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In this paper, the results obtained from polarization curves (PC) and Electrochemical Impedance
Spectroscopy (EIS) for Inconel-600 exposed in two different compositions of corrosive molten salts
are presented. The Inconel-600 samples were exposed to high sulfate (80 mol% Na,SO4-20 mol%
V;,05) and high vanadium (80 mol% V,05-20 mol% Na,;SO,) molten salts at 700 °C during 120 h.
Tafel slopes, current densities and corrosion potentials were obtained from polarization curves for both
corrosive systems. EIS was used to determine the controlling corrosion mechanism, either charge
transfer (activation) or mass diffusion, and the charge transfer resistance Rct. Scanning electron
microscopy analysis (images and mappings) showed that Inconel-600 exposed to the high sulfate
molten salt suffered inter-granular corrosion, which was due to an oxidation process through the grain
boundaries, just below the metal-scale interface; whereas exposed to the high vanadium molten salt,
Inconel-600 corroded by means of a generalized corrosion process, which was due to the diffusion of
sulfur to the surface and inside the alloy. The corrosion mechanisms suffered by the Inconel-600 in
both corrosive molten salts were supported by X-ray diffraction analyses of the corrosion products,
which showed the presence of chromium, iron and nickel oxides together with some vanadates as
secondary compounds.
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1. INTRODUCTION

High temperature corrosion by molten salts, also known as hot corrosion, is a phenomenon
observed in power plants using residual fuel oils, in which the metallic surfaces are covered by a thin
molten salt layer exposed to a gaseous environment [1]. The corrosion by molten salts has been also
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called vanadium attack due to the species vanadium contributes most to the corrosion of metallic alloys
at high temperatures [2-3].

Vanadium is chemically very active at 650 °C, producing several complex compounds, which
led to a significant vanadium attack of the metal surfaces [4]. This degradation process affects the
physical, chemical and mechanical properties of materials [5]. Due to economic reasons, the high-
grade oil has a very limited utilization, so that, the residual fuel oil is widely demanded, especially in
power plants generation. Fuel oil is the main responsible for producing high temperature corrosion by
molten salts. During combustion, the fossil fuels produce compounds with low melting points,
presenting high concentrations of vanadium, sodium and sulfur, which form some compounds such as
Na,SO,4 and V,0s, and some other complex compounds named sodium vanadyl vanadates [2-4]. These
compounds are deposited on the surface of metallic components of boilers, gas turbines and furnaces,
and when the temperature is above their melting points, they become liquids and may generate a
catastrophic corrosion phenomenon [6-8]. Nickel base superalloys are very common commercial
materials, fabricated for being used in high temperature atmospheres [9]. Nickel base superalloys are
normally used in gas turbines, nuclear power plant reactors, steam turbines, etc. [10]. The chemical
composition of nickel base alloys contains nickel from 38% to 76%, up to 27% chromium and 20%
cobalt. Some alloys in this group are the Hastelloy, Inconel, Nimonic, Udimet and Waspaloy series
[11].

In the present paper, the electrochemical impedance spectroscopy (EIS) technique and
potentiodynamic polarization curves (PPC) were used to study the Inconel-600 exposed to molten salts
with two different compositions: 80 mol% Na,SO4— 20 mol% V,0s (high sulfate) and 80 mol% V,0s
—20 mol% Na,SO, (high vanadium) at 700°C for 120 h. Corrosion behavior was supported by physical
characterization of the corroded samples from scanning electron microscopy (SEM) analyses, and
chemical characterization of the corrosion products by X-ray diffraction analyses.

2. EXPERIMENTAL PROCEDURE

2.1. Material.

Table 1. Composition of the Inconel-600 (wt. %).

Si Cu S Cr Mn Ni C Fe
0.50 0.50 0.015 16 1 72 0.015 9

The composition of Inconel-600 is shown in table 1, observing the significant amount of
chromium and in a lesser extend of nickel. An Inconel-600 bar was cut as small rectangles
parallelepipeds of 10x6x6 mm. Then, the samples were ground to 600 grit silicon carbide paper,
washed with distilled water, degreased with ethyl alcohol and dried under a flow of hot air stream.
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2.2. Working electrodes and reference electrodes preparation.

To achieve an electrical connection, the working electrodes (Inconel-600) were welded to an 80
wt% Cr-20Ni wire (300 mm long, 1.0 mm in diameter). In order to isolate the 80Cr-Ni wire from the
molten salt, this was introduced into ceramic tubes. The gap between the ceramic tube and the
electrical connection wire was filled with refractory cement.

