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Abstract. The corrosion behavior of the alloy NF616
covered with a film of molten 0.55ZnCl2-0.45KCl (mole
fraction), similar to that found in waste incineration plants,
was examined in air at 673 K by the electrochemical-
impedance spectroscopy (EIS) technique. For comparison,
the corrosion of the same material immersed in the deep
salt was also studied. The electrochemical impedance
spectra for the corrosion of NF616 beneath a film of fused
salt consisted of a semi-circle at high-frequency port and a
line at low-frequency port indicating a diffusion-controlled
reaction. Contrary to the corrosion beneath salt film, the
corrosion of the alloy in deep molten salt presented the char-
acteristics of two capacitive loops during all the duration
of the experimental test. This different EIS features under
two corrosion conditions may be related to the different
supply of oxygen amount. In this paper, suitable equivalent
circuits representing the corrosion of the alloy under the
two different corrosion conditions are proposed to fit the
corresponding impedance spectra and electrochemical
parameters in the equivalent circuits are also calculated.
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1 Introduction

The corrosion problems encountered in waste incineration
plants often resulted from gas phase attack by HCl and chlo-
rine gas formed beneath deposits, as well as molten salt
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attack by metal chlorides and their eutectic mixtures that
melt at surface of metallic materials in the operation tem-
perature range of superheater tubes [1]. High contents of
heavy and alkali metal chlorides (such as SnCl2, PdCl2,
ZnCl2, KCl and NaCl), which exit usually in form of low-
melting eutectic, are particularly destructive to destroy the
protective oxide scales formed on high temperature materi-
als, even at temperatures well below the melting points of
the salts. This corrosion induced by eutectic chlorides has
been identified as the main degradation in waste incinera-
tion plants. This type of corrosion is actually an accelerated
oxidation of materials covered with a thin film of fused salt
exposed to an oxidizing gas atmosphere at elevated temper-
atures. It differs largely from the corrosion of the materials
in deep salt. However, this hot corrosion occurs mainly by
an electrochemical mechanism, because the fused salts are
usually excellent ionically conducting electrolytes exhibit-
ing acid/base chemistry. Therefore, it may be investigated
by electrochemical techniques.

Generally, use of electrochemical methods such as free-
corrosion potential, scanning polarization, cyclic voltam-
metry and linear-polarization resistance may not be suffi-
cient to elucidate the complicated reaction processes oc-
curring in hot corrosion. However, compared with these
measurement techniques, EIS has smaller disturbance to
the system, and moreover has proved effective in under-
standing the reaction mechanisms and kinetics, and obtain-
ing more information concerning the corrosion processes.
Thus, electrochemical impedance studies of hot corrosion
under a thin salt film are necessary for the eventual under-
standing of corrosion kinetics and corrosion mechanisms.
Since the 1980s, EIS has been applied to the study of hot
corrosion [2–10]. In general, a successful application of
the EIS technique in hot corrosion requires suitable mod-
els for fitting the impedance spectra. Zeng et al. [5] ever
used EIS technique to investigate the molten-salt corrosion
behavior by proposing four models to describe the scaling
features of metallic materials. Moreover, Test-cell design
is also important to electrochemical measurements of cor-
rosion of materials covered with a thin film of molten salts.
A two-electrode arrangement comprising two working elec-
trodes can be prepared conveniently, and is also suitable for
simple electrochemical impedance measurements [9,10]. In
a previous study [11], the present author employed a two-
electrode system to study the corrosion behavior of Ni and
Fe in the presence of a salt film at 673 K in air, respectively.
The different EIS features were observed for the hot cor-
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rosion of Ni and Fe. This difference between in deep salt
and beneath molten salt film may be related to the scale
formed on the alloy surface and the consumption of the
fused salt.

However, up to now, the studies on hot corrosion by us-
ing EIS technique are still limited. In the present work,
the corrosion behavior of NF616 covered with a thin film
of molten ZnCl2-KCl at 673 K in air was investigated by
using EIS technique, with the emphasis on the impedance
measurement and the establishment of impedance models
for a thin salt film induced hot corrosion.

