermal cycle, two-electrode configuration is applicable to electrochemical
impedance measurement and can give the same correct information about impedance behavior as threeelectrode configuration did.
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Fig. 8. Impedance behavior for Inconel 600 and its change with temperature under molten sulfate film
during the second thermal cycle. The test was conducted with two-electrode configuration electrochemical
cell.

Fig. 9. Impedance behavior for aluminide diffusion coating on Inconel 600 and its change with
temperature under molten sulfate film during the second thermal cycle. The test was conducted with twoelectrode configuration electrochemical cell.
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3.2.2. Monitoring of corrosion processes for Inconel 600 and aluminide coatings
Figure 10 and Figure 11 show the monitoring results for Inconel 600 and aluminide diffusion coating,
respectively. During 6 thermal cycles, the monitoring results with two-electrode configuration correlated well
with the results obtained by using three-electrode configuration (Fig. 5, Fig. 6), indicating two-electrode
configuration electrochemical cell is qualified for electrochemical impedance tests under molten sulfate film
with thermal cycles. In the case of Inconel 600, it can be seen that solution resistance of molten sulfate film
kept in a more constant temperature-independent value compared to that obtained with three-electrode
configuration when the molten sulfate film was in a liquid state (above 470˚C). It is considered that this
difference for Rs changing is due the difference of geometric shape between three-electrode configuration
and two-electrode configuration. The later has a more uniform molten sulfate film layer formed between
electrodes and bigger contact area.

Fig. 10. Monitoring results for Inconel 600 during 6 thermal cycles under molten sulfate film with twoelectrode configuration cell. Rc: corrosion resistance, Rs: solution resistance of molten sulfate film.

For aluminide diffusion coating (Fig. 11), corrosion resistance Rc and the state of surface
aluminum oxide layer Rf did not change regularly with temperature in first thermal cycle. The reason
for it is considered due to the formation and some local crackdown of aluminum oxide layer during
the initial stage of electrochemical impedance measurement. With the aluminum oxide layer become
stable, the irregular change of impedance disappeared after first thermal cycle.

Fig. 11. Monitoring result for aluminide diffusion coating on Inconel 600 during 6 thermal cycles under
molten sulfate film with two-electrode configuration cell. Rc: corrosion resistance, Rf: resistance of
aluminum oxide layer, Rs: solution resistance of molten sulfate film.
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3.3. Monitoring Results for Nickel with Two-electrode Configuration
Another advantage for two-electrode configuration electrochemical cell is that it is suitable for more materials
with different corrosion resistance and mechanical properties. One typical material for proving this advantage
is nickel. The mechanical property of nickel is not very good at high temperature. Recrystallization and the
increasing of grain size at temperature over 700˚C can lower the strength of nickel. The corrosion resistance
of nickel in molten sulfate is also not good because the eutectic mixture of nickel and nickel sulfide has a
melting point lower than 800˚C. In the case of three-electrode configuration electrochemical cell designed by
us, it needs the working sample strong enough to handle the tension between reference electrode and working
sample (Fig. 2) in order to let reference electrode and working electrode get contacted to each other.
Therefore, the monitoring of degradation process of nickel under molten sulfate film with thermal cycles was
conducted for the first time by using two-electrode configuration electrochemical cell which is thought to be
able to solve the above problem. The upper limit temperature for thermal cycle is changed from 800˚C to
700˚C for getting better and stable information from electrochemical impedance measurements.
Figure 12 shows impedance behavior and its changes with temperature for nickel under molten sulfate
film at second thermal cycle. Compared to the result for Inconel 600, similar single time constant impedance
behavior was observed but the impedance value was lower than that of Inconel 600 at same temperature.
Monitoring results under 6 thermal cycles is shown in Fig. 13. It can be seen that in every thermal cycle,
corrosion resistance Rc changed with the changing of temperature while solution resistance did not change
greatly with temperature when it is above 470˚C. After 6 thermal cycles, it was found by surface observation
that nickel oxide layer was formed on the surface but no obvious corrosion or nickel sulfide was confirmed.
The changes of corrosion resistance Rc for Inconel 600, aluminide diffusion coating and nickel at 700˚C
during 6 thermal cycle under molten sulfate film are shown in Fig. 14. Compared to nickel, aluminide
diffusion coating and Inconel 600 showed relatively higher corrosion resistance, which is well correlated with
the previous reports. From the above results, it is concluded that two-electrode configuration is more
applicable and suitable for monitoring the degradation process of metallic materials under molten sulfate film
with thermal cycles.

Fig. 12. Impedance behavior for nickel and its change with temperature under molten sulfate film during
the second thermal cycle. The test was conducted with two-electrode configuration electrochemical cell.
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Fig. 13. Monitoring results for Inconel 600 during 6 thermal cycles under molten sulfate film with twoelectrode configuration cell. Rc: corrosion resistance, Rs: solution resistance of molten sulfate film.

Fig. 14. Changes in corrosion resistance Rc at 700˚C during 6 thermal cycles test for nickel, Inconel 600
and aluminide coating under molten sulfate film. The test was conducted with two-electrode configuration.

4. Conclusions
With specially designed electrochemical cells, the corrosion processes of Inconel 600, nickel and aluminide
coatings under molten sulfate film with up to 6 thermal cycles have been successfully monitored. Both
Inconel600 and aluminide coatings showed excellent and stable corrosion resistance under molten sulfate
film with 6 thermal cycles. For aluminide coatings, information about surface aluminum oxide film was
obtained from the impedance at high frequency area. Information about molten sulfate film was also
monitored. Two-electrode configuration electrochemical cell was found to be applicable and the obtained
information reflected the corrosion process same as three-electrode configuration. Two-electrode
configuration is considered to be more suitable and promising for monitoring corrosion process under
molten salt film with more aggressive thermal cycling conditions.
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