Two 1 mm diameter/200 mm long of platinum wires were used as reference and auxiliary
electrodes, which were washed with ethyl alcohol and dried with hot air. Platinum electrodes have
been widely used under similar conditions [12-14]. The platinum wires were also isolated in ceramic
tubes and sealed with refractory cement, leaving 5mm of free length for contacting with the molten
salts.

2.3. Corrosive salts preparation.

Two corrosive salts where utilized in this work: 80 mol% Na,SO4 - 20 mol% V-,0s (high
sulfate) and 80 mol% V,0s5 — 20 mol% Na,SO, (high vanadium). The preparation of the corrosive
mixtures was made from analytical grade reagents. Taking into account the initial area of the
specimens, an amount of 2000 mg/cm? of the corrosive salts was introduced into a 30 ml silica
crucible, allowing a melt depth of about 3 cm. Afterwards, the crucible was placed inside an electrical
tubular furnace to reach the test temperature of 700 °C, which was constantly monitored during the
tests using a K-type thermocouple and controlled to + 4 °C with respect to the test temperature. The
crucible containing the solid corrosive salts was replaced for every new test. It is important to note that
in a real high temperature corrosion process, the alloys are in contact to a thin molten salt layer and a
corrosive gas environment; while the experimental procedure carried out in this work, the specimens
were exposed in a deep melt with static air, therefore, the experimental conditions and corrosion rates
obtained are not representative of those present in power generation boilers [15]. However, bulk
molten salt tests are considered a viable experimental procedure for the evaluation of corrosion
performance of metallic materials. The size and preparation of the samples, as well as the preparation
of the corrosive mixtures were the same for all the electrochemical tests.

2.4. Electrochemical tests.

The electrochemical cell was a typical three electrodes setup for both techniques: the working
electrode and two platinum electrodes, as the reference and the counter electrodes. The
potentiodynamic polarization curves were performed at a scan rate of 1 mV/s, this scan rate has been
also reported in some other works [4,16,17], and polarized from -200 mV to 1500 mV with respect to
the corrosion potential (Ecor). For electrochemical impedance tests, the applied parameters were: a
frequency interval from 0.001 Hz to 10 KHz and an amplitude of input sine-wave voltage of 10 mV.
For both techniques, an automated potentiostat/Galvanostat (ACM instruments Auto DC) controlled by
a personal computer was used. The experimentation was carried out once the value of the free
corrosion potential (Ecorr) Was stable, which was achieved in 40 minutes.
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2.5. Auxiliary techniques.

Scanning electron microscopy (SEM) allowed the identification and distribution of the
corrosion products from mapping analysis of the cross section of the metal-scale interface, and the
morphology of the cleaned corroded specimens obtained from the tests carried out under the two
different corrosive mixtures. In order to determine the type of corrosion suffered by the Inconel-600,
images of the most representative morphologies were taken. For obtaining the SEM mappings of the
cross section of the metal-scale interface, the corroded samples were mounted (without cleaning) in
thermosetting resin and metallographically polished. Images, EDS and elemental mapping analyses
were obtained from a LEO 1450VP Microscope coupled with energy dispersive X-ray analyzer
(EDAX). Also, the corrosion products found after cleaning the exposed samples from EIS were
analyzed by the X-ray diffraction technique (XRD), utilizing a diffractometer operating with Cu Ka
radiation, and results were interpreted utilizing the Powder Diffraction Data File [18].

3. RESULTS AND DISCUSSION.

3.1 Corrosion Physical Characterization.

Figure 1 shows two micrographs of Inconel-600 exposed to the high sulfate (a), and high
vanadium molten salts (b) at 700°C for 120 h of exposure. The image of the sample exposed to the
high sulfate mixture presented an intergranular corrosion process over the whole surface, in which the
grain boundaries are clearly observed. The shape of the grains is irregular, and their size is in the range
of 15 um to 100 pum.
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Figure 1. Images of Inconel-600 after exposure in a) high sulfate molten salt and b) high vanadium
molten salt for 120 h at 700 °C.

The exposed sample to high vanadium molten salt showed a generalized corrosion process,
observing the presence of localized attacks through the whole surface. The image of the corroded
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sample shows a more general dissolution of the surface showing cavities and pores, which were
probably generated by selective chemical dissolution, which led to a consequent mass loss. When
corrosion phenomenon produces pores, these facilitate the penetration of corrosive species and the
oxygen diffusion is carried out through the pores. Such as said before, the porosity indicates the
presence of selective dissolution of some alloying elements of the material; nevertheless, if the
protective corrosion products layer is passive, the diffusion of oxygen and some corrosive species can
be avoided [19].