2 Experimental Procedures

The material used in this study is the Fe-based alloy NF616
with the following chemical compositions: Fe-9.0Cr-0.1C-
0.11Si-0.5Mn-0.4Mo-1.8W-0.2V (in mass %). Electro-
chemical impedance measurements were carried out in
molten salt at 673 K in air by using the experimental ap-
paratus reported early [11] and the experiment process is
also described early in reference [11]. The working elec-
trodes were prepared as follows. Samples of the alloy were
machined into a size of 10�10�5mm3, and then each sam-
ple was ground down to 600#SiC paper. A Ni-Cr wire was
spot welded to one end of the specimens for electric con-
nection. Two specimens very closely spaced were sealed in
an alumina tube by high temperature cement. The exposed
surfaces of the specimens were in the same plane. After the
cement was dried at room temperature, it was further solid-
ified at 473 K for 24 h. The working electrode surface was
polished again on 600#SiC paper, degreased and dried.

A mixture of 0.55ZnCl2-0.45KCl (molar ratio) was ap-
plied in the present study. A total of 160 g of the salt mix-
ture were dried in an alumina crucible at 473 K for 24 h in
air. Then, the furnace was heated to 673 K. In order to pro-
duce a thin fused salt film on the electrode surface, the elec-
trode arrangement was immersed briefly into the melt, then
withdrawn and kept above the melt. The actual amount of
the thin salt film was about 2 mg=cm2 in this present study.

Electrochemical impedance measurements were per-
formed at open-circuit potential in air between 0.01 and
1x105 Hz with a M398 impedance system, composed of
a Princeton Applied Research (PAR) 5210 lock-in ampli-
fier and a PAR 263 potentiostat interfaced through an IEEE
488 bus to a compatible computer. A fast Fourier transform
(FFT) technique was employed for frequencies from 0.01
to 1.13 Hz to increase measurement speed and lower the
degree of perturbation to the cell. The amplitude of input
sine signal was 10 mV. A commercial software (ZSimpWin)
developed by Princeton Applied Research was used to fit
the impedance spectra. In the end, the corroded specimens
were analyzed by X-ray diffraction and scanning electron
microscopy coupled with EDAX.

3 Experimental Results and Discussions

3.1 Results of EIS Measurements

The typical Nyqusit and Bode plots for corrosion of the al-
loy NF616 beneath a thin fused salt film and in deep molten
salt after different exposure time are shown in Figure 1 and
Figure 2, respectively. The impedance spectra for corrosion
of NF616 beneath a salt film are very similar during the
whole experimental duration. The Nyquist plots are com-
posed of a depressed semi-circle at high frequency and a
line at low frequency, indicating a diffusion-controlled re-
action. Moreover, the corresponding Bode plots show only
a time constant. However, the impedance features for cor-
rosion of NF616 in deep molten salt differed from that be-
neath salt film. The Nyquist plots were composed of a small
capacitive loop at high frequency and a relative large capac-
itive loop at low frequency. Furthermore, the corresponding
Bode plots obviously show two time constants.

3.2 Scale Morphology

Back-scattered electron images of the cross-sectioned
NF616 alloy corroded below a fused salt film and in deep
salt are shown in Figure 3. The corrosion product formed
beneath a salt film comprised an outer layer of iron oxide
(Fe2O3/ with presence of some zinc (2–3 at. %), potas-
sium (1–2 at. %) and chlorine (2–3 at. %), and an inner
layer of mixed iron-chromium oxide again containing sim-
ilar contents of Zn, K and Cl. Moreover, the scales were
rather porous and also exhibited distinctive separations. A
small amount of chlorine was detected by EDS analysis at
the scale/alloy interface. The corrosion product formed in
the deep salt is shown in Figure 3(b) The microstructure
was substantially similar to that formed beneath salt film
(Figure 3(a)), but much thinner. The scale also composed
of a porous outer layer of iron oxide and a relative compact
Cr-rich inner layer. The scale also contained some zinc (1–
3 at. %), potassium (2–3 at. %) and chlorine (3–4 at. %).
Only a small amount of chloride (CrCl2 and FeCl2/ can be
detected at scale/alloy interface by EDS analysis because a
large amount of chloride from the dissolution of NF616 in
chlorides substantially changed into the corresponding ox-
ide (Fe2O3 and Cr2O3/ in air when the corroded samples
was drew out from deep salt, which is mainly because the
oxide is the stability phase in air according to the phase di-
agrams [12].

3.3 Impedance Models and Discussion

Due to the two electrode arrangement, the impedance re-
sponses may come from the contributions of the corrosion
system. The impedance results represent the responses from
the corroding specimens, including the contributions from
the electrochemical charge transfer process, diffusion, and
the scale formed on the alloy surface.
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(a)

(b)

Figure 1. Nyquist and Bode plots for the corrosion of
NF616 covered with a film of ZnCl2-KCl melt in air at
673 K after different exposure times, symbol: experimen-
tal data; line: simulation data.