V ' s T Na

Figure 2. Electron image of the metal-scale interface and X-ray mappings of O, Ni, Fe, Cr, Mn, V, S
and Na of Inconel-600 after exposing 120 h to high sulfate molten salt at 700°C.

Figure 2 shows cross section and X-ray maps of O, Ni, Fe, Cr, Mn, V, S and Na of Inconel-600
after exposing 120 h to high sulfate molten salt at 700°C. A combined layer of O, Fe, Cr and V as
corrosion products was observed coexisting in the same place, far away of the metal-corrosion
products interface, being evident the dissolution of Cr and Fe. Therefore, the formation of oxides and
metal vanadates compounds can be assumed. In the corrosion products/metal interface, Cr depletion is
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observed. Chromium oxide is one of the most protective compounds when the molten salts of sodium
sulfate and vanadium pentoxide are present [20-22]. It is possible that chromium oxide formed at the
beginning of the exposure as a protective layer started to dissolve by the effect of the oxidant species
of the molten salt, since Cr mapping presents a discontinuous and non-coherent layer over the metallic
surface and far away from the metal/corrosion products scale. The Ni mapping shows a dense layer
inside the matrix of the metal, which was possibly due to the depletion of the chromium. The sulfur
mapping shows a low concentration of this compound at the corrosion products-metal interface. The
presence of sulfur can be related to the presence of chromium sulphides. The metal sulphides can be
oxidized when reacting with the available oxygen, therefore the release of sulfur is possible. This
mechanism has been called oxidation/sulfidation, and it has been previously proposed by Spengler
[23]. However, according to the sulfur mapping, sulfur is part of the scale over the surface, and there
was no evidence of diffusion to the matrix of the alloy, therefore and according to the oxygen
mapping, an oxidation corrosion process through the grain boundaries could be the type of corrosion
suffered by the Inconel-600 exposed to the high sulfate molten salt. Studies have indicated that Ni
forms a moderately stable oxide; however, Cr,03 is an even more stable oxide [24]. In this case, it is
possible that NiO played an important role once Cr,O3 dissolved in time, nevertheless, Inconel-600
suffered an intergranular corrosion process due to oxidation, such as shown in the oxygen mapping,
where a Sum oxygen layer is inside the matrix of the metal. On the other hand, it is also possible that
the high Ni content (72%) of the Inconel-600 helps to decrease the corrosion rate [25].
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Figure 3. X-ray diffraction results of corrosion products of Inconel-600 exposed to the high sulfate
molten salt for 16 h at 700 °C.
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Figure 3 shows the XRD analysis results of the corrosion products obtained from the exposure
of Inconel-600 to the high sulfate molten salt at 700°C. The spectrum shows that during the corrosion
process Cr,03, Fe,0O3 and the spinel NiFe,O4 were formed, NiO oxide was not identified, which is
according to the Ni mapping. On the other hand, a sodium vanadyl vanadate (NagV24Og4) Was formed,
which can be present when a sulfate-vanadate mixture melts at high temperatures. Also, unreacted
Na,SO,4 was found.

v ", ‘ . IR

Figure 4. Electron image of the metal-scale interface and X-ray mappings of O, Ni, Fe, Cr, Mn, V, S
and Na of Inconel-600 after exposing 120 h to high vanadium molten salt at 700°C.

Figure 4 shows a cross section and X-ray mappings of O, Ni, Fe, Cr, Mn, V, S and Na of
Inconel-600 after exposing 120 h to high vanadium molten salt at 700°C. According to the elemental
mapping analysis, a layer rich in O, Ni, Cr and V was observed far away the scale over the surface,
such layer may be constituted by NiO and Cr,0O3; dissolved especially by the effect of vanadium
species. It is noted that in the case of the exposure to high sulfate molten salt, Fe,O3 and Cr,O3 were
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dissolved; on the contrary, during the exposure to high vanadium molten salt, the dissolution of NiO
and Cr,03 was carried out. The presence of Cr, Ni, O and V far away the scale confirms the synergistic
dissolution of Cr and Ni [26-27], possibly as metallic vanadates. Also, Cr and O mappings shows a
discontinuous and not so dense layer just over surface, evidencing that it was possible the formation of
a protective Cr,O3 layer at the beginning of the exposure to the high vanadium molten salt. Cr
oxidation resulted in an area depleted in Cr inside the alloy; such depleted area has been occupied by
nickel [28]. It seems that due to the discontinuous chromium oxide, the diffusion of sulfur into the
matrix of the alloy was evident. Observing the S and Ni mappings, it is possible to state the formation
of nickel sulphides into the matrix, just 10 um below the surface. The diffusion of sulfur inside the
alloy is a typical phenomenon of continuous dissolution of the protective oxides [29,30]. From the O
and Ni mappings, a NiO layer was formed and dissolved, nevertheless, it is possible that a thin NiO
layer keeps just in the corrosion products/metal scale, but due to the diffusion of certain amount of
sulfur inside the metal, this NiO layer is not expected to be so protective and coherent.

NV F=Fez0:
Ni = NiO
Cr=Crz20:
NV = NasV240s3
FeNi = NiFez04
Cr !
v“ NV
J F Cr Cr
E FeNi FeNi
| | F
[ | Je
: , “‘ N N e
VY r
AN LA (Ef J‘ h,-“‘\ vy ‘ f\i C.f ]\l' s\ M i (il' Cr
W s A VY WAL eV VL N s Wy A
20

Figure 5. X-ray diffraction results of corrosion products of Inconel-600 exposed to the high vanadium
molten salt for 120 h at 700 °C.

Figure 5 presents the XRD pattern of the corrosion products obtained from the exposure of
Inconel-600 to the high vanadium molten salt at 700°C, which confirms the presence of Fe;O3, Cr,03
and NiO. The presence of sodium vanadyl vanadate (NagV240¢3) and the spinel (NiFe;O,) peaks were
also detected.
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3.2 Electrochemical Measurements.
3.2.1 Potentiodynamic Polarization Curves.
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Figure 6. Polarization curves for Inconel-600 exposed to high sulfate and high vanadium molten salts
at 700 °C.

Figure 6 shows the potentiodynamic polarization curves for Inconel-600 exposed to high
sulfate and high vanadium molten salts at 700 °C. In both corrosive systems, Inconel-600 presents an
active behavior; therefore, the corrosion products formed on the Inconel-600 are expected to be
susceptible to dissolution, which would provide only partial protection [31]. These results are in
accordance with the results of the physical characterization of the corroded samples. The Inconel-600
exposed to the high sulfate molten salt presented a corrosion potential Ecor 0f -85.2 mV, whereas that
obtained for the exposure in the high vanadium molten salt of -6.85 mV (nobler). On the other hand,
the corrosion current density (icor) Obtained by the Tafel extrapolation method showed very similar
values in both corrosive systems, being the value obtained from the exposure in the high sulfate molten
salt of 17.168 mA/cm?; whereas that obtained from the exposure in the high vanadium molten salt of
18.165 mA/cm?. According to the polarization curves, the Inconel-600 seems to have similar corrosion
rates, even though, it is important to note that thermodynamically speaking, Inconel-600 behaves
nobler when exposing to the high vanadium molten salt. This nobler behavior can be confirmed
through the morphological characterization, since the type of corrosion suffered by Inconel-600
exposed to the high vanadium molten salt was a generalized corrosion, accompanied with cavities and
pores; whereas that observed in the exposure to the high sulfate molten salt was an intergranular
corrosion process, which is expected to be more destructive for the metallic materials.

It is important to mention that the pontentiodynamic polarization curves indicate short-term
behavior (when the corrosive system just achieves the steady state), and this fact may change under
long-term exposures as a result of some chemical changes in the composition of the molten salt due to
the dissolution reactions and the formation of secondary corrosion products.
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Table 2. Electrochemical parameters of potentiodynamic polarization curves of the Inconel-600
exposed to the high sulfate and high vanadium molten salt at 700°C.

Molten Salts Ba(mV/dec) P. (MV/dec)  icomr (MA/CM?) Ecorr (MV)
80% mol Na,SO4— 20% V,05 128.15 73.297 17.168 -85.2
80% mol V,05— 20% Na,SO4 153.43 114.94 18.165 -6.8584

With respect to the Tafel slopes B, and B¢, it is possible to say that values between 100-120
mV/dec represent a typical activation controlled system [32], so that, in this particular case, it is
possible to state that the corrosive process was not controlled purely by activation or diffusion, a mixed
corrosion controlled system may exist.