(a)

(b)

Figure 2. Nyquist and Bode plots for the corrosion of
NF616 immersed in the deep melt of ZnCl2-KCl mixture
in air at 673 K after different exposure times, symbol: ex-
perimental data; line: simulation data.
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Figure 3. Micrographs for cross sections of NF616 at
673 K in air for 24h beneath salt film (a) and in deep salt
(b).

The Nyquist plots for corrosion of NF616 beneath fused
ZnCl2-KCl film obviously show the feature of diffusion-
controlled reaction. Thus, an equivalent circuit of Fig-
ure 4(a) was proposed to fit the impedance plots. However,
the Niquist plots for the corrosion of NF616 in deep molten
ZnCl2-KCl presented two capacitances, i.e., a much larger
semicircle at low frequency and a small depressed semicir-
cle at high frequency. The impedance spectra may be as-
sociated with the growth of porous scales on the surface of
the NF616 alloy. At this state, the molten salt can pene-
trate inward along the micropores in the scale to the metal
matrix to induce electrochemical reaction. Thus, the corro-
sion of the alloy in deep molten salt can be described by the
equivalent circuit of Figure 4b.

In Figure 4, Rs represents the electrolyte resistance, Cdl

the double-layer capacitance, Rt the charge-transfer resis-
tance, Zw the Warburg resistance. In Figure 4b, Cp andRp

represent the porous scale capacitance and the pore resis-
tance, respectively. Cdl and Rt again represent the double-
layer capacitance and the charge-transfer resistance at the
electrolyte/metal interface formed by the inward penetra-
tion of molten salts along pores, respectively. Taking into
account the dispersion effect, a constant phase angle ele-
ment (CPE) Q was used to describe the element Cdl and
Cp in the fitting procedure. Thus, the total impedance of
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(a) (b)

Figure 4. Equivalent circuit representing the corrosion of
NF616 in ZnCl2-KCl mixture at 673 K in air.

Figure 4a can be expressed by the following equation (1):

Z D Rs C
1

Ydl.j!/ndl C 1
.RtCZw/

(1)

Where Zw represents the Warburg resistance related with
the diffusion of the oxidant species. The Warburg resistance
Zw may be expressed by the following equation (2):

Zw D Aw.jw/nw : (2)

WhereAw is the modulus ofZw, and nw the Warburg coeffi-
cient, ranging between �0:5 and 0, depending on the diffu-
sion direction of the oxidant. When nw is equal to �0:5, the
diffusion direction of the oxidant is parallel to its concen-
tration gradient. When nw > �0:5, the diffusion direction
of the oxidant deviates from its concentration gradient, i.e.,
“tangential diffusion”. Correspondingly, the slope of the
low-frequency line in Nyquist plot is less than 1. In molten-
salt corrosion, the “tangential diffusion” may be related to
the porosity of the scale.

In addition, the total impedance of Figure 4b can be ex-
pressed by the following equation (3):

Z D Rs C
1

Yp.j!/
np C 1

RpC
1

Ydl.jw/ndlC 1
Rt

(3)

where Ydland ndl;and Ypand np are also constants represent-
ing the parametersQdl and Qp, respectively.

The parameters in equations (1)–(3) were obtained by
fitting the impedance spectra on the basis of the equivalent
circuits of Figure 4, and are listed in tables 1 and 2, respec-
tively. Figs.1 and 2 show that the fitting results are quite
good, indicating the proposed equivalent circuits are rea-
sonable.

Table 1 show that the parameters Rs underwent slight
changes with exposure time, possibly related to changes of
the salt film on the samples. In the case of salt film cor-
rosion, Aw is a little larger than Rt, indicating that the dif-
fusion impedance cannot be neglected. But in Table 2, the
small value of Rt indicated the electrochemical reaction is
very fast in deep salt. The value of Rp represents a protec-
tion of the scale. The slight change of the scale resistance

Rp with time may be related to the dissolution of the scale
formed on the alloy surface in the chloride, and the change
of the scale/melt interface. In addition, the value of ndl and
np deviate greatly from 1, showing the presence of a dis-
persion effect, nw also deviates greatly from �0:5, indicat-
ing the existence of significant tangential diffusion. This is
mainly because the presence of a porous oxide scale on the
surface of alloy may produce the non-uniform electric field,
and thus give rise to the obvious dispersion effect. More-
over, this kind of corrosion product may also affect the dif-
fusion direction of oxidants, and therefore lead to tangential
diffusion. In fact, the dispersion effect and tangential diffu-
sion are very significant in molten-salt corrosion.