3.2.2 Electrochemical Impedance Spectroscopy.
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Figure 7. Nyquist (a) and Bode diagrams ((b) Impedance and (c) phase) of Inconel-600 obtained from
the exposure to the high sulfate molten salt at 700 °C.
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Figure 7 shows the Nyquist and Bode diagrams for the Inconel-600 after being exposed to the
high sulfate molten salt for 120 h at 700 °C. It can be observed that initially the material exhibits a
mixed corrosion behavior: at high frequency, the corrosion process is controlled by charge transfer and
at low frequencies by mass diffusion (45° line). The presence of a semicircle indicates the presence of
a single oxide layer formed over the metallic surface at the beginning of the corrosion process [33].
According to the physical characterization and XRD results, this oxide layer was Cr,0O3, which is
expected to be compact and adherent. The diffusion of species could be either, from the metal surface
as metallic ions to the scale, or from the molten salts as vanadium, oxygen and sulfur species to the
metal surface. At the second day, the results show a charge transfer controlled process, since the
Nyquist diagram shows a first semicircle at high frequencies, and a second semicircle at low
frequencies. However, due to the selected frequency range (0.001-10000 Hz), the second semicircle
may not be completely formed, however the phase angle diagram (Fig. 7.c) shows clearer the tendency
in the formation of the second semicircle.
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Figure 8. Nyquist (a) and Bode diagrams ((b) Impedance and (c) phase) of Inconel-600 obtained from
the exposure to the high vanadium molten salt at 700 °C.
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This behavior can be a characteristic of materials forming a protective layer on the surface.
SEM analyses showed two oxide layers, one of Cr,O3; and another one of Fe,03, indicating that the
material presented certain resistance to be corroded. This fact indicates that at the beginning of the
exposure, Inconel-600 probably formed a protective layer, which suffered some dissolution after 24 h
becoming in a porous layer. After 48h, the porous layer passivated and the charge-transfer resistance
(Rct) increases, such as it can be seen with the increase of the diameter of the semicircle. From the
impedance Bode diagram (7.b), the charge-transfer resistance is almost constant until the second day,
after that, Rct increases until the end of the experiment. The increase in Rct must be due to the
presence of the NiO layer formed below the Cr,03, such as it was said in the physical characterization
section.

Figure 8 shows the Nyquist and Bode diagrams for the Inconel-600 exposed to the high
vanadium molten salt at 700 °C for 120 h. A charge-transfer controlled process can be observed from
the beginning until the end of the experiment. From the Nyquist diagram two semicircles are observed,
which present an increase in diameter from the beginning to the fourth day. The increase of the
diameter of the semicircles means an increase of the charge transfer resistance (Rct). When Rct
increases the corrosion rate decreases, and a protective and passive oxide layer is present, on the other
hand, when Rct diminishes, the corrosion rate increases, which is due to the dissolution of the
protective layer due to the effect of the corrosive molten salt species [34,35]. In this corrosive system,
in which the high vanadium molten salt is more acidic and therefore more corrosive [36], the Cr,O3
layer formed initially on the surface had a presumably protective behavior. According to EIS results,
especially from the Bode impedance diagram (8.b), at the fifth day, Rct was basically the same than
that of the fourth day, therefore, this protective layer might be partially dissolved, such as it was
confirmed by the Cr mapping from SEM analyses. Also, the presence of a thin NiO layer as
demonstrated from the corresponding mapping could be the reason for which Rct increases.

4. CONCLUSIONS

The corrosion performance of the Inconel-600 exposed to the high sulfate molten salt and the
high vanadium molten salt at 700 °C during 120 h was determined using two electrochemical
techniques. According to the results, it is possible to state the next conclusions:

Inconel-600 showed a different corrosion mechanism after exposing to both molten salts. From
SEM results, Inconel-600 suffered a generalized corrosion process by sulfidation when it was exposed
to the high vanadium mixture, since the initially formed chromium oxide was become into a porous
layer, so that, sulfur diffused into the matrix of the metal, probably forming nickel sulphides. On the
other hand, Inconel-600 exposed to the high sulfate molten salt presented an intergranular-oxidation
process, so that, even though it seems that Cr,O; was more adherent and stable, also suffered a
dissolution process. EIS results showed a charge transfer controlling process when Inconel-600 was
exposed to the high vanadium molten salt, and a mixed corrosion controlling mechanism (charge
transfer and diffusion) when it was exposed to the high sulfate molten salt. EIS results were in
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congruence with the physical characterization obtained by SEM. The polarization curves indicated that
both cases were active systems, corroding at a similar corrosion rate.
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