The distinct impedance responses under the two corro-
sion conditions may be related to the different supply of
oxidants to the alloy surface because molecular oxygen dif-
fusion to the alloy surface is relatively difficult in deep salt,
as compared to the fused salt film condition. In the presence
of a film of fused KCl-ZnCl2, oxygen can reach easily the
alloy surface to contribute to the rapid conversion of formed
FeCl2 into Fe2O3 according to the following reactions:

2FeCl2 C
3

2
O2 D Fe2O3 C 2Cl2 (4)

In fact, the corrosion of the alloy under salt film is con-
siderably rapid; so that the corrosion rate of the alloy is
controlled by the diffusion of gaseous FeCl2 and oxygen
through the porous scales [13, 14]. Thus, the correspond-
ing electrochemical impedance spectra show the diffusion-
limited reaction.

However, for the corrosion in deep molten KCl-ZnCl2,
the alloy is only oxidized according to the following anodic
reaction:

Fe D Fe2C C 2e� (5)

Cr D Cr3C C 3e: (6)

The corresponding cathodic reaction only occur as follows:

1

2
O2 C 2e� D O2�: (7)

The activity of oxygen in deep salt decrease because oxy-
gen take part in the reduce reaction at the cathodic region.
However, during the electrochemical reaction the rapid an-
odic reaction needs to consume a large amount of oxidants.
Therefore, the insufficient supply of oxygen in deep salt to
the cathodic reaction retards the whole electrochemical re-
action because of the considerable small solubility of oxy-
gen in chlorides, so the diffusion of the oxidant through the
micropores in the scale to the alloy-melt interface may be
rate limiting. Thus, the corrosion of the alloy in deep salt is
limited by the supply of oxygen at the cathodic reaction.
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Time
(hr)

Rs

�.cm2/

Rt

(�.cm2/

Yo;dl

(��1.cm�2 S�n )
ndl Aw

(�.cm2Sn )
-nw

2 5.48 8.31 1.00e-2 0.62 21.38 0.26

5 4.96 8.33 1.11e-2 0.62 22.07 0.27

10 5.62 4.02 1.12e-2 0.63 24.31 0.25

15 5.20 4.39 1.34e-2 0.61 24.75 0.24

20 5.12 5.30 1.88e-2 0.66 23.58 0.33

24 5.03 5.11 2.41e-2 0.62 22.24 0.34

Table 1. Fitting results of the impedance spectra of NF616 covered with salt film at 673 K.

Time
(hr)

Rs

o�.cm2/

Rt

(�.cm2/

Yo;dl

(��1.cm�2 S�n )
ndl Rp

(�.cm2/

Yo;p
(��1.cm�2S�n )

np

2 2.36 2.38 3.83e-2 0.73 11.93 3.12e-1 0.68

5 2.27 1.85 7.039e-2 0.77 14.25 3.95e-1 0.53

10 2.33 3.04 1.97e-1 0.62 10.11 8.86e-1 0.78

15 2.46 1.94 2.63e-1 0.64 11.37 7.03e-1 0.67

20 2.37 3.19 2.63e-1 0.64 13.97 1.09e-1 0.82

24 2.41 2.51 2.65e-1 0.66 12.34 2.42e-1 0.75

Table 2. Fitting results of the impedance spectra of NF616 in deep salt at 673 K.

4 Conclusions

The electrochemical impedance spectra for the corrosion of
the alloy NF616 beneath fused ZnCl2-KCl film at 673 K in
air show the typical characteristics of a diffusion-controlled
reaction, i.e., a small semicircle at high frequency and a
line at low frequency. An equivalent circuit of double-layer
capacitance parallel with charge-transfer resistance in se-
ries with a Warburg resistance can be used to describe the
diffusion-controlled reaction. However, the electrochemical
impedance spectra of the alloy in deep molten ZnCl2-KCl
presented the characteristics of two capacitive loops during
the duration of the experimental test. An equivalent cir-
cuit of double layer capacitance at the localized corrosion
zone parallel to scale capacitance can be set up to describe
this impedance response. The corrosion of the alloy in deep
salt is controlled by the supply of oxygen at the cathodic
reaction. The different electrochemical impedance spectra
under two corrosion conditions may be related to the differ-
ent supply of oxygen. Besides, the tangential diffusion and
dispersion effects are very obvious in molten-salt corrosion.
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